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Abstract 

The New Zealand scallop (Pecten novaezelandiae) is an important customary and recreational 

species in Whaka ā Te Wera, Rakiura (Paterson Inlet, Stewart Island). Customary 

management tools such as Mātaitai reserves allow for localised community management of 

valuable marine resources. P. novaezelandiae populations in Te Whaka ā Te Wera Mātaitai 

have failed to recover following a fourteen year ban on fishing (rahui) aimed at increasing 

local population densities after stock collapse. This study examined three potential causes for 

the lack in recovery of P. novaezelandiae: epibenthic predation, local environmental 

conditions and recruitment, with an aim to provide recommendations for ongoing local 

management.  

 

Members of the Mātaitai committee and local community raised concern that local densities 

of the predatory seastar Coscinasterias calamaria, were limiting P. novaezelandiae 

population recovery. Transect surveys were used to compare the densities and morphology of 

C. calamaria and P. novaezelandiae between sites. The densities of local C. calamaria were 

not found to coincide with those of P. novaezelandiae, consistent with previous studies, 

suggesting that the mobility of both species were likely to lead to variable distribution. This 

study suggests that predation by C. calamaria is unlikely to explain why P. novaezelandiae 

have failed to recover. 

 

Measurements of temperature, salinity, pH, DO, flow velocity and direction at sites were used 

to determine spatial and temporal variability in the environmental conditions encountered by 

P. novaezelandiae within Whaka ā Te Wera. Fine scale sea surface temperature 

measurements and hydrographic casts throughout the inlet were compared to known 

tolerances of P. novaezelandiae and related pectinid species and suggest that the temperature 

and salinity at all sites were not likely to the limit growth and development of P. 

novaezelandiae post settlement. Monitoring of changes in flow and environmental parameters 

over a tidal period detected high flows and a potential eddy at a site that contained the densest 

scallop beds, indicating hydrodynamic features enhance local pediveliger recruitment locally. 

Comparatively low flows in low-density scallop beds that once held important local fisheries 

are likely to influence the supply of food and recruits to the sites and recovery of these sites 

from population decline. 
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Bi-monthly deployment of spat collectors over a year at four sites within Whaka ā Te Wera 

and one on the open coast outside the inlet in Foveaux Strait were used to monitor P. 

novaezelandiae pediveliger settlement. Results indicated that P. novaezelandiae settlement 

within Whaka ā Te Wera peaked in December, and remained high between August-January. 

Pediveliger recruitment shows strong spatial variability with highest recruitment occurring 

within Sawdust Bay. Low densities of pediveligers on spat collectors throughout the study 

suggest that the recovery of P. novaezelandiae is limited by the availability of recruits. 

Monitoring found low settlement of P. novaezelandiae external to Whaka ā Te Wera 

suggesting that the population is likely to be limited in its larval connectivity with other 

scallop populations outside Whaka ā Te Wera  

 

The results from this thesis demonstrate that Allee effects induced by the low densities of P. 

novaezelandiae in Whaka ā Te Wera, in conjunction with the hydrodynamic isolation and 

local currents are likely to limit the production and retainment of recruits in the inlet. 

Recovery of P. novaezelandiae in Whaka ā Te Wera requires management intervention to 

enhance larval recruitment to sites to return the resource to a healthy state. 
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1 Chapter 1 

General Introduction 

1.1 General Background 

1.1.1 Pectinids 

Scallops (family Pectinidae) are epibenthic, active suspension-feeding bivalve molluscs 

(Cragg, 2006). There are approximately 400 extant scallop species found globally (Brand, 

2006). These persist throughout all latitudes and can be found around the coast from below 

the low tide zone (sublittoral) to depths of 800m (Brand, 2006). Pectinids play a key role in 

coastal ecosystems as benthic suspension feeding species, which remove phytoplankton and 

inorganic particles from the water column reducing local turbidity (Newell, 2004) and in 

regulating marine food webs (Gili & Coma, 1998). Pectinids also act as important food 

sources for higher trophic levels (Ambrose, 1984; Myers et al., 2007; Onthank & Cowles, 

2011). Many near shore pectinids are culturally and recreationally valued as local food 

sources (Orensanz et al., 2006). Many accessible pectinid species are also commercially 

exploited and are a valued commodity (Brand, 2006).  

1.1.2 Pecten novaezelandiae 

The New Zealand scallop Pecten novaezelandiae (tipa, tupa, kuakua) is the largest and most 

abundant of the 18 pectinid species that are found in New Zealand waters (Marsden & Bull, 

2006). Endemic to New Zealand, P. novaezelandiae beds are found sporadically in estuaries 

and coastal bays from the subtidal down to 80m deep around the coast of New Zealand 

(Marsden & Bull, 2006), from the sub-tropical waters at the tip of the North Island to the sub-

Antarctic waters of Rakiura (Stewart Island) in the south and the temperate offshore Chatham 

Islands to the east (Fig.1.1). P. novaezelandiae populations throughout New Zealand show 

genetic differentiation between the north, central and southern populations likely associated 

with the geographic distances and the prevailing oceanographic processes between these 

populations limiting larval connectivity (Silva, 2015). In this thesis, the main populations of 

P. novaezelandiae discussed will be broadly referred to as the northern (Northland, 
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Coromandel and Hauraki Gulf), central (Nelson and Marlborough) and southern (Stewart 

Island, Foveaux Strait and Fiordland) populations, unless expressly stated.  

 

The majority of research on P. novaezelandiae has been undertaken in the central populations 

of the Nelson/Marlborough region (Allen, 1997; Bull, 1976, 1988;1984; Lyon, 2002; Stevens, 

1987; Talman et al., 2004; Williams, et al., 2014), and the northern populations in the Hauraki 

Gulf (Morrison, 1999) and Coromandel (Williams et al., 2007; Williams, 2012) where 

commercial fisheries are active. These populations encounter warm summers and mild 

winters with annual average sea surface temperatures (SST) in these regions all exceeding 

15°C (Fig.1.1). In northern populations, growth patterns indicate that individuals mature (i.e. 

are capable of producing gametes) after a year, but do not contribute a substantial proportion 

of gametes until after their second year (Williams & Babcock, 2005). Sexual maturity in these 

populations is typically achieved when individuals reach roughly 52-59mm shell height 

(Williams & Babcock, 2005) (for reference 54mm shell height is equivalent to c. 60mm shell 

length (Williams & Babcock, 2005)) although there is evidence that individuals as small as 

42mm shell height have spawned. Populations in Coromandel Peninsula have been found to 

take up to 3 years to grow to 100mm shell width (Williams & Babcock, 2005), whereas 

Hauraki Gulf populations have been found to achieve the same size in 18 months (Marsden & 

Bull, 2006). Little is known of the reproductive ability of P. novaezelandiae in the more 

southern regions of its distribution. The only known published literature available of the 

biology of P. novaezelandiae in the south of New Zealand describes the genetic variability of 

these populations from the central and northern populations (Silva, 2015). Based on studies of 

populations within Whaka ā Te Wera (Paterson Inlet), Rakiura (Fig. 1.1) Carbines and 

Michael (2007), originally described that individual P. novaezelandiae near their southern 

limits could grow to legally harvestable size (100mm) within 1.5 years. Twist (2015), 

however, suggests that it is more likely that P. novaezelandiae in the region reach the legally 

harvestable size in 3-3.5 years.  

 

The known southern limit of P. novaezelandiae of Port Pegasus on the southeast coast of 

Rakiura is roughly 47° 10’’S (C Hepburn pers. comm.). Once assumed to be a sub-species 

referred to as P. novaezelandiae rakiura (Fleming, 1951, cited in Bull, 1976), P. 

novaezelandiae in the waters near the species’ known southern limit in Whaka ā Te Wera 

have been known to grow to large sizes (175mm shell width) and to be long lived (8-10 years) 

(Carbines & Michael, 2007) compared to northern populations where individuals can grow to 

sizes up to 150mm and live for 6-7 years (Marsden & Bull, 2006). Subject to cooler 
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temperatures, variable seasonal temperature patterns (Uddstrom & Oien, 1999), food 

availability and community composition (Gordon et al., 2010) in the south of New Zealand 

(Fig. 1.1) it is likely that P. novaezelandiae in Rakiura demonstrate responses to 

environmental conditions that differ to those of their northern and central counterparts. 

 

Like all planktotrophic larval species, the distribution of P. novaezelandiae larvae is 

dependent on local hydrodynamic conditions (Eckman, 1987); larval stages in particular are 

affected by temperature, salinity, food availability, predation and sediments (see Le Pennec et 

al., 2003). Annual variability in the distribution and abundance of P. novaezelandiae 

populations related to natural variable recruitment and fishing pressures have been observed 

in the northern (Morrison, 1999; Williams & Babcock, 2004; Williams & Babcock, 2005) and 

central populations (Williams et al., 2014). 

1.1.3 Pecten novaezelandiae structure and function 

P. novaezelandiae consist of two asymmetrical valves. The lower valve lies within the 

sediments and is convex (Fig. 1.2); the upper or left valve is flat and is generally positioned at 

the sediment-water interface. Each valve is indented with radial ribs from umbone to shell 

edge (Fig. 1.2). ‘Ears’ which straddle the valve umbone, likely aid in the swimming 

performance of individuals (Wilkens, 1981). P. novaezelandiae in the wild are typically found 

with sediments laying atop the upper valve (Fig. 1.3) which results from burial activity  and 

aids in camouflaging individuals from predators (MacDonald et al., 2006). 

 

The hard external shell of pectinids consists primarily of calcium carbonate (Beninger & Le 

Pennec, 2006; Tokeshi et al., 2000) and protects the soft tissues of the live animal within from 

damage and predation (Tokeshi et al., 2000; Tremblay et al., 2012). Tissue and shell growth 

rates in pectinids have been found to be associated with water depth, temperature, salinity, 

food availability, local flow, fishing pressure (Harris & Stokesbury, 2006) and predation 

pressure (Brand, 2006; Mendo et al., 2014; Tremblay et al., 2012). Pectinid shells show 

growth rings resulting from periods of rapid growth when resources are available, which in 

some species can provide an indication of annual growth (Stevenson & Dickie, 1954). This 

technique is likely to be ineffective at aging P. novaezelandiae as populations that show high 

variability in seasonal environmental conditions such as those encountered in New Zealand, 

result in growth patterns that do not accurately portray annual growth (see Chauvaud et al., 

1998).  
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Figure 1.1 Map of Annual mean Sea Surface Temperature (SST) around New Zealand for the 
period 1982-2008 derived from the AVHRR Pathfinder version 5.0, global, 4 km daily SST 
climatology (1982-2008) (Casey et al., 2010) showing regions described in previous research 
of known Pecten novaezelandiae populations (1) Northland, (2) Hauraki Gulf, (3) 
Coromandel, (4) Nelson, (5) Marlborough, (6) Wellington Harbour, (7) Fiordland, (8) Rakiura 
(Stewart Island).  
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Scallop species have been found to be capable of differentiating between the size and 

predatory ability of individual predator threats (Talman et al., 2004; Tremblay et al., 2012) 

which leads to varied anti-predator responses in scallops. Pectinid species possess complex 

and sensitive eyes embedded within the gills (Fig. 1.3) capable of detecting changes in light 

(Allen, 1997; Brand, 2006; Wilkens, 1981). Tentacles along the mantle edge also contain 

chemoreceptors (Winter & Hamilton, 1985). Chemoreceptors have been linked with an ability 

of scallops to detect the faeces of predators (Guerra et al., 2013; Schalkhausser et al., 2014; 

Wilkens, 1981). Predator detection is likely to: decrease the risk of scallop predation, help 

save energy, maintain feeding and maintain position in the substratum (Baum & Worm, 2009; 

Bologna & Heck Jr., 1999; Lima, 1998).  

1.1.3.1 Diet & feeding 

Scallop diet consists of organic and inorganic material derived primarily from phytoplankton, 

other microalgae and detritus (Brand, 2006). Macroalgal detritus has been found to act as a 

supplementary dietary source when phytoplankton concentrations are low (Barnes, 2006). 

Feeding through non-siphonate, ciliary suspension gill structures, scallops filter matter within 

mucus sheets along the mantle of the shell to the mouth (Beninger & Le Pennec, 2006; 

MacDonald et al., 2006). Orientation of valves towards current flow allows for nutrient-

loaded waters to flow along the ventral and anterior edge of the valve via the mantle, exiting 

through the posterior of the opening (Grant et al., 1993). Valve closure as with other bivalves, 

allows for the regulation of resources (Chantler, 2006; MacDonald et al., 2006) and enables 

short-term protection of the sensitive internal organs from predation and exposure to 

unfavourable environmental conditions (Tremblay et al., 2012). Feeding ability in pectinids 

has been found to be limited under high flow conditions (Claereboudt et al., 1994; Wildish et 

al., 1987) but is also limited in low flow by the concentration and availability of seston 

(Eckman, et al., 1989; Pilditch et al., 2001). 
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Figure 1.2 Pecten novaezelandiae at the sediment surface in Whaka ā Te Wera, Rakiura 
(Photo Credit: Peri Subritzky). 
!
 

 

Figure 1.3 An undisturbed adult Pecten novaezelandiae sitting at the sediment water interface 
with valves open and mantle extended in Whaka ā Te Wera, Rakiura (Photo Credit: Chris 
Hepburn).   
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1.1.3.2 Swimming & defence 

Unique to pectinid species, valve movement also allows for swimming which is induced in 

response to negative environmental conditions and predation threats (Jenkins et al., 2003; 

Manuel & Dadswell, 1991; Marsh et al., 1992; Tremblay et al., 2012). Valve movement 

results from the contraction and expansion of the adductor muscle that is attached centrally to 

the interior surface of both valves. Non-directional, short period propulsive power is 

generated when the two valves rapidly open and close, forcing water to jet through the hinge 

(Marsh et al., 1992). Swimming ability varies between individuals and has been found to 

change with the size of the shell (Gould, 1971; Tokeshi et al., 2000). 

1.1.3.3 Reproduction 

P. novaezelandiae are hermaphroditic broadcast spawners (Barber & Blake, 2006; Lyon, 

2002). Gametes are released into the water column and fertilised externally. Gamete release in 

pectinids is typically cued by temperature changes (Le Pennec et al., 2003) and serotonin 

(although the role serotonin plays in spawning is unknown) (Barber & Blake, 2006; Gibbons 

& Castagna, 1984); spawning synchronisation in P. novaezelandiae within a population may 

also be induced through the production of pheromones which are produced with the release of 

sperm (Williams & Babcock, 2004). Reproductive success is dependent on the proximity and 

synchrony of individuals (Paulet et al., 1988). The frequency, timing, duration and quality of 

gametes produced varies within and between populations, and depends on the environmental 

conditions and the health of the population (Barber & Blake, 2006; Williams & Babcock, 

2004).  

 

Reproduction in pectinids has been found to inhibit somatic growth of individuals when 

energy is allocated to the gonads (Hortle & Cropp, 1987; MacDonald et al., 2006). Larval 

survival in pectinids has been found to be influenced by temperature, circulation and currents, 

food, and predation (Tremblay & Sinclair, 1992). McGarvey et al. (1993) predicted that each 

egg produced by the sea scallop Placopecten magellanicus had a one in a million chance of 

developing into a juvenile. 

 

1.1.3.4 Larvae and pediveliger settlement 

P. novaezelandiae larvae in the northern and central populations typically spend between 3-4 

weeks in the plankton (Bull, 1976; Mincher, 2008; Williams & Babcock, 2005). P. 
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novaezelandiae show similar rates of development (de Jong, 2013) to the bay scallop 

Aquepecten irriadians (Sastry, 1962), the king scallop Pecten maximus (Le Pennec et al., 

2003) and the queen scallop Equipecten bifrons (Dix, 1976). Pectinid larvae differ from other 

bivalves in that they have a hinged shell, prodissoconch and a velum (Schejter et al., 2010). 

At the first stage of larval development (PI) pectinid larvae, characterised by a D shape, 

appear to be very similar to other bivalves and differ only in microsculpture (Schejter et al., 

2010). At the second stage (PII) there is a fully retractable velum used in locomotion and food 

capture (Culliney, 1974; Sastry, 1962). Morphology between species varies among taxa at the 

PII stage and is detectable under scanning electron microscope as individuals undergo 

metamorphosis, which is accompanied with changes in locomotion, diet, morphology and 

shell secretion (Eckman, 1987; Rose et al., 1988; Rose & Dix, 1984; Schejter et al., 2010; 

Vance, 2000). Once mature, larval veligers form byssal threads (Minchin, 2009; Sause et al., 

1987). At this stage larval veligers metamorphose into pediveligers, which are capable of 

settling on a range of materials such as hydroids and shell matter (Butman, 1987; Culliney, 

1974).  

 

The structure of settlement surfaces and the local currents play a key role in determining the 

larval settlement ability (Butman, 1987; Mendo et al., 2014). Biogenic structures influence the 

physical complexity of the environment, reducing the flow rate of water and enhancing the 

likelihood of larval settlement (Bologna & Heck Jr., 1999; Talman et al., 2004). The presence 

of suitable settlement surfaces within a region is crucial in determining settlement rates 

(Talman et al., 2004). Although P. novaezelandiae are known to naturally settle on seaweeds 

and hydroids (Morrison & Cryer, 2003), pectinids have also been found to settle on other 

shells or structures in the environment which enhance habitat complexity (Guay & 

Himmelman, 2004). An extensive literature search found that there is no published research 

on surface preference and response of P. novaezelandiae pediveligers to different substrates. 

Other pectinid species have been found to show variable preferences for settlement surfaces 

(Mendo et al., 2014; Stokesbury & Himmelman, 1995; Tian et al., 2009), with some species 

actively rejecting unsuitable substrates (Culliney, 1974). Once settled, pediveligers reach a 

critical size and individuals under go further metamorphosis to juveniles. At this stage byssal 

threads are lost and juveniles migrate to the sea floor where they will spend the remainder of 

their lives (Caddy, 1972; Hadfield, 1986; Sause et al., 1987). Spat collectors have been used 

in the northern and central populations of New Zealand to collect P. novaezelandiae in 

enhancement and seeding initiatives (Mincher, 2008; Morrison & Cryer, 2003).  
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1.2 Management of Pecten novaezelandiae 

1.2.1 Commercial harvesting 

Under New Zealand’s Quota Management System (QMS) the Total Allowable Catch (TAC) 

for P. novaezelandiae is split into quota regions defined by geographic limits (Fig. 1.1, Table 

1.1). Coromandel (SCACS), Northland (SCA1) and the Southern/Challenger (SCA7) fisheries 

are currently the only regions that are commercially harvested. Commercial exploitation is 

limited by the quota (TAC), dredge size, fishing hours, rotational fishery restrictions and 

temporary area closures in conjunction with size limits and harvest seasons. All commercial 

fishing is undertaken using either box or ring bag dredges, which are towed along the seafloor 

(Beentjes & Baird, 2004).  

 

Commercial landings between years show high variability, resulting from variable population 

densities (Table 1.1). Individual Transferrable Quotas (ITQs) define the percentage of the 

annual TAC that individuals have the right to harvest. The Annual Catch Entitlement (ACE) 

scheme regulated under the Second Schedule of the Fisheries Act 1996 allows for the change 

in P. novaezelandiae TAC throughout the season based on updated stock assessments 

(Mincher, 2008). Unique to the management of scallop stocks that are identified as being 

highly variable and difficult to monitor; ACE aims to limit damage that could occur from 

miscalculated stock abundance estimates and allows for immediate management action if 

populations are identified as being at risk (Mincher, 2008).  

 

The majority of research on P. novaezelandiae populations has been undertaken in the 

northern and central regions (SCACS, SCA1 & SCA7 (Fig. 1.1), where assessments indicate 

stock decline in all regions. The Southern Scallop Fishery or Challenger region (SCA7) is 

New Zealand’s largest scallop fishery. It is also the best documented, with catch data 

available from 1959. Here, harvests have been well below the total quota limits, with catch 

declining significantly from the industry’s peak catch in 1975 of 1,246,000 kg of meat weight 

landed in the Challenger region alone (Mincher, 2008). This had fallen to 42,891 kg in the 

region in 2014 (Table 1.1). Biomass assessments in 2011 determined that the SCA 7 stock 

was at the lowest recorded density since fishery wide surveys began (Williams et al., 2014).  

 

In the Challenger region (SCA7) low density populations in commercial beds have been 

apparent when short rotational periods coincide with high fishing pressure (Fisheries, 2009). 
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Recruitment of scallops to fishable biomass is likely to be small when there are low numbers 

of pre-recruits in the region. The fact that year classes in SCA7 are traceable for only 3-4 

years suggests that there are high rates of mortality within this region (Fisheries, 2009). 

Commercial fishermen in the SCA7 have found that fishing the beds on a rotational basis is 

an effective management tool (Arbuckle, 2001; Fisheries, 2009).  

1.2.2 Recreational harvesting 

Recreational harvest is commonly undertaken via hand, using SCUBA or snorkel although 

small dredges are common (Williams, 2008). Regional recreational limitations restrict harvest 

size and daily take per person. There are no current reliable estimates of non-commercial 

harvest of P. novaezelandiae fisheries for all of New Zealand. Initiatives to reduce harvest 

pressure on scallop beds has led to management in northern fisheries to focus on the spatial 

separation of recreational and commercial regions. One of the strategies has been to limit 

commercial access to harbours and enclosed areas (Williams, 2008).  

1.2.3 Customary management 

Mātaitai and Taiapure are local management tools that recognise the importance of traditional 

Māori fishing grounds and Māori indigenous (customary) fishing rights as well as 

incorporating sites of cultural or spiritual significance into management (Bess & Rallapudi, 

2007). Established through Treaty Settlement claims with the New Zealand Government, 

these tools were designed to enable local iwi/hapu to manage local marine resources. 

 

When a Mātaitai reserve is established, Tangata Kaitiaki/Tiaki (local guardians) are appointed 

to manage the fisheries within the Mātaitai boundaries. Mātaitai recognise the importance of 

Mātauranga Māori- the traditional knowledge of ecosystems in managing locally significant 

resources. Tangata Tiaki are able to set bylaws to regulate recreational fishing within the 

reserve, allowing for Māori management practices to protect the traditional practice of local 

people gathering valuable marine resources (McCarthy et al., 2013). Mātaitai bylaws must be 

reviewed by the Minister for Primary Industries within 40 days, the swift process is designed 

to allow for flexibility in management and rapid response to changes in the environment 

(Berkes et al., 2000; Drew, 2005; McCarthy et al., 2013; Olssen & Folke, 2001). All 

commercial fishing is excluded from Mātaitai unless reinstated by Tangata Tiaki (Bess & 

Rallapudi, 2007). Reductions in daily take and temporary closures are tools typically used in 

Mātaitai to allow for the restoration of marine species (Gnanalingam & Hepburn, 2015).  
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Table 1.1 Total Allowable Catch (TAC) figures for Recreational and Commercial Allowances 
and reported catch for Pecten novaezelandiae harvest in each fishery region for the 2010 and 
2014 periods (Source: Ministry For Primary Industries). 
!

Region Commercial 
Allowance TACC (kg) 

Reported catch 
(kg) 

Recreational 
allowance  

Recreational 
take (kg) 

 2010 2014 2010 2014   
SCA4 Chatham islands  23,000 23,000 0 0 1000 Unknown 
SCA7C Clarence Pt to West 
Head, Tory Channel 1000 1000 0 0 1000 Unknown 

SCACS Coromandel 22,000 100,000 33,326 50,899 10,000 Unknown 

SCA1A Eastern Bay of Plenty 1000 1000 0 0 3000 Unknown 

SCAET Extra Territorial / / 0 / / / 
SCA7B North and West of 
Farewell Spit 1000 1000 0 0 / Unknown 

SCA1 Northland 40,000 40,000 10,415 86 7,500 Unknown 

SCA9A Part Auckland (West) 1000 1000 0 0 12,000 Unknown 

SCA2A Part Central (East) 1000 1000 0 0 1000 Unknown 

SCA8A Part Central (Egmont) 1000 1000 0 0 1000 Unknown 
SCA3 South-East and part 
Chatham Rise 1000 1000 0 1 1000 Unknown 

SCA7 Southern/Challenger 747,000 747,000 120,478 42,891 40,000 Unknown 
SCA5 Southland and Sub-
Antarctica 1000 1000 0 4 3000 Unknown 

SCA7A West 1000 1000 0 0 1000 Unknown 

Total 841,000 892,089 164,219 69,808 79,000 Unknown 

 

 

Table 1.2 Pecten novaezelandiae size limits and recreational season for each region. 
!

Region 
Maximum 
Daily Limit 
per person 

Minimum 
legal size 

(mm) 
Season 

Central North Island 20 100 15 July to 14 February 

Auckland/Kermadec 20 100 1 September to 31 March 
South East (Kaikoura, 
Canterbury & Otago) 20 100 15 July to 14 February 

Southland  10 100 1 October-15 March 

Challenger 50 90 15 July to 14 February 

Fiordland 10 100 1 October-15 March 

!  
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Figure 1.4 Map of Whaka ā Te Wera, Paterson Inlet, Rakiura showing sites monitored and the 
local management regimes Te Whaka ā Te Wera Mātaitai, Te Wharawhara/Ulva Island 
Marine Reserve, which face local restrictions on fishing and Big Glory Bay which is under 
Southland Fisheries Management. 

1.3 Pecten novaezelandiae in Whaka ā Te Wera, Rakiura 

Near the known southern extent of P. novaezelandiae, populations of P. novaezelandiae in 

Whaka ā Te Wera (Paterson Inlet), Rakiura (Fig. 1.4), have historically provided a valuable 

food resource to the local Rakiura community. Currently the island is home to 381 permanent 

residents (S. King pers. comm.). There is little information on historical exploitation and 

densities of P. novaezelandiae in the region. However, it is likely that near shore, shallow 

populations were utilised by the original Māori inhabitants (who arrived approximately 1200 

years ago) and more frequently exploited with the arrival of whalers, sealers and fishers who 
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have made Rakiura a base from the early 1800s (Stuart et al., 2009). Rakiura has historically 

been popular for commercial fisheries of blue cod (Parapercis colias), crayfish (Jasus 

edwardsii), pāua (Haliotis iris) and the bluff oyster (Tiostrea chilensis). The region has faced 

a diversity of recreational and commercial fishing pressures with the historic waves of 

occupation and industry from Māori to Whalers and Fishers (Stuart et al., 2009). Over the last 

20 years, Big Glory Bay has seen development of the green-lipped mussel (Perna 

canaliculus), bluff oyster (Tiostrea chilensis) and chinook salmon (Oncorhynchus 

tshawytscha) aquaculture farms.  

 

Whaka ā Te Wera (Fig. 1.4) is a drowned river valley basin which extends 16 kilometres from 

its entrance to the tidal mud flats at its head. Whaka ā Te Wera reaches depths down to 42m 

and consists primarily of rocky shore, sand and soft mud. The catchment area of Whaka ā Te 

Wera consists primarily of unmodified native forest (Stuart et al., 2009), which has resulted in 

clear waters and low sediment loads in bays. The algal flora of Rakiura and Whaka ā Te Wera 

is amoung the most diverse in New Zealand (Adams et al., 1974). Although Rakiura is 

geographically isolated from major anthropogenic development, it is likely to be exposed to 

the impacts of ocean acidification and long-term climate change (Bates et al., 2014), which 

includes warming ocean temperatures. 

 

Concerns of P. novaezelandiae decline in Whaka ā Te Wera first came to light in 1990, with 

densities in Sawdust Bay 0.026 per m2, the Neck 0.093 per m2 and Prices Inlet 0.003 per m2 

resulting in a reduction of daily take from 20 to10 scallops per fisher per day (Carbines & 

Michael, 2007). The scallop fishery with Whaka ā Te Wera was closed in 2001.  

 

The latest fisheries assessments of P. novaezelandiae within Whaka ā Te Wera (Russell et al., 

2014) indicate that populations here have shown little recovery since the last monitoring 

assessment in 2003 by Carbines and Michael (2007). This suggests that there are factors in the 

region that are limiting scallop recovery, however it remains unclear what these factors are. 

This is particularly intriguing, since there have been little noticeable changes to the local 

environment; the surrounding catchment has had minimal human modification and fishing 

pressure has been low since the development of the locally managed Mātaitai. Populations 

that have previously faced significant decline either from fishing or toxic dinoflagellate 

blooms have shown variability in recovery (Hart & Rago, 2006; Summerson & Peterson, 

1990). Carbines and Michael (2007) conveyed concern that the population of P. 
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novaezelandiae in Whaka ā Te Wera were likely to collapse if management measures weren’t 

retained to protect the species. 

 

Today, Whaka ā Te Wera is split into three levels of management (Fig. 1.4); (i) Te Whaka ā 

Te Wera Mātaitai was established in 2004 and encompasses all of the regions in Whaka ā Te 

Wera, excluding Te Wharawhara/ Ulva Island Marine Reserve; (ii) Ulva Island Marine 

Reserve, which was also established in 2004 and (iii) Big Glory Bay which is subject to 

Southland Fisheries Management restrictions (Russell et al., 2014). In Big Glory Bay, the 

maximum daily limit is 10 scallops per fisher per day and the maximum legal harvest size is 

100mm (Table 1.2).  

1.3.1 Te Whaka ā Te Wera Mātaitai 

Te Whaka ā Te Wera Mātaitai was established in December 2004 when Rakiura Māori and 

the local community secured legislative authority to protect important customary fisheries. 

Tasked with the responsibility to set limits on the catch of and techniques used to catch 

marine species within the limits of the Mātaitai, the Mātaitai Management committee consists 

of representatives from the local Iwi, commercial and recreational fishing. The Mātaitai is 

subject to different harvest restrictions from the southern fishery in attempts to sustainably 

manage local fisheries resources.  

 

The Mātaitai retained the prohibition of P. novaezelandiae harvest along with restrictions on 

the take of other locally valuable species such as pāua and blue cod. Introducing closed area 

management in other pectinid populations has been found to foster rebuilding of populations 

through limiting disturbance of the seabed, increasing local recruitment outside the protected 

area, lower mortalities and the presence of larger older scallops in the closed area (Beukers-

Stewart et al., 2005).  

1.3.2 Study sites 

Sites suitable for this study (Fig. 1.4) were selected from Russell et al. (2014). In Russell et al. 

(2014) sites reported to historically contain significant P. novaezelandiae beds in Whaka ā Te 

Wera were identified on maps during interviews. If two or more interviewees identified sites 

as containing significant historic scallop densities, the regions were selected for potential 

comparison from Russell et al. (2014) surveys. Survey locations in this study were then 

selected based on ecological comparability, controlling for positioning within a bay, depth, 
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benthic substrata and exposure to currents. Three of the sites used for comparison had also 

been historically surveyed P. novaezelandiae distributions (Carbines & Michael, 2007; 

Carbines, 1998) providing a useful historical comparison. 

1.4 Objectives and thesis outline 

The primary objective of this thesis was to investigate the factors limiting the recovery of P. 

novaezelandiae within Whaka ā Te Wera. To achieve this, the influence of predation, 

environmental conditions and larval recruitment on the densities of P. novaezelandiae 

populations were explored. In investigating these factors, enquiry compared the responses of 

P. novaezelandiae within Whaka ā Te Wera to the better known northern and central 

populations.  
!

1.4.1 Chapter two- Epibenthic predators and the distribution and morphology of Pecten 

novaezelandiae within Whaka ā Te Wera 

The primary focus of this chapter was to analyse the relationship between the predatory 

starfish Coscinasterias calamaria and the population densities and morphological 

characteristics of P. novaezelandiae.  

 

1.4.2 Chapter three- Abiotic factors within Whaka ā Te Wera 

In this chapter the variability in environmental conditions amoung sites in Whaka ā Te Wera 

were investigated. The potential effects of measured environmental parameters on population 

densities at each site are discussed in conjunction with the current literature on temperate 

pectinid species at the limits of their extent and the known morphologies, distributions and 

tolerances of P. novaezelandiae populations in New Zealand.  

 

1.4.3 Chapter four- Spatial and temporal variability of the New Zealand scallop Pecten 

novaezelandiae larval pediveligers within Whaka ā Te Wera 

The aim of this chapter was to monitor the spatial and temporal variability in P. 

novaezelandiae pediveliger distribution throughout Whaka ā Te Wera over a year. This 
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chapter explores what the current patterns in settlement indicate about health of the 

population and discusses how the local conditions at certain sites are likely to influence the 

settlement of P. novaezelandiae. Aspects of why larval pediveligers are absent in regions 

where P. novaezelandiae were once abundant were also considered. 

1.4.4 Chapter five- General discussion and conclusions 

The roles and importance of predation, the local environmental parameters and recruitment of 

P. novaezelandiae in Whaka ā Te Wera are examined, discussing the implications of these 

findings for the management of the species in the studied region. 

!  
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Chapter 2 

2 Predation of the New Zealand scallop (Pecten 

novaezelandiae) within Whaka ā Te Wera 

2.1 Introduction 

2.1.1 Evolutionary role of predation 

A predator’s selection of prey plays a key role in the evolution of prey species (Brett & 

Walker, 2002). Predation limits the ability of a prey species to persist- directly through 

limiting a prey’s population size and indirectly through reducing the reproductive capacity of 

the population (Stevens, 2010). Anti-predator responses are energetically expensive and are 

found to vary with prey and predator size, prey density, and the perceived risk of predation 

(Abrams et al., 1996; Guerra-Bobo & Brough, 2011). Prey responses to predator presence 

include habitat shifts and behavioural changes (Gilliam & Fraser, 1987; Lima & Dill, 1990; 

Lima, 1998; Quinn & Kinnison, 2010; Valeix et al., 2009). The adoption of short-term 

behavioural and physiological responses of prey to predator detection influences the long term 

physiology and health of individuals leading to the evolution of traits that enhance their 

ability to avoid predation (Abrams & Rowe, 1996). When individuals that are more 

susceptible to predation show reduced survivorship, traits associated with this weakness are 

less prevalent in the population and lead to strengthening of population genotypes (Bishop & 

Wear, 2005; Stibor & Lüning, 1994). 

  

An evolutionary arms race between predators and prey leads to the development of a clarified 

relationship between the exploitation by predators and avoidance mechanisms by prey 

(Abrams, 2000). The predatory ability of a species reflects an evolutionary adaptation of 

features that enhance the exploitation of the targeted prey (Diehl, 1992; Sinclair et al., 2003). 

For example, the sharp talons of members of Falconidae have evolved to better immobilise 

prey (Fowler et al., 2009). The development of prey traits such as cryptic camouflage, 

predator detection and escape mechanisms aim to improve a species’ survival in their 

environment (Abrams, 2000). The resulting presence of prey in environments with high 
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predation risk reflects a trade-off between the costs of anti-predator strategies and the 

efficiency with which prey are capable of exploiting the environment (Lima & Dill, 1990).  

2.1.2 Predation of bivalves in the benthic marine environment 

Bivalves possess two hinged calcium carbonate valves which protect the inner soft body from 

external damage and predation ( Minchin, 2003). Valve closure, facilitated by the valve hinge, 

allows for hiding behaviour in response to predator presence (Beninger & Le Pennec, 2006; 

Tremblay et al., 2012; Widdows, 1991). As typically sedentary and slow moving organisms, 

most bivalves possess limited behavioural ability to respond rapidly to predation. In contrast, 

they invest heavily in the development of long term mechanisms such as shells for protection 

from damage (Tremblay et al., 2012) or burial behaviour (Fig. 1.2) which aid in prey 

camouflage (Gosling, 2008). The capacity of the valves to reduce predation is limited by the 

thickness of the shell, the ability or strength of the adductor muscles that allow the valves to 

remain closed, and the fatigue associated with escape responses (Tremblay et al., 2006). 

Bivalve predators have adapted traits such as the capacity to drill, crush or chip the shell of 

bivalves, limiting the capacity of a valve to protect the internal soft parts (Talman et al., 

2004).  

2.1.3 Responses of pectinids to predation  

Pectinids are distinct from other bivalves in that anatomical changes in the mantle, shell and 

the positioning of the adductor muscle have allowed them to induce non-directional, short 

period propulsive swimming (Moore & Trueman, 1971). Although all pectinids possess the 

ability to swim some species remain sessile throughout their adult life (Brand, 2006). This is 

likely to be due to swimming being energetically expensive, consuming reserves that would 

normally be utilised for maintenance, growth and reproduction (Gould, 1971).  

 

Pectinids are exposed to both mobile predators on the sediment and to benthic demersal 

predators in the water column, and have evolved numerous physiological and behavioural 

adaptations to avoid predation (Allen, 1997; Hernández et al., 2014; Jones et al. 1987; Talman 

et al, 2004; Wong et al., 2005a). For example, when experimentally exposed to predatory 

starfish and crabs, pectinids are found to alter energy allocation to defensive structures such 

as shell size and thickening (Bologna & Heck, 1999; Guerra et al., 2013b; Lafrance et al., 

2003; Minchin, 2003; Tremblay et al., 2012) which discourage predation (Barbeau & 

Scheibling, 1994). Exposure of pectinids to predation has also been found to increase basal 
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swimming activity (Guerra et al., 2013; Labrecque & Guderley, 2011; Schmidt et al., 2008) 

and enhanced adductor muscle growth to support swimming and shell closing (Villalaz, 

1994).  

 

The physical characteristics of pectinids such as fineness, shell size, and muscle size, play a 

key role in influencing an individual’s swimming ability, which in turn affects anti-predator 

escape responses. Under high predation stress, pectinids have been found to invest energy that 

would typically be utilised for reproduction in physical features that aid in defence, with the 

resulting changes in tissue and shell morphology providing a morphological index to reflect 

predation-induced stress. The gonadosomatic index (GSI) is an allometric index of the size of 

the gonad tissue relative to adductor muscle (Barber & Blake, 2006). Thus measuring GSI 

under variable conditions can provide insight into the dynamics of stress defences that 

influence the allocation of energy to reproductive growth (Barber & Blake, 2006; Jenkins et 

al., 2003; Labrecque & Guderley, 2011; Tremblay et al., 2012). Low GSI demonstrates an 

individual has allocated less energy to the maintenance of body mass. GSI assumes that the 

allometric relationship between gonad and total tissue mass does not change over the size 

range of the population studied and that the slopes for allometric growth equations for gonad 

and total tissues are similar and the mass of the non-gonadal tissue does not change over time 

(Barber & Blake, 2006).  

 

Fineness is a morphometric index of scallop shells that represents the drag resistance 

encountered by swimming individuals in a fluid medium (Dadswell & Weihs, 1990). 

Typically, individuals invest in shells of low fineness to enhance swimming ability. Large 

shell sizes relative to the adductor muscle are likely to decrease the ability of individuals to 

swim (Labrecque & Guderley, 2011; Manuel & Dadswell, 1991). The Atlantic sea scallop, 

Placopecten magellanicus, which grows to similar sizes as P. novaezelandiae (Naidu & 

Robert, 2006) show optimal hydrodynamic efficiency at intermediate sizes (Dadswell & 

Weihs, 1990).  

2.1.4 Predators of Pecten novaezelandiae 

Found over a wide latitudinal range, the New Zealand scallop Pecten novaezelandiae shows 

high natural variability in distribution and abundance between populations (Carbines & 

Michael, 2007; Marsden & Bull, 2006). The most studied populations of P. novaezelandiae 

are found in the northern and central populations where they are at risk to predation 

demersally by long tailed sting rays (Dasyatis thetidis), eagle rays (Myliobatus 
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tenuicaudatus), skate species (e.g. rough skate (Dipturus nasutus)), New Zealand snapper 

(Chrysophrys auratus), blue cod (Pararpercis colias), terakihi (Nemadactylus macropterus), 

octopus species (e.g. Octopus maorumi). Predators from the sediment surface include the 11-

armed starfish (Coscinasterias calamaria), 7-armed starfish (Astrostole scabra), the starfish 

Astropecten polycacanthius & Luidia varia, hermit crabs (Pagurus novaezelandiae) and the 

paddle crab (Ovalipes catharus) as well as carnivorous gastropods (Brand, 2006). There has 

been little study undertaken on the dynamics of predation in the cooler, southern populations 

of the P. novaezelandiae, where the more temperate sting and eagle rays and snapper species 

are rare (Francis, 2012) and where environmental conditions, and the community structure of 

the habitat appropriate for scallop populations vary considerably from the more well 

documented northern temperate populations (Gordon et al., 2010). In the cooler southern 

waters of New Zealand, P. colias, the skates Dipturus innominatus, Zearaja nasuta, Octopus 

spp. and predatory starfish species such as Coscinasterias calamaria are abundant and 

potential predators of P. novaezelandiae (Francis, 2012). 

2.1.5 Scallop predation within Whaka ā Te Wera 

Structured surveys by Russell et al. (2014) with members of the local Mātaitai committee 

highlighted a concern that an increase in the observed densities of the eleven armed sea star 

C. calamaria, a known predator of P. novaezelandiae, had coincided with declines in P. 

novaezelandiae densities in Whaka ā Te Wera (Russell et al, 2014).  

 

C. calamaria are large generalist predatory sea stars found in the coastal marine ecosystems 

of New Zealand, South Africa, Mauritius, Northern Australia, possibly Madagascar (see 

Barbeau & Scheibling, 1994) South Australia & the Kermadec Islands (Day et al., 1995; 

Keough & Butler, 1979). C. calamaria can grow to large sizes and have been found with arm 

diameters of up to 45cm in Tasmania (Olsen, 1955), and up to 38cm diameter in New Zealand 

(Barker et al., 1991). C. calamaria are well known predators of shellfish (Olsen, 1955) found 

to consume mussel species such as the blue mussel Mytilus edulis and H. iris on subtidal 

rocky reefs (Day et al., 1995) and a range of other benthic invertebrates. C. calamaria locate 

their prey using chemoreceptors (Barker, 2013). As with many other Asteroid species, C. 

calamaria feed extraorally, through the extension of their stomachs over the digestible parts 

of their prey (Barker, 2013; Day et al., 1995; Keough & Butler, 1979). Digestive enzymes 

excreted from the stomach, break down the fleshy parts of the prey and allow for absorption 

by the stomach (Barker, 2013). Population densities of Asteroids tend to respond numerically 

to prey densities, due to limitations in handling time of prey (Day et al., 1995; Olsen, 1955). 
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In recent history, high observations of Astrostole scabra, a predatory Asteroid species closely 

related to C. calamaria had also been reported in the Otago region. Local fishermen voiced 

concerns that an increase in densities of A. scabra were having an effect on the local pāua 

population (Kyle, 2012). The predatory ability of C. calamaria is complicated by the cryptic 

nature of the target prey species and the escape mechanisms prey induce. Although sea stars 

are generalist predators, when nutritious prey species are present, C. calamaria can have a 

significant predatory influence on their populations (Day et al., 1995). 

 

Surveys conducted by Russell et al. (2014) within Whaka ā Te Wera, compared the densities 

of P. novaezelandiae and epibenthic predators at fourteen sites in the inlet. These surveys 

numerated the densities of epibenthic organisms in five 1m2 quadrats along a 50m transect. 

Low detection of C. calamaria by Russell et al. (2014), when C. calamaria appeared to be 

prevalent in regions (pers. obs.) indicated that survey methods of Russell et al. (2014) may 

have been limited in the ability to detect the true densities of C. calamaria at each site. In 

these surveys, it was found that crab species are also prevalent in the region. Crab species are 

known predators of small scallops (Lake et al., 1987) and are capable of increasing 

consumption in relation to prey densities (Barbeau, 1998). Observations of the crab Carcinus 

maenus predation of M. edulis in Leonard et al. (1999) & Elner & Hughes (1978) experiments 

suggested that crabs were likely to drop thicker shelled mussels to look for smaller 

individuals. Hermit crabs Pagurus spp. have been found to show high predation pressure on 

P. novaezelandiae spat smaller than 10mm (see Allen, 1997). 

 

Allen (1997) found that P. novaezelandiae are not only able to distinguish between predatory 

species but show distinct responses to separate predatory threats. No known studies have been 

undertaken on the predation of P. novaezelandiae in southern populations of New Zealand, 

where ecosystem structure and function are likely to differ considerably from the more 

frequently studied warm-temperate northern populations.  

2.1.6 Objectives and hypotheses 

Current closures to the harvest of P. novaezelandiae in Whaka ā Te Wera under the Mātaitai 

bylaw, aim to help the population recover through removing fishery related mortality. Local 

people have raised concerns that the densities of predatory sea star C. calamaria are 

influencing the recovery of P. novaezelandiae in the region. Should C. calamaria be found to 

limit the ability of P. novaezelandiae to grow in Whaka ā Te Wera, local management could 

consider options such as a population cull in the region. For example, in the Great Barrier 
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Reef, high density aggregations of the Crown of Thorns starfish (COTS) Acanthaster planci 

has been found to cause considerable damage to coral populations, with knock on effects 

limiting the productivity of parts of the reef (Johnson et al., 1990). In the parts of the Great 

Barrier Reef where COTS are causing issues, management strategies evolved to include 

periodic culling of COTS populations to prevent high densities of the starfish from harming 

the surrounding reef ecosystem (Johnson et al., 1990).  

 

Monitoring of the relationship between the densities of P. novaezelandiae and epibenthic 

predator populations within the inlet will provide managers with an understanding of whether 

epibenthic predation is having a role in the slow recovery of P. novaezelandiae populations in 

the region. This will provide the local management committee with options when considering 

future management, which could for example consider controlling the population of the local 

starfish populations. This chapter aims to identify whether there is a relationship between the 

populations of C. calamaria and the distribution, and the morphology of P. novaezelandiae 

populations within Whaka ā Te Wera.  

 

The physiological stress of predation has wide reaching impacts on the physical condition and 

health of populations (Sinclair et al., 2003; Wilson, 1990). It was further hypothesised that 

should the presence of benthic marine predators influence the presence of scallops within 

Whaka ā Te Wera, predator pressure would be reflected in the morphology of P. 

novaezelandiae shells. Firstly, if predatory sea stars are influencing the ability of scallops to 

persist in the environment, it would be expected that in regions exposed to high levels of 

predation, P. novaezelandiae will show an increased investment in physical defence 

mechanisms such as shell size, shell thickness and fineness that would improve defence 

against predators (Guerra et al., 2012). In addition, it is hypothesised that the morphological 

responses to predator presence would have a negative effect on the condition of the 

reproductive tissues (Guerra, 2011; Schmidt et al., 2008; Seibel & Drazen, 2007). In regions 

of high incidence of predation it is hypothesised that gonad tissues would be small compared 

to adductor muscle indicating a reduced investment in reproduction due to limitations in 

available energy post investment in mechanisms, which deter predation. 

!  
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2.2 Methods 

Benthic surveys were undertaken in Te Whaka ā Te Wera Mātaitai on 9-12 December 2013 

and 1-5 April 2014. All survey sites were located in shallow embayments at depths between 

7-12m below mean low water (MLW), in habitats that consisted of fine to coarse sandy 

sediments (see Fig.1.4).  

2.2.1 Benthic surveys 

Surveys for P. novaezelandiae, C. calamaria and Pagurus spp. were conducted from the 9-12 

December 2013. Five surveys were undertaken in each site. Surveys consisted of 50 meter 

transect lines marked by vinyl surveyors tape that were weighted at both ends by dive 

weights. Each end of the transect line was fixed to 12m lengths of rope that were attached to 

surface floats indicating to the boat crew and divers the position of transects from the surface 

and under the water.  

 

The locations of survey sites were identified from interviews conducted by Russell et al. 

(2014) as those sites that had historically supported harvests of scallops and which the latest 

density surveys had reported populations to still persist. Sites were aimed to be ecologically 

comparable, controlling for positioning within a bay, depth, benthic substrata and exposure to 

currents. Transect positions within these regions were randomly selected through overlaying a 

10 x10 m grid on the proposed area with assigned numbers between 1-100 to generate start 

points. Transects were laid perpendicular to the shore from the start point heading away from 

the shore (see Appendix A for positions). 

 

Co-ordinates were logged at the start and end of each transect using a GPS. Transects were 

laid by dropping one weighted end through the water onto the benthos and towing the 

remaining line out behind the boat. Transect lines were towed behind the boat until the 

lowered weight started to drag on the sediment, ensuring that each transect was straight before 

lowering the final end of the transect into place. 

 

One meter each side of the transect line was surveyed to cover a total area of 100m2. The 

limits of the survey area were determined using a two meter pole, marked in the center. One 

diver surveyed the epibenthos within this region collecting every visible scallop within the 

range; providing an estimate of scallop density per 100m2. The second diver surveyed the 
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same transect area for Coscinasterias calamaria and Astrostole scabra and for any remaining 

scallops within the area. All individuals were collected in catch bags and brought to the 

surface after each transect. The numbers of hermit crabs Pagurus spp. encountered within the 

survey area were also recorded. The presences of octopus were noted if they were observed 

within the region proximate to each transect during each survey dive. These were not included 

in analyses due to the variability in observation ability between sites and transects. Divers 

recorded the depth at the beginning and the end of each transect.  

 

The shell lengths of collected P. novaezelandiae (Fig. 2.1) were measured at the surface using 

electronic callipers that displayed and stored recorded values. Length was measured as the 

distance point at which the shell is the longest (Fig. 2.1). Measuring the length of scallop 

shells is a standardised measurement used across studies throughout the world and New 

Zealand to compare size classes and population structure of scallops (Gaspar et al., 2002; 

Tremblay et al., 2012). Shell height was measured as the distance from the centre of the 

umbone to the widest point of the shell opening (Fig. 2.1). Shell depth or thickness is the 

distance measured from the flat side of the valve to the top valve. The arm diameter of C. 

calamaria was measured from the tip of a randomly selected leg to the tip of the opposite leg 

(Kyle, 2012; Olsen, 1955) (Fig. 2.2). Three legs were randomly selected to establish an 

average arm diameter estimate. P. novaezelandiae and C. calamaria were returned to the 

benthos after measurement. 

2.2.2 Shell morphometric and gonadosomatic indices 

Between 1-4 April 2014, ten individual P. novaezelandiae were collected from Papatiki Bay, 

Pāua Beach, Prices Inlet and Sawdust Bay sites, using SCUBA. Selection was based on size, 

with sizes proximate to 100mm ± 5mm favoured to allow for comparative analyses of the 

morphometric indices between sites. Previous studies have compared growth to 100mm shell 

length as a development estimate allowing for comparison between populations. Analysis of 

P. novaezelandiae of approximately 100mm sizes provided insight into the morphological 

variability among mature individuals (Marsden & Bull, 2006). 100mm is also the current 

legal harvest size of P. novaezelandiae in most regions throughout New Zealand (excluding 

the Southern/Challenger fishery where 90mm is the legally harvestable size) (Carbines & 

Michael, 2007; Russell et al., 2014) (Table 1.1). As P. novaezelandiae densities in Whaka ā 

Te Wera are low (Russell et al., 2014), low numbers of samples were collected to limit the 

impact this study had on the local population. Tissues measured in this study, were shared 
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with Silva (2015), contributing to research describing the genetic structure of P. 

novaezelandiae throughout New Zealand. The densities of P. novaezelandiae were low at 

both Pāua Beach and Prices Inlet sites and obtaining 10 individuals close to 100mm was not 

possible, so samples in these regions used individuals that exceeded the desired size range. 

Shell dimensions (length, height and depth) (Fig. 2.1) of the whole organism were recorded 

using electronic callipers with 0.5 mm accuracy.  

 

 

Figure 2.1 Pecten novaezelandiae shell dimensions. 
 

 

Figure 2.2 Coscinasterias calamaria arm diameter distance measure.  

Arm diameter

Shell length

Shell height
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The bottom (convex) shell of the scallop was removed, by dissecting the muscle from the 

shell (valve). The adductor muscle and roe were exposed on the flat (top) shell and 

photographed to allow for visual grading of the state of the gonad. The mantle mass (gills, 

digestive gland and skirting tissues) were dissected from the shell and muscle. The gonad was 

dissected from the adductor muscle and the adductor muscle dissected from the shell. Each 

was blotted with a clean hand towel to remove excess moisture and the wet weight of both 

was recorded. Excess wet tissue was removed from the shell. The shell was dried with a hand 

towel and the dry weight was recorded.  

Shell fineness=
shell height

shell thickness 

 

An index of shell fineness was adapted from Dadswell & Weihs (1990). Shell fineness 

estimates the drag encountered by a scallop when the hinge faces the direction of the current. 

Fineness decreases with shell height and older scallops with a thicker profile and greater 

frontal exposure face increased drag (Grant et al., 1993). The gonadosomatic index (GSI) 

defines a ratio of the gonad size of an individual relative to body size and can indicate the 

sensitivity of individuals to environmental stressors (Cyr et al., 2007; Jenkins et al., 2003).  

 

Gonadosomatic Index=
gonad weight

adductor muscle
 x 100 

2.2.3 Statistics 

The density of P. novaezelandiae, C. calamaria and Pagurus spp. per transect were averaged 

to establish a site average density. The sizes of all individuals within a site were averaged to 

determine the average size per site ± standard error. The average P. novaezelandiae and C. 

calamaria length was calculated per transect. One-way analyses of variance (ANOVA) were 

used to determine whether there was any significant difference of the densities and size of C. 

calamaria and the size and densities of P. novaezelandiae among sites at the P<0.05 

significance level. 70mm size classes were used to classify juveniles in this study from 

Williams & Babcock (2005), which found that individuals contributed to the spawning 

population between 40-70 mm. A Fisher’s exact test, using JMP Pro Version 11 tested 

whether the proportions of juvenile P. novaezelandiae were different from the proportion of 

adults between sites. 
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The influence of predator abundance and size on scallop abundance, size and morphometrics 

were explored using XY scatter graphs and Pearson product moment correlation analyses 

(Pearson analyses) using JMP. Pearson analyses assume a linear relationship and normal 

bivariate distribution (Warwick & Clarke, 1991) and provide an index that indicates the 

strength of a relationship and the statistical significance of the predictor. The means of GSI 

and fineness between sites were explored using one-way ANOVA tests to determine if there 

was a significant difference in the morphological indices between sites. The relationship 

between the somatic and gametic tissues and shell dynamics were explored using Pearson 

analyses. These provide an indication of the relative growth of certain aspects of an 

individual’s morphology and can provide insight into the response of populations to the 

environmental conditions at each site.  

2.3 Results  

2.3.1 Densities 

The densities of P. novaezelandiae in both Papatiki Bay and Sawdust Bay were at least four 

times higher than those observed in Pāua Beach and Prices Inlet (One Way ANOVA F3, 16= 

13.56, P=0.0001) (Fig. 2.3c). There was no significant evidence to suggest that the densities 

of C. calamaria (One way ANOVA F3, 16= 2.37, P=0.2158) or Pagurus spp. differed between 

sites (One way ANOVA F3, 16=1.95, P=0.1619). 

2.3.2 Population structure 

A total of 332 Pecten novaezelandiae were surveyed from four sites during density estimate 

surveys within Whaka ā Te Wera in December 2013 (mean size = 99.34mm ± 1.20 SE). 

There was no evidence that the average size of P. novaezelandiae differed between sites (One 

way ANOVA F3, 14=1.09, P=0.3842) (Fig. 2.4). The diameter of C. calamaria was found to 

differ between Pāua Beach and Sawdust Bay (One way ANOVA F3, 21= 4.28, P<0.05).  

 

Size frequency distributions of P. novaezelandiae shell lengths were negatively skewed (Fig. 

2.6). It was within Papatiki Bay that both the smallest (31 mm) and largest (148 mm) scallops 

were found. Juvenile scallops (<70mm) were present in all sites (Fig. 2.7). The densities of 

juveniles within Papatiki Bay were roughly eight times higher than other sites (One Way 

ANOVA F3, 16=9.1, P<0.01) (Fig. 2.8). As a proportion of the whole population, the number 
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of juveniles in Papatiki Bay was more than double (22%) those observed in Pāua Beach 

(9.5%) and Sawdust Bay (3.4%) and one and a half times more than the second most common 

site, Prices Inlet (14.3%) (Fishers Exact Test p<0.001) (Fig. 2.9). Sawdust Bay contained the 

lowest proportion of juvenile scallops (Fishers Exact Test p<0.001) (Fig. 2.9). Surveys 

indicate that Papatiki Bay and Pāua Beach contain more large individuals (>130mm) than 

Sawdust Bay and Prices Inlet (Fig. 2.9). 

2.3.3 Pecten novaezelandiae predator interactions 

There was no evidence of a correlation between the densities of P. novaezelandiae and C. 

calamaria (Pearson Correlation Coefficient r=0.11, P=0.149) (Fig. 2.10). There was a 

moderate positive correlation between the diameter of C. calamaria and the length of P. 

novaezelandiae (Pearson Correlation Coefficient r=0.39, p<0.054) (Fig. 2.11). When the 

outlier was removed from analyses a strong positive correlation between the diameter of C. 

calamaria and the length of P. novaezelandiae was detected (Pearson Correlation Coefficient 

r=0.70, p<0.05) (Fig. 2.11). There was no evidence to suggest a correlation between the 

diameter of C. calamaria and the densities of P. novaezelandiae (Fig. 2.12). Removal of the 

outlier was justified as a single unusually large sized individual altered the correlation. No 

correlation was observed between the length of P. novaezelandiae and the density of C. 

calamaria (r=0.016, P=0.617) (Fig. 2.13). The diameter and density of C. calamaria were not 

significantly correlated (Pearson Correlation Coefficient r=0.60, P=0.068) (Fig. 2.14). 

2.3.4 Pecten novaezelandiae shell allometry and tissue analyses  

The average fineness index of P. novaezelandiae within Papatiki Bay was approximately 9% 

lower than Prices Inlet and Sawdust Bay (One Way ANOVA F4, 10=5.943, p=0.0023) (Fig. 

2.15). Gonad mass as a function of total muscle weight (GSI) was found to not vary between 

sites (One way ANOVA F4, 10=1.6643, P=0.1936) (Fig. 2.16).  

 

There was strong evidence to suggest that shell weight correlated with the shell height 

(Pearson Correlation Coefficient r=0.9029, P<0.0001) (Fig. 2.17a), length (Pearson 

Correlation Coefficient R=0.915, P<0.0001), thickness (Pearson Correlation Coefficient 

r=0.7148, P<0.0001) adductor muscle weight (g) (Pearson Correlation Coefficient r=0.8434, 

P<0.0001) and gonad weight (Pearson Correlation Coefficient r=0.6814, P<0.0001) (Fig. 

2.20).  
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In P. novaezelandiae longer than 90mm, the increments in shell width with muscle and gonad 

size were linear (Fig. 2.17). Low sample size of P. novaezelandiae shells smaller than 90mm 

limited the ability of this study to make inferences on the size of shell relative to the muscle in 

individuals smaller than 90mm. There was no relationship between shell length and fineness 

(Pearson Correlation Coefficient r=0.0017, P=0.8015) (Fig. 2.17e, Table 2.3). There was 

evidence to indicate that there was a very weak correlation between the shell fineness and GSI 

(Pearson Correlation Coefficient r=0.1073, P=0.0391) (Fig. 2.18d). 

 

   

 
Figure 2.3 Mean densities of (a) Pagurus spp. (b) Coscinasterias calamaria and (c) Pecten 
novaezelandiae surveyed in December 2013 from Papatiki Bay, Pāua Beach, Prices Inlet and 
Sawdust Bay sites, in Whaka ā Te Wera, Rakiura (± 1 standard error) (n=5) different lower 
case letters above bars indicates a significant difference according to Tukeys HSD test. 
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Figure 2.4 Mean shell length (mm) of Pecten novaezelandiae surveyed in in Papatiki Bay 
(n=163), Pāua Beach (n=21), Prices Inlet (n=14) & Sawdust Bay (n=118), Whaka ā Te Wera 
November 2013 (± 1 standard error). 
 
 

Figure 2.5 Mean diameter (mm) of Coscinasterias calamaria in Papatiki Bay (n=1), Pāua 
Beach (n=15), Prices Inlet (n=7) & Sawdust Bay (n=6), Whaka ā Te Wera, December 2013 (± 
1 standard error) (n=29). Different lower case letters above bars indicate a significant 
difference in diameter according to Kruskal Wallis Non-Parametric test 
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Figure 2.6 Size frequency distribution of Pecten novaezelandiae collected from Papatiki Bay, 
Pāua Beach, Prices Inlet & Sawdust Bay, Whaka ā Te Wera, December 2013 (n=316). 
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Figure 2.7 Size frequency distributions of Pecten novaezelandiae collected in (a) Papatiki Bay 
(n=163), (b) Pāua Beach (n=21), (c) Prices Inlet (n=14) & (d) Sawdust Bay (n=118) within 
Whaka ā Te Wera, December 2013. 
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Figure 2.8 Mean density of Pecten novaezelandiae with shell lengths smaller than 70mm from 
Papatiki Bay, Pāua Beach, Prices Inlet and Sawdust Bay sites, Whaka ā Te Wera, December 
2013 (± 1 standard error) different lower case letters indicate a significant difference in 
diameter according to Tukeys Post-Hoc Tests (n=5). 
!
!
 

 

Figure 2.9 Percentage of total Pecten novaezelandiae with shell lengths smaller than 70mm in 
Papatiki Bay, Pāua Beach, Prices Inlet & Sawdust Bay within, Whaka ā Te Wera, December 
2013 (n=316). 
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Figure 2.10 Comparison of the mean density of Pecten novaezelandiae and Coscinasterias 
calamaria at the transect level where C. calamaria were present within Whaka ā Te Wera, 
December 2013. 
 
 
 

Figure 2.11 Comparison between the average Coscinasterias calamaria diameter and Pecten 
novaezelandiae shell length (± 1 standard error) in transects where C. calamaria were present 
within Whaka ā Te Wera, December 2013. 
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Figure 2.12 Comparison between the density of Pecten novaezelandiae and average diameter 
(mm) of Coscinasterias calamaria (± 1 standard error) in transects where C. calamaria were 
present within Whaka ā Te Wera, December 2013. 
!

 
Figure 2.13 Comparison between the mean density of Coscinasterias calamaria (m-2) and the 
shell length of Pecten novaezelandiae (mm) (± 1 standard error) in transects where C. 
calamaria were present within Whaka ā Te Wera, December 2013. 
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!
Figure 2.14 Comparison between the mean diameter (mm) and the density (m-2) of 
Coscinasterias calamaria (± 1 standard error) within Whaka ā Te Wera, December 2013. 
 

 
Figure 2.15 Average shell fineness of Pecten novaezelandiae in Papatiki Bay, Pāua Beach, 
Prices Inlet and Sawdust Bay (± 1 standard error) Whaka ā Te Wera, March 2014 lower case 
letters indicate a significant difference in diameter according to Tukeys Post-Hoc Tests 
(n=10). 
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Figure 2.16 Average percentage of gonad to total gonad and adductor weight (Gonadosomatic 
Index) for Pecten novaezelandiae in Papatiki Bay, Pāua Beach, Prices Inlet and Sawdust Bay, 
(± 1 standard error) in Whaka ā Te Wera from March 2014 (n=10). 
!  
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Figure 2.17 Allometric relationship between the shell length and (a) shell weight, (b) muscle 
weight, (c) gonad weight, (d) Gonadosomatic index & (e) Shell fineness of Pecten 
novaezelandiae at Papatiki (blue), Pāua Beach (red), Prices Inlet (green) and Sawdust Bay 
(purple) sites, Whaka ā Te Wera, March 2014.  
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Figure 2.18 Allometric relationship between the gonadosomatic index (GSI) and (a) shell 
length, (b) shell thickness, (c) shell weight and (d) shell fineness of Pecten novaezelandiae at 
Papatiki Bay (blue), Pāua Beach (red) and Sawdust Bay (purple) sites within Whaka ā Te 
Wera, March 2014.  
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Table 2.1 Pearson Correlation Coefficients comparing the observed densities of Pecten 
novaezelandiae, Coscinasterias calamaria and the arm breadth of C. calamaria and the shell 
length of P. novaezelandiae in Whaka ā Te Wera, December 2013, 
 

 Factor   r P 

Pecten novaezelandiae m-2:     

Pecten novaezelandiae length (mm) 0.0264 0.93 

Coscinasterias calamaria m-2 0.1122 0.15 

Coscinasterias calamaria diameter (mm) 0.3638 0.06 

    

Pecten novaezelandiae length (mm):     

Coscinasterias calamaria m-2 0.01598 0.63 

Coscinasterias calamaria diameter (mm) 0.3897 0.05* 

Coscinasterias calamaria diameter (mm) 

(outlier removed) 
 

0.6979 0.0001* 

    Coscinasterias calamaria diameter (mm):     

Coscinasterias calamaria m-2 0.5979 0.07 

 
!
Table 2.2 Results from ANOVA tests comparing the differences in recorded Pecten 
novaezelandiae shell fineness and GSI between Papatiki Bay, Pāua Beach, Prices Inlet & 
Sawdust Bay within Whaka ā Te Wera, March 2014. 
!

Factor df SS MS F P 

Height 
3 61.1411 20.3804 

0.2796 0.8397 
33 2405.6697 72.8991 

Length 
3 129.8977 43.299 

0.3906 0.7605 
33 3658.3591 110.859 

Thickness 
3 43.7 14.5669 

2.2938 0.0961 
33 209.5697 6.3506 

Fineness 
3 0.9058696 0.301957 

5.943 0.0023* 
33 1.6766825 0.050809 

Adductor Muscle 
3 164.4567 54.8189 

2.0641 0.1239 
33 876.3874 26.5572 

Gonad (g) 
3 2.818541 0.93951 

0.8821 0.4604 
33 35.148032 1.06509 

GSI 
3 89.14562 29.7152 

1.6643 0.1936 
33 589.18292 17.854 

!
! !
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!
Table 2.3 Results from Pearson Correlation coefficient comparing the Shell height, length, 
thickness, fineness, adductor muscle weight (g), Gonad weight (g), shell weight (g) and GSI 
of measured individuals collected within Whaka ā the Wera, April 2014 
!

  Shell Length (mm) Thickness (mm) Fineness 

  r P r P r P 

Shell Height (mm) 0.943775 <0.0001** 0.610428 <0.0001** 0.000565 0.8843 

Shell Length (mm) 
  

0.640996 <0.0001** 0.001684 0.8015 

Thickness (mm) 
    

0.363347 <0.0001** 

  
      

 
Adductor Muscle (g) Gonad (g) Shell (g) 

  r P r P r P 

Shell Height (mm) 0.805553 <0.0001** 0.624637 <0.0001** 0.902885 <0.0001** 

Shell Length (mm) 0.80478 <0.0001** 0.623506 <0.0001** 0.9149983 <0.0001** 

Thickness (mm) 0.664686 <0.0001** 0.30887 0.0002** 0.714753 <0.0001** 

Fineness 0.023096 0.3492 0.012555 0.4912 0.013736 0.545 

Adductor Muscle (g) 
  

0.592198 <0.0001** 0.84344 <0.0001** 

Gonad (g) 
    

0.681399 <0.0001** 

         Gonad+Muscle (g) GSI Shell Weight/Height 

  r P r P r P 

Shell Height (mm) 0.826078 <0.0001** 0.02238 0.3569 0.818411 <0.0001** 

Shell Length (mm) 0.825185 <0.0001** 0.022597 0.3545 0.810253 <0.0001** 

Thickness (mm) 0.638715 <0.0001** 0.008648 0.5682 0.720955 <0.0001** 

Fineness 0.012963 0.4842 0.107306 0.0391 0.036898 0.3182 

Adductor Muscle (g) 0.989185 <0.0001** 0.001848 0.7922 0.731837 <0.0001** 

Gonad (g) 0.691862 <0.0001** 0.333623 <0.0001** 0.572644 <0.0001** 

Shell (g) 0.849542 <0.0001** 0.011436 0.5808 0.961005 <0.0001** 

Gonad+Muscle (g) 
  

0.003214 0.7282 0.733936 <0.0001** 

GSI 
    

0.000949 0.6152 
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2.4 Discussion 

2.4.1 Predation and Pecten novaezelandiae densities and size in Whaka ā Te Wera  

This study demonstrated that there was no significant correlation between the observed 

densities of P. novaezelandiae and C. calamaria within Whaka ā Te Wera. Stokesbury & 

Himmelman (1995), Hatcher et al. (1996) and Allen (1997) have all previously described that 

the densities of scallops in surveys did not show a significant association with the densities of 

local starfish predators. Allen (1997) proposed that benthic surveys were limited in the ability 

to detect relationships between C. calamaria and P. novaezelandiae populations due to the 

mobility of both species and the induction of escape responses by P. novaezelandiae, with the 

overlapping movement (escape and chase) influencing the density relationship detected. As 

starfish species are also limited in their predatory ability by their feeding ability (Barker, 

2013; Witman & Grange, 1998), populations typically respond aggregately to prey. The fact 

that there was low detection of C. calamaria throughout the study (approximately one 

individual for roughly every 30m2 at the highest densities detected) suggests that the detected 

population of C. calamaria in Whaka ā Te Wera is unlikely to play a key role in limiting P. 

novaezelandiae densities, agreeing with Allen (1997). 

 

The positive correlation identified between the sizes of P. novaezelandiae and of C. 

calamaria (Table 2.1) agrees with findings of Costa (2009) on marine predators in general, 

and of Allen (1997) on P. novaezelandiae in particular, which indicate that larger predators 

may increase the maximum size of prey. Scallops find refuge from predation in larger shell 

sizes, which increase the handling time of individuals by predators, decreasing prey 

profitability and leading to active rejection of larger individuals by predators (Guerra et al., 

2012; Tremblay et al., 2012; Villalaz, 1994). Scallop species’ have been found to be capable 

of differentiating between the size and predatory ability of individual predator threats (Talman 

et al., 2004; Tremblay et al., 2012), which influence the individual induction of a response. In 

lab feeding experiments undertaken by O’Neil et al. (1983), larger Asterias vulgaris were 

found to feed on larger mussels, as larger predators likely had an increased ability to consume 

larger prey items which also provided the most nutritious reward (Costa, 2009). Large 

predators require more food to sustain basic metabolic requirements (Costa, 2009; Enderlein, 

2003), and are also likely to be more mobile (Costa, 2009) and constantly foraging, to 

increase the rate of encounter that large starfish have with prey items. Current research 

suggests ‘eyes’ embedded within the scallops’ mantle are capable of detecting changes in 
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light (Morton, 2000; Speiser et al., 2011) but are likely to be limited in the ability of detecting 

variability in the size of predators. It is more likely that the chemoreceptors that allow 

scallops to detect predator faeces (Guerra et al., 2013b; Schalkhausser et al., 2014; Wilkens, 

1981) and or the physical response that a scallop has to predator encounter would lead to any 

induction of shell defences (Harvell, 1990). It is possible then that shell growth strategies are 

induced when there are increased encounter rates with predators, as observed in the 

behavioural responses of P. novaezelandiae to starfish in Allen (1997) and this may be why 

larger P. novaezelandiae were detected within Whaka ā Te Wera when larger predators were 

present. Growth to large sizes is also apparent in productive regions, where food availability 

and health of the local environment enhances the ability of individuals to grow (Holt, 1977). 

It seems unlikely that there was variability in environmental conditions between sites which 

lead to the detected shell size correlations with predator densities, as size correlations were 

detected at the transect comparison level (Fig. 2.11). Future research on site productivity 

could provide insight into the ability of the environment to enhance growth at local scales. 

 

Crabs can also be important predators of spat and juvenile scallops (Lake & Jones, 1987; 

Wong et al., 2005). Crabs are able to increase consumption rates of prey in response to 

increases in prey densities (Allen, 1997; Wong & Barbeau, 2005). Johnston (1995) has 

previously found that areas of high density of hermit crabs coincided with low scallop 

densities and were likely related to the predation of juvenile scallops by hermit crabs. The 

ability to detect relationships between crabs and scallops is difficult due to the rapid, 

numerical response of crabs to prey (and lack thereof). Future research should consider 

methods such as incorporating a number of quadrats along a transect which are more 

thoroughly searched to numerate local densities of juvenile scallops, and multiple surveys 

within the main juvenile settlement period to monitor changes in densities of both juvenile 

scallops and crab predators with time, to monitor the influence that these predators have on 

the population.  

 

Octopus, cod and skates were also observed at varying times throughout the research period. 

Fish are capable of chipping small scallops (Connor et al., 1999) and are likely to be key 

predators in the consumption of juvenile scallops. Octopus have high feeding rates and 

metabolic requirements relative to other mobile predators (Seibel & Drazen, 2007). These 

mobile predators are likely to play a key role in limiting the distributions of P. 

novaezelandiae. The ability to detect mobile predators in an environment is difficult due to 

the mobile nature of the organisms. Monitoring patterns in these populations is also time and 
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resource expensive. Further study, potentially incorporating video monitoring to determine 

the presence and influence of these more mobile predators in sites will provide a more 

accurate picture of the predation pressures on populations. 

2.4.2 Shell morphology  

Scallops with large shells typically face reduced swimming abilities when the shell size 

relative to the size of the muscle is high (Dadswell & Weihs, 1990; Manuel & Dadswell, 

1991; Tremblay et al., 2012; Winter & Hamilton, 1985). This results in higher drag and 

increased metabolic requirements to support swimming. Although P. novaezelandiae in 

Papatiki Bay were found to be large, individuals here showed a substantially lower fineness 

ratio than at other sites (Fig. 3.15), which could indicate that individuals in Papatiki Bay have 

an increased ability to evade predation. Twist (2015) found that there was no significant 

difference in the distance moved by individuals in Sawdust Bay and Papatiki Bay. The fact 

that the levels of epibenthic predation between these regions were not found to differ (Fig. 

2.3), suggests that the finer shell in Papatiki Bay was not an artefact of a response to 

epibenthic predation.  

 

The dynamics of shell size and fineness can also be influenced by local environmental 

conditions (Thouzeau et al., 1991; Wallace & Reinsnes, 1985). Low fineness reduces drag 

and aids an individual’s lift from the sediment floor (Grant et al., 1993b; Gruffydd, 1974; 

Tremblay et al., 2012). Dadswell & Weihs (1990) proposed that sediment types (especially 

gravel) influence the erosion threshold of the local sediments and increases the requirement 

for individuals to adopt growth strategies that discourage entrainment. High fineness indices 

increase the drag encountered by individuals in water and could limit the ability of flow to 

transport P. novaezelandiae. Greater fineness of individuals in the inner inlet could indicate 

that populations at these sites adopt growth strategies, which limit the chance of suspension 

into the water column and also the distance travelled should individuals be entrained.  

 

Burial of individuals could also provide a refuge from the influence of high water-flow. 

Further study on the nature of flow in each site would provide an indication of whether the 

shell morphometrics observed coincided with the local hydrodynamics. Caution must be taken 

in interpreting the relationship between shell morphology and swimming ability of scallops, 

as it can be complicated by rapid growth strategies induced when smaller individuals are 

exposed to predator pressure due to the ease involved with predator handling (Shank et al., 

2012; Stokesbury & Himmelman, 1995). Observations of swimming ability and the oxidative 
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tissue damage in individuals could provide insight into how P. novaezelandiae cope with 

swimming in different sizes (Guerra et al., 2013; Labrecque & Guderley, 2011). This would 

help to determine whether there is enhanced benefit in having an increased swimming ability 

or larger shell sizes. 

 

The difference in the quality of available food may also play a key role in enhancing shell, 

muscle and gonad growth (MacDonald & Thompson, 1985; Milke et al., 2004; Pilditch & 

Grant, 1999). Pilditch & Grant (1999) found that growth in the juvenile sea scallop 

Placopecten magellanicus was influenced by the availability of food, with oceanic exchange 

likely increasing the quality and quantity of seston available to individuals. Twist (2015) 

found that there was a difference in the stable isotopic signature of water samples between 

Papatiki Bay, which is a site regularly exposed to oceanic conditions compared to sites within 

the inner inlet which are comparatively sheltered. Insight into the seston quality between these 

regions could provide evidence to suggest that the growth of P. novaezelandiae to sizes 

greater than 130mm in Papatiki Bay (Fig. 2.7a) was supported by the seston quality at that 

site.  

 

Stressed populations (those which encounter non-favourable environmental conditions or 

predation threats) typically show reduced investment in reproduction to conserve energy and 

allow for investment in defence mechanisms or growth strategies to avoid stress (Barber & 

Blake, 2006). In the present study there were no observed changes in the gonadosomatic 

index (GSI) between sites (Fig. 2.16), suggesting that there was no significant variability in 

the physical stress encountered by individuals across sites. Tissue analyses of scallops in 

general ecological studies are of limited use, as gonad development and condition are 

sensitive to an array of environmental factors (Schulte, 2007), which may lead to variability in 

development and in spawning induction between sites (Guerra et al., 2012) as well as 

influencing the state of the reproductive cycle which fluctuates throughout the year (Barber & 

Blake, 1981,1983). GSI is also dependent on the age and size of individuals (Barbeau & 

Scheibling, 1994; Schmidt et al., 2008). In this study, collection of P. novaezelandiae with 

shell lengths approximate to 100mm aimed to combat error associated with age and size 

constraints.  

 

P. novaezelandiae showed right-skewed populations at all sites (Fig. 2.7), suggesting that the 

environmental conditions in each region support recruitment and growth of P. 

novaezelandiae. Recruitment of scallops is dependent on larval supply, predation at all life 
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stages, juvenile performance, density dependence and competition, suitable substrate, 

stability, temperature and thermal stress and local hydrodynamics (Pineda et al., 2008). 

Recruitment in pectinids shows strong inter-annual variability (Brand, 2006). Should Papatiki 

Bay have historically undergone strong recruitment one year, while other sites in the inlet did 

not, it would be expected that there would be larger, older individuals here. Prices Inlet and 

Pāua Beach sites showed very low densities of adult P. novaezelandiae populations (Fig. 2.3). 

This suggests that there are issues in the region limiting population development. Successful 

recruitment within Whaka ā Te Wera is crucial to determining that the population persists. It 

is unlikely that all sites show equal levels of larval settlement and it is therefore crucial to 

understand the observed dynamics of population recruitment prior to drawing inferences on 

the distribution and health of adult populations.  

2.4.3 Future studies  

There was no relationship between P. novaezelandiae and C. calamaria size at the site level, 

suggesting that any relationship between these two species may be present on smaller spatial 

scales than were monitored in this study. Twist (2015) found the P. novaezelandiae in Whaka 

ā Te Wera were unlikely to show long distance movement, which suggests that the variability 

in P. novaezelandiae sizes are influenced by local scale pressures. Future studies of P. 

novaezelandiae may benefit from comparing the morphology of tissues and shell sizes at a 

finer spatial resolution, to investigate further whether small-scale spatial variation within a 

site influences local growth.  

 

If octopus are present in an area, they are likely to have a considerable and sustained impact 

on local scallop populations compared to other species (Anderson et al., 2008; Beukers-

Stewart & Beukers-Stewart, 2009; Bloom, 1975; Talman et al., 2004). Future caged 

experiments and monitored studies using underwater cameras in each site may provide an 

indication of predation pressure of the benthic mobile species in the region.  

 

Habitat structure and complexity has been found to influence the ability of predators 

interacting with prey (Aguirre & McNaught, 2013; Carroll et al., 2014; Howarth et al., 2011; 

Talman et al., 2004). Future studies examining small scale spatial variability in habitat 

diversity (including the presence of sponges, horse mussels, ascidians and seagrasses which 

can provide physical refuge for scallops from predation (Bologna & Heck Jr., 1999; Irlandi, et 

al., 1999; Talman et al., 2004), may provide further insight into whether habitat is aiding in 

reducing the influence of predation on P. novaezelandiae in the region. 
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2.5 Conclusions 

There is no evidence to suggest that C. calamaria has any influence on the densities of P. 

novaezelandiae in the region.   

 

That the observed variability in fineness of P. novaezelandiae in Papatiki Bay did not 

coincide with the densities of epibenthic predators suggests that the observed variability in P. 

novaezelandiae morphology was not in response to epibenthic predation. Differences in food 

quality and quantity or environmental conditions may explain the observed increases in size 

here. Variability in fineness between regions could also be attributable to the interaction 

between swimming and the prevailing current strength, which has been found to induce lift 

from the sediment surface. 

2.5.1 Management implications 

As C. calamaria in Whaka ā Te Wera are unlikely to persist in densities that have a negative 

affect on P. novaezelandiae population densities or physiology, management focusing on the 

control of the predatory sea star populations to aid in P. novaezelandiae population recovery 

within Whaka ā Te Wera is not recommended. 
 
 
!  
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Chapter 3  

3 Abiotic Factors within Whaka ā Te Wera, 

Rakiura  

3.1 Introduction 

All organisms possess physiological tolerances to environmental conditions (Chown et al., 

2004). Abiotic factors in the marine environment influence a species’ physiology and spatial 

distribution (Austin, 2002; Guisan & Thuiller, 2005). Sedentary benthic organisms of coastal 

regions are especially sensitive to local variability in environmental conditions (salinity, 

temperature, flow, dissolved oxygen, pH) (Constable, 1999; Rapport et al., 1998). In rapidly 

changing coastal environments, bivalves have evolved various physical and behavioural 

adaptations that increase their tolerances of dynamic conditions at the sediment-water 

interface (MacDonald et al., 2006).  

 

Like other bivalves, pectinids are sensitive to local environmental conditions (Brand, 2006), 

such as temperature (Manuel & Dadswell, 1991), salinity (Shriver et al., 2002), water flow 

(Wildish, 1992) and sediment type (see Butman, 1987). Food quality and quantity is also 

influential in scallops growth ability (MacDonald et al., 2006). Pectinids, however, are 

distinct from other bivalves in that they possess the ability to swim away from unsuitable 

stimuli (Gould, 1971; Manuel & Dadswell, 1991; Moore & Trueman, 1971; Tremblay et al., 

2012; Tremblay et al., 2006; Winter & Hamilton, 1985) and lack the foot typical of other 

bivalve species. Although scallops are able to avoid local unfavourable conditions, the costs 

of swimming mean that populations are still at risk to local chronic stressors encountered in 

the environment.  

3.1.1 The effect of environmental factors on pectinids 

3.1.1.1 Temperature 

As pectinids are ectothermic organisms, temperature plays a key role in the maintenance of 

their physiological functions (Christophersen & Strand, 2003; Cragg, 2006; Dix, 1976; 
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Guerra et al., 2012; Heilmayer et al., 2004; Laing, 2000; Tettelbach & Rhodes, 1981; Villalaz, 

1994; White, 2013). More specifically, differences in temperature with latitude have been 

found to correlate with the observed dynamics of size and growth in some bivalves (Bauer, 

1992; Chauvaud et al., 2012). In addition, the role of temperature in influencing bivalve 

physiology is coupled with other environmental conditions, in particular food availability 

(Martinez et al., 2000) and salinity (Laing, 2000; Roman et al., 1999; Rupp et al., 2005; Rupp 

& Parsons, 2004; Tettelbach & Rhodes, 1981). Through interaction with food availability and 

salinity, water temperature affects the reproductive performance of bivalves (Macdonald et 

al., 2006). As demonstrated by the experimental study by Navarro et al. (2000), elevated 

water temperatures (20°C compared to 16°C degrees) resulted in a higher growth and gonad 

production of the Peruvian scallop Argopecten purpuratus. Rapid growth under high 

temperatures, however, has been found to limit the viability of gametes and slow the recovery 

of gonads post spawning (Martinez et al., 2000). Furthermore, elevated temperature has been 

shown to cause reductions in the escape response of the king scallop Pecten maximus in 

Norway (Schalkhausser et al., 2014). Correspondingly, individuals exposed to low 

temperatures showed variable swimming activity and inhibited recovery from exercise 

(LaFrance et al., 2002). Seasonal changes in temperature also play a key role in synching the 

onset of gametogenesis and spawning in scallops (Loosanoff et al., 1966; Sastry, 1962; Utting 

& Millican, 1997; Yamamoto, 1960). The consequence is that temperature is one of the 

determining factors for bivalves’ physiology and behaviour.  

3.1.1.2 Salinity 

Episodic events of low salinity in coastal areas are known to have significant effects on 

scallop growth and development. More specifically, growth inhibition recorded during 

periods of low salinity has been found to slow development in the spat of the northern bay 

scallop Argopecten irradians (Shriver et al., 2002), P. maximus (Christophersen & Strand, 

2003) and the lions paw scallop Nodipecten nodosis (Rupp et al., 2005; Rupp & Parsons, 

2004). The effects of lower salinity were also found to be significantly influenced by 

temperature in spat development of hatchery reared P. maximus (Laing, 2002) and the bay 

scallop subspecies Argopecten irradians irradians (Tettelbach & Rhodes, 1981). P. maximus 

found in the Northern hemisphere around the coast of the United Kingdom to Norway, which 

occupies a similar near shore habitat and is found at similar latitudinal distributions to P. 

novaezelandiae, retracts its tentacles and the mantle edge, or closes its valves, in response to 

reduced temperatures and salinity (Strand et al., 1993). Changes in behaviour in response to 

these conditions limit the normal functioning of individuals. 
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3.1.1.3 Water motion 

Water motion influences scallops at all life stages (Wildish, 1992). Juvenile bivalve 

recruitment to regions is particularly susceptible to the dynamics of local flow. Eddies and 

other large circulation features in the inlet influence the dispersal and retainment of larvae in a 

region (Abelson & Denny, 1997; Caley et al., 1996; Grantham et al., 2003; Levin et al., 1984; 

Minchin, 2009; Nicolle et al., 2013), while small scale features, such as local flow velocities, 

influence larval settlement on to suitable substrates (Crimaldi et al., 2002; Dobretsov & Wahl, 

2008; Jonsson et al., 1991; Jonsson et al., 2004; Koehl, 2007). Even though different flow 

regimes have prominent effects on larval settlement and dispersal as well as adult movement 

(Abelson & Denny, 1997; Grant et al., 1993), there has been little research done in this field. 

In particular, it is not known how settlement selectivity changes under different flow 

conditions (Judge & Craig, 1997; Snelgrove et al., 1998). 

 

Flow conditions have been found to influence the availability of resources (Abelson & Denny, 

1997) and bivalves’ feeding ability (Eckman et al. 1989). For example, in regions of high 

flow velocity, individuals may be limited in their ability to filter food (Claereboudt et al., 

1994; Eckman et al., 1989; Stokesbury & Hirmmelman, 1995; Wildish et al., 1992). Research 

has also shown that larger individuals and faster growth rates have been associated with 

relatively strong currents in the bay scallop subspecies Argopecten irradians concentricus 

(Marshall, 1960). Comparatively, bivalves in low current regions have been found to face 

food limitations due to phytoplankton depletion from the surrounding waters when demand 

outstrips supply (Cooper & Marshall, 1963; Eckman et al., 1989; Eckman, 1987; Fegley et al., 

1992; Fréchette et al., 2000; Harris & Stokesbury, 2006; Marshall, 1960; Mendo et al., 2014; 

Stokesbury & Himmelman, 1995; Wildish et al., 1992).  

3.1.1.4 Turbidity and sedimentation 

Living in dynamic sediment environments, scallops exhibit a natural tolerance for settling 

sedimentation (Mendo et al., 2014b; Szostek et al., 2013). Fine sediments inhibit the ability of 

bivalves to filter feed through increasing the incidence of clogging, damaging feeding 

structures and limiting an individuals contact with plankton (Macdonald et al., 2006; Norkko 

et al., 2006; Orensanz et al., 2006; Rowe & Dean, 1998). These sediment-induced feeding 

impairments have negative effects on bivalves’ growth (Parsons & Robinson, 2006; Szostek 

et al., 2013). Bivalves’ responses to high sediment loads differ between species, but are likely 
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to have short term affects on population dynamics through the induction of different growth, 

survival and reproduction (Norkko et al., 2006).  

3.1.1.5 Dissolved oxygen 

Oxygen availability in coastal areas may significantly decrease during a pollution event or 

eutrophication (environmental hypoxia). Oxygen demand may be also associated with the 

rapid production of energy required for swimming (functional hypoxia). Scallops are capable 

of tolerating short periods of hypoxia (Brokordt et al., 2013). When exposed to hypoxia, 

scallop muscles undergo anaerobic glycolysis (Brokordt et al., 2013; MacDonald et al., 2006). 

Hypoxia has negative effects on growth and survival of scallops at all life stages and 

particularly threatens early life stages (Brokordt et al., 2013; Gobler et al., 2014). In addition, 

stress induced by hypoxia leaves individuals vulnerable to other abiotic and biotic stressors 

such as pathogens, predators, temperature changes and pollutants (Schmidt et al., 2008).  

3.1.1.6 Food 

Scallops are filter feeders (Cragg, 2006). Their diet is typically made up of organic and 

inorganic matter derived from microalgae and detritus (Bull, 1988). Diet sources vary in 

nutrient content (Martinez et al., 2000) and the nutritional value of food has strong effects on 

bivalves’ physiology. For example, observations under hatchery and lab conditions have 

shown that microalgal type and concentration influence somatic growth in adult scallops and 

promote gamete production in a range of species (Barnes, 2006; Desrosiers et al., 1996; 

Guerra et al., 2012; Guo & Luo, 2006; MacDonald et al., 2006; Magnesen et al., 2010; 

Riisgård & Larsen, 2005; Roman et al., 1999; Smith et al., 2001; Torkildsen & Magnesen, 

2004; Utting & Millican, 1997). High organic content of suspended sediments has been found 

to enhance bivalve growth (Norkko et al., 2006). Scallops are also capable of acquiring 

nutrients stored in the sediments (Cummings & Graf, 2010).  

 

3.1.2 The environmental tolerances of Pecten novaezelandiae 

There has been little investigation into the responses of P. novaezelandiae populations to 

different environmental conditions. Among the existing evidence, pectinid species found over 

wide geographic ranges have been found to show variability in their functioning and 

responses to the local environment (Chauvaud et al., 2012; Heilmayer et al., 2004; Laing, 

2000; MacDonald & Thompson, 1988; Martinez et al., 2000). For example, annual somatic 
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growth and the timing of gamete spawning was found to vary between different regions 

(Chauvaud et al., 2012; Heilmayer et al., 2004). Small-scale (from 100s of meters to tens of 

kilometers) environmental gradients are also found to lead to variability in dynamics between 

neighbouring populations. The population dynamics of the toheroa (Paphies ventricosa), for 

example, was found to vary at a small scale <15 kilometres (Gadomski & Lamare, 2015).  

 

Rakiura is the known southern limit of P. novaezelandiae distribution. Here, annual 

temperatures are cooler, and the near shore community composition is different compared to 

the north of New Zealand (Gordon et al., 2010; McEwen, 1987). As the growth and life span 

of P. novaezelandiae populations in Rakiura differ from northern populations (Marsden & 

Bull, 2006) these populations are likely to respond differently to changes in the environment. 

The extent of these influences is however unknown. 

3.1.4 Objectives and hypotheses 

This study offers insights into the temporal variability of environmental conditions at study 

sites in Whaka ā Te Wera (Carbines & Michael, 2007; Russell et al., 2014). The particular 

focus of this study is an environmental gradient from the inlet head, to the coastal mouth, as it 

plays an important role in scallops’ spatial distribution and population dynamics. The 

observed environmental conditions at each site are discussed in conjunction with the current 

literature and in terms of their influence on scallops’ population persistence and survival in 

Whaka ā Te Wera.  

3.2 Methods 

Marine environmental conditions were monitored at four sites that have historically supported 

P. novaezelandiae fisheries within Whaka ā Te Wera (Carbines & Michael, 2007; Russell et 

al., 2014). 

3.2.1 Annual temperature monitoring 

Seawater temperature was recorded at 30-minute intervals at each site from December 2013 

to March 2015. One HOBO temperature logger was deployed at each site. A logger was 

attached to a surface float on an anchored line, 5 m from the sediment surface (Fig. 3.1) 

allowing for a simple retrieval by boat. Recorded temperatures were pooled into monthly 

mean temperatures to better highlight differences in sea surface temperature (SST) among 
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study sites. The absence of data during February and March at the Papatiki Bay site is 

attributable to the loss of a mooring. Furthermore, a five-day data absence in April was a 

result of the loggers reaching maximum memory capacity prior to download and replacement. 

3.2.2 Vertical structure sampling 

Discrete recordings of temperature, salinity, pH, dissolved oxygen and chlorophyll a were 

made just above the benthos (7.5-10.5m), in mid waters (approximately half of the total depth, 

3.5-5.8m) and at the surface using a YSI Sonde in April, September 2014 and March 2015. 

The sonde sampled continuously every second throughout each replicate deployment. 

Environmental parameter averages were calculated from a sampling period of approximately 

30 seconds and were controlled for by depth. Sample sizes varied as the currents and tide 

impaired the ability to maintain the position of the Sonde at prescribed depths. 

3.2.3 Monitoring over a tidal cycle 

To monitor environmental changes over a tidal cycle, temperature, salinity, dissolved oxygen 

(mg/L), pH and chlorophyll a were monitored using an YSI Sonde programmed to record and 

store measurements every 30 seconds over a 24-hour period. Current flow strength and 

direction were monitored using an InterOcean Systems Inc. S4 current meter (the S4). The S4 

and Sonde unit (Fig. 3.2) were deployed for approximately 24-hours at each site. The 

direction and the strength of water flow were measured, recorded every three minutes and 

stored in the S4 for download after all sites had been monitored. The lower bar of the S4 was 

attached to a cement filled tyre within which an iron rod was fixed. The S4 was attached to 

the iron rod using rope, which allowed for the rotational movement of the S4 around its axis. 

The top of the S4 was fixed to a rope to which the Sonde was attached. The line was attached 

to a sub surface float, which maintained the rigidity of the structure allowing for consistent 

measurements from the S4. Such set up requires the structure to remain relatively taut/rigid to 

limit variance in tilt, which can alter the directional readings (the S4 does have the ability to 

detect changes in tilt).  

 

For data visualisation, the recorded directions of water flow were divided into sixteen groups 

N, NNE, ESE et cetera (Table 3.1). The average direction of flow was calculated through 

determining the proportion of the tidal period the water flowed towards each direction (Table 

3.1). Using the same approach the average strength of flow from each direction was 
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calculated and reported. Changes of water flow with time were also reported and compared 

with environmental conditions recorded with time  

3.2.4 Statistics 

Differences in annual temperature between sites were explored using a two-way ANOVA. 

The relationship between salinity, pH and temperature within sites were explored using XY 

scatter graphs and Pearson product moment correlations using JMP PRO11. 

 

 

Figure 3.1 A schematic of tidal monitoring system including S4, YSI sonde deployed 
November 2014. 
 
!  

S4 Current Meter

YSL Sonde

Sub-surface Floats

Surface Float
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 Table 3.1 Directions used in results when interpreting tidal flow.  
!

Direction Range (degrees) Direction Range (degrees) 

    
North (N) 348.75-11.24 South (S) 168.75-191.24 

North-North East (NNE) 11.25-33.74 South-South West (SSW) 191.25-213.74 

North East (NE) 33.75-56.24 South West (SW) 213.75-236.24 

East-North East (ENE) 56.25-78.74 West-South West 236.25-258.74 

East (E) 78.75- 101.24 West (W) 258.75-281.24 

East-South East (ESE) 101.25-123.74 West-North West (WNW) 281.25-303.74 

South East (SE 123.75-146.24 North West (NW) 303.75-326.24 

South-South East (SSE) 146.25-168.74 North-North West (NNW) 326.95-348.74 

    
 

3.3 Results  

3.3.1 Annual temperature 

Temperatures in Whaka ā Te Wera varied 9°C throughout the monitoring period (Fig. 3.2). 

The highest temperatures were recorded in Prices Inlet (18.4°C) in January, and were over 

one degree higher than any other site during the same period (Fig. 3.2). Temperatures dropped 

below 10°C at all sites during winter (June- August) (Fig 3.2). The lowest recorded 

temperatures were observed in Prices Inlet (8.7°C) and Sawdust Bay (8.3°C) during August 

and were one degree lower than the lowest temperatures in Papatiki Bay and Pāua Beach 

during the same period. Cooler temperatures were evident for longer in Sawdust Bay, which 

encountered temperatures lower than 10°C from June-October. During the winter, the 

maximum temperatures at each site were relatively stable. 

 

There was a detected significant interaction in observed temperature variability among sites 

with time (Fig. 3.2, Table 3.2). All average monthly temperatures at sites within the inner 

inlet (Sawdust Bay, Prices Inlet and Pāua Beach) were higher than Papatiki Bay in the 

summer (Fig. 3.2, Table 3.2). These inner sites also showed substantial variability in 

temperature beyond the mean during the summer months (Fig. 3.2a). During April and 

December temperatures showed high variability at all sites (Fig. 3.2).  
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3.3.2 Vertical structure of the water column 

3.3.2.1 Temperature 

There was no variability detected in temperature with depth or between sites (Fig. 3.3a).  

3.3.2.2 Salinity 

With distance from the mouth, the salinity of surface waters lowered (Fig. 3.3b). The salinity 

of the surface waters were significantly lower than those sampled at mid and deep waters (Fig 

3.3b, Table 3.3). The salinity of the surface waters of Papatiki Bay varied only slightly from 

the samples at greater depth.  

3.3.2.3 DO 

There was no difference in the concentration of dissolved oxygen (DO) measured at depths or 

between sites (Fig. 3.3c, Table 3.3). There was no typical pattern in DO between sites. 

3.3.2.4 pH 

The pH in Sawdust Bay was significantly lower at all depths than all other sites (Fig. 3.3d, 

Table 3.3). The pH recorded in Papatiki Bay, Pāua Beach and Prices Inlet was not found to 

differ from one another. 

3.3.3 Water flow over a tidal period 

The strongest average current flow was measured in Sawdust Bay from the East (Fig. 3.4g), 

followed by those from the South West in Papatiki Bay (Fig. 3.4a), which were half the 

strength of those in Sawdust Bay. Papatiki Bay had relatively strong flow from all directions 

(Fig. 3.4a), compared to other sites, which generally showed a dominant flow direction (Fig. 

3.4). The strongest flowing currents typically dominated or occurred over most of the tidal 

cycle at each site (Fig. 3.4). Prices Inlet was the exception to this where all current strengths 

were relatively low (Fig. 3.4f).  

3.3.3.1 Papatiki Bay 

Maximum flow speed was 6cm s-1 and occurred after high tide (Fig. 3.6d). Flow direction was 

found to loosely coincide with speed. On the outgoing tide, an hour and a half after high and 

on the incoming tide an hour and a half before high tide, currents from the Northeast 
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dominated flow. On the outgoing tide flow speed showed a gradual reduction in strength from 

6 to roughly 0.5cm s-1 and on the incoming tide the flow gradually increased from roughly 

0.5cm s-1 to 6cm s-1. There was no pattern in the detection of changes in flow speed or 

direction around low tide. 

3.3.3.2 Pāua Beach 

Flow speed ranged between 0-3cm s-1 (Fig. 3.7d) and showed two dominant flow directions, 

flowing towards South West and the North East. There was a strong detection of a change in 

flow direction with the outgoing and incoming tides. On the outgoing tides, flow direction 

switches from South, South West to North, North East. Flow speed drops off with changes in 

tide and gradually increases again on the outgoing. There appears to be a similar pattern with 

changes in flow direction and speed on the incoming tide.  

3.3.3.3 Prices Inlet 

Flow was slower in Prices Inlet varying between zero and approximately 1.18cm s-1 (Fig. 

3.8d). This speed fluctuated throughout the tidal period and showed no clear pattern. On the 

incoming tide, flow was predominantly from the South East (Fig. 3.8e). A change in tides 

resulted in a switch where flow direction ranged from the North to the East on the outgoing 

tide.  

3.3.3.4 Sawdust Bay 

On the outgoing tide, currents detected flow continuously from the East in Sawdust Bay and 

gradually increased in strength until at roughly mid tide flow speed reached its maximum 

observed at 16cm s-1 (Fig. 3.9d). Change in tide to the flood coincided with no clear 

directional flow pattern (Fig. 3.9e) and low flow speeds typically ranging between 0-2cm s-1. 

3.3.4 Environmental parameters over a tidal period 

On average over a tidal period in November 2014, the temperature was highest within 

Papatiki Bay and lowest at Pāua Beach (Fig. 3.5a) (One way ANOVA F(3,5423)= 2166.4, 

P<0.0001). Low temperature in Pāua Beach coincided with high Chlorophyll a (Fig. 3.5a,d). 

Salinity decreased with distance from the mouth of the inlet (Fig. 3.5c) (One way ANOVA 

F(3,5423)= 2705.6, P<0.0001). The highest average pH was observed in Prices Inlet, and all 

other sites showed comparable pH levels (Fig. 3.5c) (One way ANOVA F(3,5423)= 4674.5, 
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P<0.0001) Chlorophyll was significantly higher than all other sites at Pāua Beach (Fig. 3.5d) 

(One way ANOVA F (3,5423)= 1900.4, P<0.0001). 

3.3.4.1 Papatiki Bay 

Temperature and salinity were coupled in Papatiki Bay (Fig. 3.6a&b) where a rise in 

temperature on the outgoing tide coincided with a decrease in salinity.. This temperature and 

salinity change coincided with W/NW flowing waters (Fig. 3.6e), with temperatures slowly 

cooling down again. Increase in temperature correlated with a slight increase in pH (Fig. 3.5a, 

c), although these patterns also appeared to coincide with tidal ebb and flood. 

3.3.4.2 Pāua Beach 

Temperature in Pāua Beach showed a steady decrease throughout the tidal cycle (Fig. 3.7a). 

There was a detection of the changes in tide, with current flow switching from the NW to the 

NE (Fig. 3.7e), and coinciding with a sudden small drop in temperature (3.7a). Rise and fall in 

pH appeared to coincide with the tidal period (Fig. 3.7a,c) 

3.3.4.3 Prices Inlet  

Reductions in temperature correlated with increases in salinity and vice versa (Fig. 3.8a&b). 

pH in Prices Inlet showed more variability than other sites varying throughout the monitoring 

period (Fig. 3.6c-3.10c). The variability of pH and an increase in pH on the incoming tide –

does not appear to coincide with other environmental conditions (Fig. 3.8c). There was strong 

detection of directional flow associated with tides incoming West/North-West, outgoing East 

(Fig. 3.8e). 

3.3.4.4 Sawdust Bay 

Temperature and salinity were coupled in Sawdust Bay where increases in temperature 

correlated with salinity decreases (Fig. 3.9a,b). Salinity and temperature showed small-scale 

variation throughout the tide and pH when water flow in the region was coming from the 

West. Variability in environmental conditions stabilised on the incoming tide again where 

flow is quite sporadic. pH changes appear to peak and trough at the half way points of the tide 

(Fig. 3.10c)  
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Figure 3.2 Monthly average sea temperature at depths between 4-6m from December 2013- 
February 2015 at (a) Papatiki Bay, (b) Pāua Beach, (c) Prices Inlet and (d) Sawdust Bay sites 
within Whaka ā Te Wera, Rakiura ± 1 error bars indicating the highest and lowest recorded 
temperatures different lower case letters above bars indicates a significant difference between 
sites during this month according to Tukeys HSD test.  
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Figure 3.3 Average (a) temperature, (b) salinity (ppt), (c) DO (mg/L) and (d) pH recorded at 
critical seasonal periods (April, September 2014, February 2015) of the surface, mid and 
benthic waters at Papatiki Bay, Pāua Beach, Prices Inlet and Sawdust Bay (n=4) ± 1 standard 
error different lower case letters above bars indicates a significant difference according to 
Tukeys HSD test.  
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Figure 3.4 a-h The average speed (cm s-1) of current flow (left) and the proportion of time 
current flowed (right) from given angles (each cardinal, ordinal and secondary-intercardinal 
direction) over a tidal (12.25 hour) period at (a-b) Papatiki Bay, (c-d) Pāua Beach, (e-f) Prices 
Inlet and (g-h) Sawdust Bay sites November 2014.  
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Figure 3.5 Average (a) temperature, (b) salinity, (c) pH and (d) chlorophyll at Papatiki Bay 
(n=, 2607) Pāua Beach (n=2530), Prices Inlet (n=1280) and Sawdust Bay (n=2809), 
November 2014 recorded over a consecutive tidal period ± 1 standard error. Different lower 
case letters above bars indicates a significant difference according to Tukeys HSD test. 
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Figure 3.6 Changes in the (a) temperature (b) salinity (c) pH (d) flow speed (cm s-1) and (e) 
flow direction over a tidal period (12.25hours) in Papatiki Bay on the 7th of November 2014 
at a low mean water depth of 5.9 m. 
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Figure 3.7 Changes in the (a) temperature (b) salinity (c) pH (d) flow speed (cm s-1) and (e) 
flow direction over a tidal period (12.25hours) in Pāua Beach Bay on the 3rd of November 
2014 at a mean low water depth of 6.7m. 



! 65!

 

Figure 3.8 Changes in the (a) temperature (b) salinity (c) pH (d) flow speed (cm s-1) and (e) 
flow direction over a tidal period (12.25hours) in Prices Inlet on the 6th-7th of November 
2014 at a low tide depth of 4.5m. 
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Figure 3.9 Changes in the (a) temperature (b) salinity (c) pH (d) flow speed (cm s-1) and (e) 
flow direction over a tidal period (12.25hours) in Sawdust Bay 6th of November 2014 at a 
mean low water depth of 6.6m. 
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Table 3.2 Results from two-way ANOVA test comparing the differences in temperature in 
Whaka ā Te Wera between months and sites December 2013- February 2015. 
!

 F DF P 

Month 49715.77 11 < 0.0001 

Site 6.6685 3 0.0002 

Month*Site 367.57 33 < 0.0001 

 
!
!
Table 3.3 Results from two-way ANOVA test comparing the differences in temperature, 
salinity, pH and DO in Whaka ā Te Wera between between sites and with depth from April, 
November 2014, February 2015. 
!

 Site Depth Site*Depth 

Factor SS DF F P SS DF F P SS DF F P 

Tempera-
ture 0.3295 3 0.0295 0.9930 0.0046 2 0.0006 0.9994 0.0846 6 0.0038 1 

Salinity 3.21 3 0.2385 0.8687 34.31 2 3.8232 0.0362* 13.89 6 0.5160 0.7903 

DO 1.6583 3 0.6586 0.5855 1.6025 2 0.9546 0.3991 3.5738 6 0.7096 0.6451 

pH 0.1268 3 12.03 <0.0001* 0.0025 2 0.3594 0.7018 0.0011 6 0.0519 0.9993 

!

3.4 Discussion 

3.4.1 Local environmental conditions within Whaka ā Te Wera 

Annual temperatures in Whaka ā Te Wera (Fig. 3.2) were typical of those commonly reported 

for the region (Uddstrom & Oien, 1999). Sea Surface Temperatures (SST) during the winter 

were approximately 5 degrees lower than temperatures encountered by northern and central 

populations of P. novaezelandiae (Uddstrom & Oien, 1999). Scallops in the cooler regions of 

their latitudinal distribution, typically face inhibition in annual growth rates and an increase in 

the time to first reproduction compared to lower latitude (in this case northern, warmer) 

populations (Taylor, 1997). This delay is likely a product of reduced metabolic activity under 

cooler temperatures (Seibel & Drazen, 2007). Growth period in these cases may also be 

limited by the time scallops are exposed to seasonal warm conditions (Chauvaud et al., 2012; 

Eckman, 1996), with populations that face longer periods of cool temperatures at higher 

latitudes (a product of the thermal dynamics of season) facing a reduced growth period. It is 

interesting to observe that although scallops are slower growing and are likely to face a 

reduced growth period in cooler latitudes (Chauvaud et al., 2012), they are often found to 

grow to larger sizes and live longer than populations in lower latitudes (Marsden & Bull, 

2006). As scallops grow, the energy required to maintain an individual’s standard metabolic 
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rate increases, reducing their annual growth potential (Chauvaud et al., 2012; Heilmayer et al., 

2004). Low temperatures at high latitudes have been found to correlate with lowered base 

metabolism (Barber & Blake, 1983) and lowered costs of maintenance in a range of pectinids 

(Barber & Blake, 1983; Heilmayer et al., 2004), allowing for an increased growth ability 

(Chauvaud et al., 2012). It is possible that the metabolic response of P. novaezelandiae to 

local temperatures lead to conditions that allow P. novaezelandiae populations in Rakiura to 

grow to larger sizes and to live longer compared to northern (warmer) populations. Slower 

metabolism in individuals also leads to a reduction in the food required by individuals to 

support growth (Laing, 2000; Seibel & Drazen, 2007), which could suggest that populations 

are likely to show an increased ability to persist and undergo growth and reproduction in low 

nutrient regions or periods or that the resources in a region are capable of supporting more 

individuals. 

 

Although pectinids are well adapted to estuarine conditions, which show variability in salinity 

and temperature (Brand, 2006), they do show sensitivities to variations in temperature and 

salinity beyond their tolerances, and are typically more sensitive to environmental changes 

than other bivalves such as oysters, clams and mussels (Christophersen & Strand, 2003). In 

temperate pectinid species that are known to encounter temperature magnitudes similar to P. 

novaezelandiae (Heilmayer et al., 2004; Laing, 2000; Schalkhausser et al., 2014), temperature 

sensitivities are evident at the extremes of species’ tolerances where temperatures exceeding 

low (<10°C) and high temperatures (>30°C) typically lead to physiological stress (Laing, 

2000; Martinez et al.2000).  

 

Temperatures exceeding 17°C were rare in Whaka ā Te Wera and only evident sporadically, 

over short periods (of an hour) in the inner sites of the inlet (Pāua Beach, Prices Inlet and 

Sawdust Bay) during the summer months (Fig. 3.2). Although, the thermal tolerances of 

southern populations of P. novaezelandiae are not known, that heightened temperatures in 

Whaka ā Te Wera did not exceed those typical of P. novaezelandiae distributions as a whole 

(Marsden & Bull, 2006) and those typical of the region (Uddstrom & Oien, 1999). It is 

unlikely that the one off high temperatures observed in Sawdust Bay, Prices Inlet and Pāua 

Beach during the summer (Fig. 3.2) had a negative influence on the physiology of the 

population.  

 

Temperatures below 10°C were common during the winter at all sites and were especially 

common in Prices Inlet and Sawdust Bay between May-October (Fig. 3.2). As temperatures 
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didn’t fall below the critical 5°C threshold, which has been found to inhibit gamete 

development in other pectinid species at their latitudinal limits (Martinez et al., 2000), it is 

unlikely that cooler temperatures encountered by P. novaezelandiae in Whaka ā Te Wera 

limited the development of normal gametes.  

 

In contrast to gamete development, larval development, like the metabolism of adult scallops, 

is faster at higher temperatures (Beninger & Le Pennec, 2006). Lower temperatures in Whaka 

ā Te Wera could increase the time larvae take to grow to pediveligers, increasing the 

suspension time of larva in the water column (see Brand, et al. 1980; Thouzeau et al., 1991). 

Long suspension periods increase the exposure of larvae to predation (Osman & Whitlatch, 

2004) and negative environmental conditions in the region, as well as heightening the chance 

that larva are transported out of the inlet (Levin, 2006; Thorson, 1950). However Laing, 

(2000) demonstrated that larvae of the king scallop Pecten maximus, which show slow growth 

under cool conditions (when nutrients were not limited), had a heightened likelihood of 

survival post settlement compared to those grown under warm conditions.  

 

Low temperature extremes are known to limit the capacity of scallops to tolerate other 

environmental conditions, particularly salinity (Christophersen & Strand, 2003; Laing, 2002; 

Strand et al., 1993; Tettelbach & Rhodes, 1981). Low salinity periods in Whaka ā Te Wera 

are likely to be numerous throughout the year due to the high levels of rainfall and snow that 

falls over the mountain range with runoff/snow melt entering rivers, which drain into the 

upper reaches of the inlet region (Sawdust Bay, Prices Inlet). Periods of high freshwater input 

are likely to stress scallops and inhibit growth (Parsons & Robinson, 2006; Rupp & Parsons, 

2004). Low temperatures of the cold freshwater flowing into the region, are typically 

associated with low salinity. Low temperatures were rarely detected in the final scale annual 

monitoring at each site at depths of 4-6m (Fig. 3.3), suggesting that low salinity periods were 

rare at the depths monitored. 

 

In this study, low salinities in surface waters were observed in Prices Inlet and Sawdust Bay 

(Fig. 3.3). The ability of larvae to attach has been found to be lost earlier in individuals that 

are exposed to lowered temperatures, with higher and earlier mortality of spat evident when 

low salinities (below 25psu) were correlated with temperatures below 15°C (Christophersen 

& Strand, 2003). Spat attachment and feeding ability has been found to be completely 

inhibited at salinities lower than 20psu (Laing, 2002). Periods of freshwater may influence the 

mortality of P. novaezelandiae populations in the surface waters of Prices Inlet and Sawdust 
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Bay, however as these low salinity events were rare and only evident at the surface could 

indicate that the salinity was unlikely to influence survival of P. novaezelandiae in this study. 

 

The high densities of P. novaezelandiae observed in Sawdust Bay (Fig. 2.2c) suggest that 

either the population is fairly tolerant to variability in surface salinities, or that conditions here 

did not exceed those found to lead to high mortalities. The pH signature which differed here 

from all other sites suggests that conditions here are significantly different. As larval stages 

are typically found to be more sensitive to environmental conditions, this could influence the 

survival of suspended larvae. Further study looking into the response of larvae in the region to 

salinities and temperature would provide insight into the tolerance of and influence that 

salinity and temperature in the region have on P. novaezelandiae development. 

 

Although environmental conditions (e.g. temperature and salinity) were recorded at a constant 

depth in this study, the physical characteristics of food availability associated with depth have 

been found to have a strong influence on the growth and biology of Placopecten magellanicus 

sea scallop in the Bay of Fundy (Smith et al., 2001). Here, lower fecundity in deeper waters 

was associated with lower food availability in these deeper waters associated with the 

differences in algal type (Shumway et al., 1987). Seasonal availability of algal blooms have 

been found to be beneficial to scallops in shallow water (Shumway et al., 1987). Twist (2015) 

recently identified a difference in the isotopic signature of P. novaezelandiae adductor muscle 

between sites within Whaka ā Te Wera, suggesting that the food availability could differ 

between sites and could influence the growth and reproductive ability of populations along 

the inlet.  

3.4.2 Hydrodynamics within Whaka ā Te Wera 

3.4.2.1 Local hydrodynamics 

Flow speed and direction were found to vary at each site (Fig. 2.4); Papatiki Bay showed 

continuous high flow from all directions interrupted by a short period of low flow at low tide. 

Sawdust Bay showed strong flow speeds towards the west, which dominated flow throughout 

the tide, and comparatively low flow conditions were detected throughout the tide in Pāua 

Beach and Prices Inlet (Fig. 2.4). Local flow in a region can influence scallops in one of three 

ways: (i) through influencing the rate and the nature of encounters larvae have with settlement 

surfaces, (ii) through influencing the direction and distance recruits and adults are transported 

should individuals be suspended, (iii) limitations on food availability and feeding ability. The 
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interaction of these factors is likely to play a key role in influencing the distribution of scallop 

populations under different flow conditions (Eckman, 1987) and are discussed below. 

 

Local hydrodynamics influence both the larval flux rate to (Crimaldi et al. 2002) and how a 

larva reacts with settlement surfaces (Eckman, 1987; Koehl, 2007; Snelgrove et al., 1998). 

Scallop larvae show selectivity of settlement regions with depth, light and nature of the 

surface (Koehl, 2007). The behaviour of larval acceptance or rejection of settlement surfaces 

is likely to change under different flow conditions. Typically, bivalve larvae are limited in 

their ability to settle by surface turbulence and boundary layer sheer stress (Judge & Craig, 

1997) with high flows limiting the attachment ability and active surface selectivity of larval 

pediveligers. Eckman (1987) found that settlement of A. irradians increased on lightly 

dispersed eelgrass meadows, attributing the variability in settlement between light and dense 

eel grass meadows to the increased sea water flux in less dense vegetation which allowed for 

an increase in the availability of resources. Alfaro (2006) found that there was an increase in 

settlement in the green-lipped mussel Perna canaliculus under high flow regimes. Here, 

mussels were likely to produce stronger byssus under higher flow conditions (Alfaro, 2006). 

Although some scallop species have evolved to remain attached during adulthood (Brand, 

2006) byssus in the majority of pectinids generally plays a less substantial role in their life 

history (Caddy, 1972) and byssus production is unlikely to change in response to water flow. 

Turbulence encountered in high flows could also contribute to a heightened chance of a 

pediveliger reencountering the settlement surface (Abelson & Denny, 1997; Harvey et al., 

1995; Koehl, 2007), which may lead to increases in settlement. The strength at which flow 

becomes limiting in P. novaezelandiae spat is not known. Comparatively, the lower flows in 

Papatiki Bay and continuous movement from multiple directions may aid in allowing 

settlement behaviours, without the threat of detachment under higher flows at this site. Low 

flow in Pāua Beach and Prices Inlet might also aid in attachment ability of pediveligers, but is 

likely to reduce the incidence of pediveliger encounter with substrate. 

 

The strength and direction of flow influences the transport of adult scallops, should they be 

suspended in the water column (Grant et al., 1993). Should adults be induced to swim in Pāua 

Beach and Prices Inlet, it is unlikely that they would be transported far from origin due to the 

low encountered flows. Comparatively, in Sawdust Bay, strong flows could result in 

increased transport from origin.  
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That we see significant populations of P. novaezelandiae in Sawdust Bay suggests that the 

currents are not so strong to induce large-scale movement; the observed densities of adult 

populations could even be a product of movement induced further up stream where currents 

may be stronger. Twist (2015) found that P. novaezelandiae larger than 60mm in Whaka ā Te 

Wera were unlikely to show strong movement at all sites, and movement far from origin was 

only likely in regions that showed very strong currents such as those encountered in the 

channel (and not recorded here). The size of pediveligers and post larva relative to the 

strength of currents could to lead to transport of veligers far from origin, and accumulate 

where flow allows for settlement (Grant et al., 1993). Settling on the seafloor where after they 

have lost their byssus, the direction and flow of local waters may play a role in determining 

where veligers end up settling on the seafloor. In this respect, strong westerly currents 

observed in Sawdust Bay may play a key role in transporting larvae produced outside of the 

region into the bay. 

 

Increased flow velocity has been found to limit the ability of scallops to filter food particles 

from the water through the pressure gradient exerted on the valve (Claereboudt et al., 1994; 

Eckman et al., 1989; Wildish et al., 1987). Scallop growth has also been found to be inhibited 

in regions of high flow (Wildish et al., 1987), with the tolerances of juveniles and adults 

varying (Brzezinski, 2008). It is likely that individuals will not settle and persist under high 

flow conditions (Wildish et al., 1992). In tank experiments, Wildish (1992) found that the 

mean flow speed at which flow limited growth in P. maximus was 14.9cm s-1 in juveniles, 

with feeding inhibited in flows exceeding 13.5cm s-1. That we see high densities of scallops in 

Sawdust Bay suggests that feeding is not inhibited by the relatively strong flow speeds 

observed in the region (Fig. 4.9d&e). Comparatively, pectinids that encounter low flow 

conditions are likely to face periods of food depletion (Eckman et al., 1989; Pilditch et al., 

2001). Limitations in resource availability under low flow conditions are likely to limit 

growth and development and play a key role in influencing local densities. It is especially 

important to consider that the seston concentration of origin of the waters must be considered 

when low flow is encountered, as the waters are likely to have faced previous depletion 

(Pilditch et al., 2001). This is likely to play a key role in influencing the seston supply to the 

low flow region Prices Inlet. 

3.4.2.2 Broader inlet scale hydrodynamics  

The current study found that P. novaezelandiae persist in regions at different densities when 

local environmental conditions appear consistent (this chapter) and where predation is 



! 73!

unlikely to influence P. novaezelandiae population structure (Chapter 2), suggesting that there 

are other factors that influence the presence of the species in this region. Broad scale 

circulation of bays and inlets as a whole are known to influence the distribution of larvae (Le 

Pennec et al., 2003), with larval dispersal occurring mostly in the direction of prevalent 

currents (Abelson & Denny, 1997). Wind, tidal dynamics and the density differences 

influence the movement of bodies of water (see Le Pennec et al., 2003). The detection of 

strong, uni-directional flow in Sawdust Bay throughout the tidal period (Fig. 3.10e) suggests 

the presence of a strong circulation feature. Tidal flow associated with the geographical 

presence of the North Point Arm is likely to produce an eddy locally (Pingree & Maddock, 

1979), the size of which will depend on the dynamics of the bathymetry of the bay and 

headland. The hydrodynamics of eddies can lead to the accumulation of larvae in regions 

(Barber et al., 2002; Koehl, 2007; Thorson, 1966) and are likely to enhance larval settlement. 

Eddies and circulation features are likely to occur in other regions within Whaka ā Te Wera; 

however the detection and persistence of these hypothesised features will require further study 

into the hydrodynamics of the region.  

3.5 Conclusions 

The inner inlet sites Sawdust Bay and Prices Inlet were exposed to similar low salinities and 

temperatures. Sawdust Bay showed high adult densities of P. novaezelandiae suggesting that 

the encountered extreme environmental conditions at this site did not determine the local 

densities of scallops. The only significant variations in conditions were the detected 

hydrodynamics between regions suggesting that the flow conditions could play a key role in 

influencing local distributions in the inlet.  

3.5.1 Further research 

Pectinids are sensitive to the timing, duration and extent of events causing stress. As observed 

in this study, the waters of Whaka ā Te Wera are exposed to environmental conditions, which 

vary on spatial and temporal scales. Although temperatures were monitored continuously and 

can provide an idea of the encountered conditions, monitoring environmental parameters such 

as salinity, although more challenging to monitor, may provide more of an accurate indication 

of the stressors encountered in the region. 
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Temperature changes with latitude throughout New Zealand show consistent variability in the 

magnitude of change, with each region showing annual temperature variations of roughly 10 

degrees throughout the year. Temperatures influence the initiation of gametogenesis (Sastry, 

1962) and could play a key role in differentiating spawning between populations of the same 

species. Variability in the induction of spawning occurs under different thermal regimes and 

has been described in a range of molluscs including P. magellanicus (Thouzeau et al., 1991), 

A. irraidians (Sastry, 1963), the mussel Perna perna, (McQuaid & Phillips, 2006) and the 

New Zealand toheroa Paphies ventricosa (Gadomski & Lamare, 2015) fish (Houde, 1989). It 

is likely that there are a number of temperature cues, which lead to spawning in P. 

novaezelandiae. Further correlation of spawning adults and settlement patterns with 

temperature changes would provide a valuable insight into those dynamics that influence 

spawning in P. novaezelandiae in general and particular populations.  

 
!  
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Chapter 4 

4 Settlement of the New Zealand scallop (Pecten 

novaezelandiae) within Whaka ā Te Wera, 

Rakiura 

4.1 Introduction 

4.1.1 Reproduction in bivalves 

As primarily sessile organisms, marine bivalve species have developed a range of adaptations 

in order to successfully reproduce and disperse their larvae in the dynamic marine 

environment. Most bivalves are broadcast spawners, where adults release gametes into the 

waters and fertilisation occurs in the water column (Brink, 1995; Marshall & Keough, 2007). 

Bivalves show variability in their investment in larval development. There are two typical 

development methods: lecithothrophy and planktotrophy, which differ in the cost of metabolic 

investment.  

 

Lecithotrophic larvae are non-feeding and equipped with a yolk sack (Hadfield, 2000; 

Marshall & Keough, 2007). The provision of food during the larval phase in lecithotrophic 

larvae therefore allows for rapid development independent of environmental food sources (Le 

Pennec et al., 2003; Levin et al., 1984; Marshall & Keough, 2007), reducing the time larvae 

are suspended in the plankton. The yolk sack in pelagic lecithotrophic larvae is likely to have 

developed in response to variability in the distribution of resources within the ocean (Levin et 

al., 1984). Requiring considerable investment by parents in energy production for the gametes, 

lecithotrophic larvae are relatively energetically expensive to produce (Marshall & Keough, 

2007).  

 

Planktotrophic larvae are comparatively less energetically demanding, as parents do not invest 

in additional yolk production in larvae (Marshall & Keough, 2007). Instead, planktotrophic or 

‘feeding larvae’ depend on the availability of food in the pelagic environment to undergo 
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development (Vance, 1973). Dependence on external conditions can lead to relatively long 

suspension periods if appropriate resources for growth be unavailable (Cragg, 2006). The 

length of suspension and the dynamic nature of the water column can lead to high temporal 

and spatial variability of planktotrophic larval survival and development and as a result 

recruitment (Cragg, 2006; Grantham et al., 2003).  

 

4.1.2 Reproduction in pectinids 

Pectinids produce thousands of eggs and sperm, which are developed and spawned in mass by 

the parents (Barber & Blake, 2006). Gametes are typically fertilised externally and are 

provided with no parental care post release (Brand, 2006; Cragg, 2006; Minchin, 2003). In 

hermaphroditic populations, eggs and sperm are released on separate occasions to prevent 

self-fertilisation (Cummings & Graf, 2010; Martinez et al., 2007; Mendo et al., 2014). 

Spawning synchronisation is key to ensuring successful external gamete fertilisation (Barber 

& Blake, 2006; Beninger & Le Pennec, 2006; Mackie & Ansell, 1993; Mendo et al., 2014). 

Frequency, timing and duration of spawning events are dependent on the local environmental 

conditions (Babcock & Williams, 2004), with temperature acting as the primary cue under 

which spawning is induced (Pennec et al., 2003). Proximity and synchronicity of individuals 

within a population influences the successful gamete fertilisation through enhancing the 

likelihood of gamete contact (Paulet et al., 1988). For this reason, the frequency and intensity 

of spawning events are reliant on the density of adult populations (Mendo et al., 2014; 

Williams & Babcock, 2004). Populations of the same species found over a wide latitudinal 

gradient are likely to show variability in spawning patterns either through adaptations to local 

environmental conditions or the genetic variability established in populations through 

geographic isolation (Paulet et al., 1988). Differences in local environmental conditions that 

cue spawning also lead to local scale variability in spawning patterns. 

 

As with other scallop species found over wide latitudinal gradients, the gametogenesis and 

spawning of P. novaezelandiae in different regions of New Zealand is likely to show spatial 

and temporal variability (Nicholson, 1978). Populations in the Hauraki Gulf, in the North East 

of New Zealand were originally assumed to undertake biannual spawning (October through til 

January) (Morrison, 1997); however, recent studies in the same region monitoring histological 

changes in gonad observed three distinct spawning periods between December-January, 

March-April and June-July (Williams & Babcock, 2004). In the central populations at the top 

of New Zealand’s South Island, studies show variability in spawning periods. In the Nelson-
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Tasman Bay region, two distinct spawning periods were detected in August-November and 

January-March (see Booth, 1983) in addition to a single drawn out period between August to 

April (Marsden & Bull, 2006). In Pelorus Sound, Marlborough, spawning occurs from August 

to March (Marsden & Bull, 2006). 

 

Food availability is key to ensuring the fertility of adults (Guerra, 2011; Guerra et al., 2012; 

Pennec et al., 2003; Williams & Babcock, 2004), since the quality and quantity of food 

available for adults influences the energy available for reproduction (Cragg, 2006). Glycogen 

acts as an important energy source for some bivalves during gametogenesis (Booth, 1972; 

Macdonald et al., 2006; Paulet et al., 1988) and the availability of lipids has been found to 

play a minor role in gamete production in the catarina scallop Argopecten circularis (Cruz & 

Ibarra, 1997) and other bivalves (Utting & Millican, 1997). The physical response of adult 

scallops to adverse environmental conditions and predation can negatively impact the energy 

available for growth and reproduction (Bologna & Heck Jr., 1999; Gouda et al., 2006; Milke 

et al., 2004; Thouzeau et al., 1991). Adult scallops, although relatively sedentary, are exposed 

to daily fluctuations in environmental conditions; a product of the dynamic nature of the 

coastal environments they live in (Brand, 2006). 

4.1.3 Pectinid larvae  

Coastal scallop larvae are typically planktotrophic (Cragg, 2006). Hence, development, 

growth and recruitment of larvae are dependent on the quality of the local environmental 

conditions for survival post spawning (Christophersen & Lie, 2003; Davis, 1958; de Soto et 

al., 2013; Magnesen et al., 2006; Pearce et al., 2004; Torkildsen & Magnesen, 2004; Winkler 

& Estévez, 2003; Yan et al., 2003). Under this reproductive regime, it is expected that the 

majority of scallop larvae will not be retained in the region where they are produced (Vance, 

1973).  

 

Depending on the species and the local conditions, scallop larvae have been found to remain 

suspended in the water column for up to 6 weeks (Cragg, 2006). Local winds (Bologna & 

Heck Jr., 1999; Harris et al., 1999; Tettelbach et al., 2013), oceanic fronts, upwelling, cold 

water plumes and water residence times - in conjunction with the position and depth of larvae 

in the water column - play a key role in the distance and direction of larval transport (Daigle 

& Metaxas, 2011; Hunt & Scheibling, 1997). The tolerance of larvae to the environment 

depends on its ontogenetic and physiological stage and the environmental factors it 

encounters (Christophersen & Strand, 2003; Navarro et al., 2000). Temperature influences 
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larval duration in the water through regulating metabolism, which in turn influences growth 

rates (Daigle & Metaxas, 2011). Food availability is also important in the regulation of 

behaviour and development of larvae (Marshall & Keough, 2007). Dissolved organic material 

(DOM), in particular, provides important nutrition for embryos and larvae (Beaumont & Budd, 

1983). Placopecten magellanicus veligers have been found to remain suspended for roughly 

28-50 days (Pearce et al., 2004), planktonic development may be longer if there is not enough 

food available (Gallager et al., 1996). The period for which larvae are at large leads to diverse 

patterns of distribution, abundance and survival of larvae (Garland et al., 2002; Knights et al., 

2006). In shallow water scallop species, larvae are most likely to accumulate in bays where 

local oceanographic conditions allow for their retention (Sinclair, 1985). 

 

Recruitment is governed by competition, predation (Osman & Whitlatch, 1995), growth and 

settlement patterns (Harvey et al., 1995) and is limited by the supply of larvae (Garland et al., 

2002). The abundance of larvae available for settlement is influenced by productivity and 

health of adult populations, larval connectivity and local environmental conditions (Hunt & 

Scheibling, 1997).  

4.1.4 Pectinid pediveliger settlement 

The sizes of pectinid larvae are constrained by the weights at which transport can be 

facilitated by the cilia (Butman, 1987; Hadfield, 2000), preventing sinking. Bivalve mollusc 

larvae are among some of the smallest of the marine invertebrates (Vance, 1973). Towards the 

end of the larval development period, larval veligers undergo physical changes which aid in 

settlement (Dix, 1976; Le Pennec et al., 2003; Pearce et al., 2004; Pearce & Bourget, 1996; 

Rose et al., 1988; Sastry, 1962). This physical change indicates the larva’s development into a 

pediveliger (Dix, 1976). The production of byssus threads allow for settlement on to benthic 

structures (Beninger & Le Pennec, 2006). Pediveligers settle on epibenthic filamentous 

materials such as macroalgae, seagrass, hydroids and bryozoans (Allen, 1997; Grizzle et al., 

1996; Harvey et al., 1993; Mendo et al., 2014a; Minchin, 2009; Pacheco & Stotz, 2006; 

Vadas et al., 1992) where they undergo growth and development prior to retracting byssus 

threads and settling on the seafloor.  

 

The presence of suitable habitat is crucial in determining the larval settlement rate of a region 

(Harvey et al., 1993; Irlandi et al., 1995; Mendo et al., 2014; Talman et al., 2004; Osman & 

Whitlatch, 1995). Active surface selection acts on small scales and is related to the acceptance 

or rejection of a surface by the larvae (Butman, 1987).!Bay scallops A. irradians irradians 
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and A. irradians concentricus settle on virtually any hard substratum that elevates them above 

the bottom (Ambrose et al., 1992). Other species can be more selective, favouring filamentous 

natural epibenthic substrata for primary attachment (Harvey et al., 1997). Natural cues from 

biofilms, macroalgae and conspecifics can induce settlement in invertebrates (Gribben et al., 

2011; Pawlik, 1992). For example, larvae of the eastern oyster Crassostrea virginica have 

been found to respond to chemical cues and sounds induced by adults of the same species, 

indicative of optimal settlement sites (Lillis et al., 2013). .  

 

The success of larval settlement on preferred surfaces is further influenced by local 

hydrodynamics, which influence the settlement rate and the affinity a larva has with the 

settlement surface (Crimaldi et al., 2002; Eckman et al. , 1994; Eckman, 1987, 1996; Hadfield, 

1986; Koehl, 2007; Snelgrove et al., 1993; Snelgrove et al., 1998). Firstly, local 

hydrodynamics influence the likelihood of larvae to contact a filamentous settlement surface, 

and secondly, to successfully attach. At this stage, passive transport of the localised flow 

around a surface alters the flux of larvae arriving to a settlement surface. How an individual 

interacts with settlement surfaces under the local hydrodynamic conditions could be more 

important than predation in determining recruitment rates and juvenile abundances post 

settlement (Eckman, 1987). 

 

Once pediveligers have settled, individuals undergo metamorphosis, which involves changes 

in the nature of shell secretion, the loss of some organs (such as the velum, velar retractor 

muscles and anterior adductor) and the greater development and/or relocation of others (Rose 

et al., 1988). Attachment of larvae to filamentous substrata away from the sediment allows for 

scallops to build their shell away from the risk of benthic predation (Harvey et al., 1995). 

After settlement, individuals are sensitive to mortality resulting from delayed metamorphosis 

(Hunt & Scheibling, 1997), biological disturbance, physical disturbance and hydrodynamics 

(Cragg, 2006), physiological stress, and predation (Lefcheck et al., 2014).  

4.1.5 Pecten novaezelandiae larvae development and recruitment 

The larval period of P. novaezelandiae from fertilisation to settlement takes between 3 to 4 

weeks (Bull, 1976, 1988; Marsden & Bull, 2006). Late stage pediveliger larvae attach by 

byssus threads to hydroids, seagrass and shell filaments when shell widths are approximately 

220µm (Marsden & Bull, 2006). Attachment to filaments by byssus is usually retained until 

individuals reach roughly 5mm (Marsden & Bull, 2006) and has been found to persist until 

shells reach widths of 6-10 mm (Lyon, 2002). Booth (1983) observed that P. novaezelandiae 
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spat settled throughout the year in the northern populations of Bay of Islands, on the Kapiti 

Coast and Wellington Harbour. In the northern populations of the Hauraki Gulf and 

Coromandel, settlement has been observed to peak early summer (Nicholson 1978, Bull, 1980, 

McKinnon 1992, Morrison 1999). No known research has described the histology or larval 

dynamics of the New Zealand scallop P. novaezelandiae south of Nelson (Carbines & 

Michael, 2007; Carbines, 1998; Russell et al., 2014).  

 

The reproductive patterns in the southern populations are poorly understood. Recent analysis 

of P. novaezelandiae genes throughout New Zealand suggest that although not genetically 

distinct, scallops in Whaka ā Te Wera (Paterson Inlet), Rakiura (Stewart Island) are 

functionally isolated from the central populations of P. novaezelandiae (Fig.1.1) (Silva, 2015). 

Scallops are present in patchy populations in the Foveaux Strait, Fiordland, along the south 

coast of the South Island and at different sites around Rakiura (C Hepburn pers. comm.). The 

extent of southern P. novaezelandiae populations and the connectivity between them remains 

unknown.  

4.1.6 Monitoring pediveliger settlement using spat collectors 

Spat collectors are tools used to provide insight into the patterns of recruitment in a range of 

marine invertebrate larvae such as scallops (Brand et al., 1980; Bull, 1982, 1984; Harvey et al., 

1997; Hortle & Cropp, 1987; Paul, 1981; Pouliot et al., 1995; Rose & Dix, 1984; Soria et al., 

2013), echinoderms (Balch & Scheibling, 2000; Hereu et al., 2004; Wing et al., 1995), oysters 

(Rico-Villa et al., 2006; Taylor et al., 1998), mussels (Alfaro & Jeffs, 2003; Alfaro, 2006) and 

crabs (Montfrans et al., 1990; Wing et al., 1995). First used to commercially collect scallop 

species in Japan, nets resemble natural biological structures such as seagrass, bryozoans and 

algae (Stokesbury & Himmelman, 1995). Settlement of P. novaezelandiae pediveligers on 

settlement collectors act as proxies of larval abundance, which can be used to estimate the 

timing and rates of larval settlement, larval retention and the ability of species to settle under 

different conditions. The presence of artificial larvae collectors is unlikely to limit natural 

larval settlement due to the naturally high prevalence of bivalve larvae in the environment 

(Hunt & Scheibling, 1997). 

 

As larvae are often selective of the surfaces on which they settle, the structure and positioning 

of larvae collectors influences the ability of a species to settle (Avendano et al., 2007; Garcia 

et al., 2003; Harvey et al., 1995; Pacheco & Stotz, 2006; Pouliot et al., 1995; Wilson, 1987). 

Larvae collectors designed to collect scallops are commonly constructed out of filamentous 
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material (Brand et al., 1980; Harvey et al., 1997; Hortle & Cropp, 1987; Pouliot et al., 1995); 

see Pearce & Bourget (1996) for a review of settlement substrates for scallop spat collection. 

The diameter and the density of the microfilament and mesh size of collectors greatly 

influence the potential of larval settlement and retainment of pediveligers (Ambrose et al., 

1992; Naidu et al., 1981; Naidu & Robert, 2006; Narvarte, 2001; Paul et al., 1981; Pearce & 

Bourget, 1996; Wallace & Reinsnes, 1985). Collector deployment is best at sites where larvae 

are found to concentrate in the water column and where average flow speeds favour a greater 

flux in larvae and optimize retention of larvae in the collector (Ambrose et al., 1992; Harvey 

et al., 1995; Hortle & Cropp, 1987). The length of immersion and the depth at which 

collectors are placed are also key in influencing the settlement ability of individuals (Ambrose 

et al., 1992; Hortle & Cropp, 1987; Narvarte, 2001; Wallace & Reinsnes, 1985), as clean and 

silt free surfaces are favourable for settlement (Paul et al., 1981). Collectors can eventually 

become fouled, which can affect the settlement ability of larva of different settling species 

(Claereboudt et al., 1994; Garcia et al., 2003; Ross et al., 2004).  

 

Settlement structures are also commonly used as artificial spat collectors to provide recruits 

for aquaculture and for use in marine resource management schemes (Booth & Cox, 2003; 

Maguire et al., 1999; Marsden & Bull, 2006; Minchin, 2009; Pacheco & Stotz, 2006). 

Artificially collected spat are used to enhance recruitment of commercially and recreationally 

valuable species, especially in regions that show large temporal fluctuations in populations 

(Orensanz et al., 2010). Spat collection ability is limited in that it is dependent on the natural 

presence of larvae, which are sensitive to environmental conditions and can show substantial 

variability between years (Orensanz et al., 2006; Pouliot et al., 1995). Artificial larvae 

collection bolsters recruitment, with settlement structures allowing more opportunities for 

individuals to settle out of the plankton (Cyr et al., 2007; Frechette et al., 2000; Hortle & 

Cropp, 1987). Spat collectors have been used as a management tool in New Zealand’s scallop 

fishery of P. novaezelandiae in the Tasman and Golden Bay regions by the Challenger 

Scallop Enhancement Company (Lyon, 2002; Morrison & Cryer, 2003; Yandle, 2006) and 

trialled in Northern populations with limited success. Survival of spat once redistributed to the 

sediments can be low due to the mortality induced by handling, resettling and predation on the 

sediments (Blake & Shumway, 2006; Jones et al., 1987). 
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4.1.7 Pecten novaezelandiae pediveliger settlement within Whaka ā Te Wera 

Successful recruitment of juveniles invertebrates into a population is key to ensuring that 

populations persist, and is fundamental to understanding spatial distributions of populations 

(Kingsford et al., 2002). P. novaezelandiae within Whaka ā Te Wera have been fully 

protected since 2001 due to low population densities. Surveys undertaken by Carbines & 

Michael, (2007) and Russell et al. (2014) indicate that there has been limited recovery of the 

P. novaezelandiae population in the inlet after fourteen years of protection. Low-density 

populations are limited in the ability to produce recruits as the low spawning biomass limits 

gamete encounter (Gascoigne & Lipcius, 2004). Chapters 2 and 3 suggest that predation and 

the local environmental conditions encountered in the region are unlikely to limit the ability 

of P. novaezelandiae to re-establish. Recruitment limitation is another factor that may have 

prevented the recovery of the scallop population in Whaka ā Te Wera. 

 

Recruitment of larvae onto settlement collectors allows for a comparison in settlement rates 

and timing between sites. Here, the densities of attached individuals on collectors can provide 

insight into where local conditions allow for larval accumulation and settlement. As 

settlement collectors are foreign substrates they act only as a proxy of the ability of species to 

settle, and are not used to provide an estimate of the true rate and nature of settlement in the 

region. Factors such as the availability and type of suitable settlement surfaces are important 

to determining settlement and could provide key insight into the differences we see in 

populations throughout Whaka ā Te Wera.  

4.1.8 Objectives and hypotheses 

This chapter aims to provide insight into the seasonal patterns, distribution and abundance of 

P. novaezelandiae pediveliger settlement throughout Whaka ā Te Wera to help understand 

where larvae are typically settling, and whether the Inlet is receiving adequate recruitment to 

support the recovery of adult populations.  

 

Spawning patterns of P. novaezelandiae in other regions of New Zealand show that 

populations can spawn almost year round but most commonly between August to January 

(Booth, 1983; Bull, 1982, 1984; Williams & Babcock, 2004). As it takes approximately 3-4 

weeks for P. novaezelandiae (Marsden & Bull, 2006) to develop to pediveligers in northern 

populations, it is expected that P. novaezelandiae would appear on collectors in Whaka ā Te 

Wera between September and March. It is assumed that sites with high-densities of adult 
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scallops will show high levels of larval recruitment. Under the assumption that pre and post-

settlement mortality and competition between settling species is equal between sites, it is 

hypothesised that Papatiki Bay and Sawdust Bay, regions of high adult scallop densities in 

Whaka ā Te Wera (Russell et al., 2014), will exhibit high levels of P. novaezelandiae 

pediveligers on spat collectors. As spawning is believed to be cued by temperature, it is 

expected that a high number of recruits will be found approximately 3-4 weeks after marked 

changes in temperature in the local waters.  

 

Based on assumptions of local hydrodynamics, it is proposed that P. novaezelandiae 

populations within Whaka ā Te Wera are self-recruiting. Should this occur, it would be 

expected that collectors external to Whaka ā Te Wera, in Horseshoe Bay would show lower 

pediveliger densities than collectors from sites within the Inlet.  

 

Larvae compete for space and for resources during settlement (Todd, 1998). Monitoring larval 

settlement using a multi-species approach is rare. Observing the densities and settlement of 

other organisms allows for a comparison of the dynamics of competing species and whether 

aspects of competition and or resource limitation may influence successful settlement, growth 

and recruitment of P. novaezelandiae pediveligers into adult populations. Should other 

invertebrates limit the persistence of recently settled P. novaezelandiae, it would be expected 

that the densities of competing species would show negative correlations with P. 

novaezelandiae pediveligers. 

 

Butman (1987) highlights key differences in settled and recruited larvae; in settled larvae, 

organisms are active in the behaviour that are indicative of their life history stage, such as 

changes from planktotrophic to benthic stage. Comparatively, recruited larvae are more 

defined by the observer. In this study, settled larvae and recruited larvae are considered as 

equivalents for the purposes of describing settlement/recruitment onto spat settlement 

collectors. In this study they will be referred to as settled pediveligers, which denotes a 

difference between settled post-larva which are those individuals which assume a benthic-free 

living existence. 
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4.2 Methods 

4.2.1 Study design 

Settlement of P. novaezelandiae pediveligers and the post-larvae of other invertebrate species 

found to settle on filamentous spat collectors were monitored at five sites (Fig. 1.4) over a 

period of fourteen months from January 2014 to March 2015. Four sites (Papatiki Bay, Pāua 

Beach, Prices Inlet and Sawdust Bay) were located within Te Whaka ā Te Wera Mātaitai and 

were sites with known density estimates for adult P. novaezelandiae (Russell et al., 2014). 

Horseshoe Bay is external to Te Whaka ā Te Wera Mātaitai and was monitored to compare 

larval settlement along the open coast of Foveaux Strait to settlement within the inlet. Spat 

collectors (Fig. 4.2a) were deployed for between 54-94 days before collection and processing. 

As pelagic larvae show temporal and spatial variability, the number of larvae settling out of 

the water provides a more accurate indication of recruitment potential than densities of 

suspended larvae (Harvey et al., 1993; McGarvey et al., 1993). 

 

4.2.2 Spat collectors 

Pectinid pediveligers have shown varying preferences for filamentous material for settlement 

(Ambrose et al., 1992; Brand et al., 1980; Harvey et al., 1993; Harvey et al., 1997). A number 

of spat collector filaments were tested in November 2013-January 2014. Here, variations in 

the configuration of filamentous materials including the filament liner, use of onion bags in 

lining, finer netlon bags and shade cloth found that finer filaments typically led to increased 

sedimentation and fouling which made processing samples difficult. In this study, spat 

collector design was based on structures developed in Ambrose et al. (1992); Brand et al. 

(1980); Harvey et al. (1997); Morrison & Cryer (2003); Naidu et al. (1981); Thouzeau 

(1991a). Spat collectors, which were made up of approximately 0.72m2 worth of filamentous 

material, consisting of 60cm x 38cm polyethylene onion bags with a mesh gap size of 5mm; 

lined with two pieces of 60cm x 38cm U.V. stabilised polypropylene 5mm Vent net TM mesh 

(Fig. 4.2a). Shark clips were attached to larvae collectors to allow for easy removal in the 

field. Collectors were positioned at depths 5-6 m off the seafloor allowing for maximum 

spatfall (Thouzeau, 1991). Collectors were attached to 14m long, 6mm nylon pot line which 

was weighted using concrete blocks and attached to surface floats to ensure lines and 

collectors remained rigid and off of the seafloor sediments with the rise and fall of the tide. 
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Siltation of collectors closer to seabed is likely to reduce larval settlement (Rupp & Parsons, 

2004).  

 

Three settlement collectors were deployed at each site for each monitoring period. As 

monitoring periods overlapped there were in most cases two collectors per settlement 

structure (see appendix B). The positioning of collectors was chosen haphazardly under the 

parameters that each location was between 10-12m deep and located within 50m of sites 

surveyed in Chapter 2.  

 

An immersion period of two to three months allows for optimal collector efficiency to allow 

larval growth to sizes where spat can be identified (Sause et al., 1987) whilst limiting the 

influence of fouling (Claereboudt, et al., 1994). Lines were gently pulled up by hand until spat 

collectors appeared just below the water’s surface. These were then removed from the line 

whilst still submerged and scooped up into an impermeable 20L plastic heavy-duty plastic 

bag with the surrounding water to minimise disturbance. Bags were stored in buckets until 

analysis, preventing cross contamination and loss of samples. Samples were processed within 

four hours to prevent degredation. 

4.2.3 Sample preservation  

For processing, the contents of each collector bag were transferred to a large bucket and hosed 

with freshwater under pressure from a sink tap. Each collector was thoroughly rinsed three 

times. The contents of the bucket were sieved using 250µm detachable sieves, which allowed 

for the retainment of all matter larger than 250µm. These were transferred to preservation jars, 

where collected samples were fixed with 20% freshwater-phosphate buffered formalin, to 

achieve a 5-7% sample preservation concentration. Buffered formalin maintains the pH of the 

solution which limits dissolution of calcium shell and allows for long term preservation 

(Brink, 1995).  
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Figure 4.1 Schematic of spat settlement collectors deployed at each site. 
! !
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Figure 4.2 Photographs of the spat settlement collectors (a & b) collector filaments prior to 
immersion, (c) submerged collectors-bottom newly deployed, top after one month of 
deployment and (d) concrete block anchor. 
 

a b 

c d 
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4.2.4 Species identification 

For analysis, larvae samples were split into subsamples using a plankton splitter. The size of 

the subsample was determined according to how fouled samples were and ranged between no 

split, which meant all contents of the sample were counted, and a 1/32 subsample for those 

samples containing a high-density of materials. The sample for analysis was washed and 

sieved to minimise the formalin concentrations of the sample. The remaining sample was 

retained and stored. All contents of the split samples were processed under a light-dissecting 

microscope in sorting chambers and on sample plates. Bivalve larvae were classified into 

groups based on morphological similarity likeliness at 40 X magnification (Table 4.1). The 

total abundances of each pectinid species and morphological bivalve group were determined 

for each collector and site. There were two species of pectinid identified in the region P 

novaezelandiae and Talochlamys zelandiae (the New Zealand fan shell). These were 

differentiated based on subtleties in the dimensions and morphology of the shell such as the 

sizes of posterior and anterior auricles (ears) (Fig. 4.3) (B Marshall Te Papa pers. comm.) 

which agreed with Minchin (2003) and Waller (2006). The height and widths of each pectinid 

pediveliger were recorded using the microscope ocular scale, which was calibrated using a 

1mm stage micrometer.  

 

For all other bivalve species, differences between groups were based on shell features.  These 

included the positioning and size of the umbo/beak, the length of the posterior and anterior 

dorsal regions, and the prominence of the anterior and posterior regions. Bivalve species 

excluding pectinids were identified together into two morphological groups – Mussel species 

and other Bivalve species (Table 4.1) in accordance with techniques identified in Wood & 

Hargis (1971). The similarities in the morphology of species of other bivalve and mussel 

species groups limited the ability to reliably and efficiently visually identify each individual 

to species level under a light-dissecting microscope (Le Pennec, 1980). Using records of 

surveys of bivalve species from the region (Stuart et al., 2009; Willan, 1981) (Table 4.1), 

species were included within these two groups of taxa- bivalves and mussel species based on 

morphological similarities. Although species level resolution may have been lost, the 

functional roles of these species were likely to be represented by the group (Wood & Hargis, 

1971). All other species were grouped based on class, except for Haliotis spp., which were 

identified as unique from other Gastropods and Foraminifera. The total number of individuals 

within each morphological group were counted and converted to values of density per 

collector.  



! 89!

4.2.5 Statistical analyses- species distributions  

The interactive effect of site and time of year on the presence of species on collectors were 

explored using a Friedman’s, Two-way ANOVA on the species’ ranks, where sample ranks 

were computed in JMP. Non-parametric tests were used as the observed distributions of 

species failed the normality and equal variance assumptions required for the use of parametric 

tests. In using non-parametric tests, power is lost during the transformation of observed values 

to relative rank orders (Clarke, 1993). A post-hoc examination using Steel-Dwass All Pairs 

comparison (the non-parametric equivalent of Tukeys HSD) identified the factors likely 

contributing to the observed variability.  

4.2.6 Statistical analyses- spat collector community structure  

An ANOSIM on ranked dissimilarity in variables was conducted to report whether there were 

enough differences in community structure (Assemblages) in the observed data to warrant 

further analysis of dissimilarities. The influence of different taxa on the structure of the 

community at sites and with times of the year was tested using a 2-factor PERMANOVA 

analysis (PRIMER version PERMANOVA+). PERMANOVA describes the differences in 

community structure observed between sites and with time based on Bray-Curtis resemblance 

matrix of similarity, dissimilarity and distance between pairs of samples (Anderson et al., 

2008). A PERMANOVA was run using the simultaneous response of one or more variables to 

one or more factors in an ANOVA based on the resemblance matrix to test whether 

assemblage structure varies across four distance groups. PERMANOVA does not assume a 

particular distribution but instead uses permutation techniques to compute pseudo-F statistics 

and P-values (Anderson et al., 2008). A pair-wise PERMANOVA test was run on all 

interactions to determine where there were differences in community structure with site and 

with time.  

 
PCO (Principle Co-ordinates analysis) place samples on Euclidian axes based on preserving 

the rank order of dissimilarities in two dimensions, allowing for the visualisation of objects in 

a space of reduced dimensionality while attempting to preserve the distance relationships 

between samples (Anderson et al., 2008). In this study, PCO compared the assemblages and 

relative abundances of all faunal species detected on settlement collectors showing the 

relatedness of assemblages across samples and sampling periods. Spearman’s correlation 

vector overlays (based on ranks) on the PCO visualise the monotonic relationship between the 

variables (species/group) and ordination axes highlight the relationships of variables on the 
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PCO plot (Anderson et al., 2008). Here, the length and direction of each vector indicates the 

strength and sign of the relationship of the species that contribute to the assemblages on spat 

settlement collectors. The vector of a variable does not confirm that the variable is necessarily 

responsible for the differences in observed differences among groups or samples in that 

direction (Anderson et al., 2008). Vectors are correlations only and cannot be used to imply 

causation, highlighting more simply the overall increasing or decreasing relationships of 

individual variables across the plot (Anderson et al., 2008). 

 

Further PCO plots compared the differences in assemblages between periods when P. 

novaezelandiae density on spat collectors were statistically significantly different from the 

period where low densities on collectors were detected, according to the two way ANOVA of 

P. novaezelandiae presence with time and between sites. These compared the community 

structures between the critical or dominant period of P. novaezelandiae settlement and when 

settlement was less prevalent. A SIMPER test analysed the Bray-Curtis similarities and 

dissimilarities in variables between pairs of samples, computing dissimilarities into 

percentage contributions of different variables and outlining the factors that influenced 

observed differences in assemblages between sites and with time. 

 

 

 

Figure 4.3 Pecten novaezelandiae (left) and Talochlamys zelandiae (right) pediveligers 
demonstrating differences in shell morphology.  
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Table 4.1 Species table identifying the groups of species present within Whaka ā Te Wera 
which have been previously described in the inlet by Willan (1981) and Stuart et al. (2009). 
!
Morphological!
Group! Family! Species! Common!Name!

!Other!Bivalve!
spp.!

Arcidae Barbatia novaezelandiae  
Cardiidae Pratulum pulchellum strawberry cockle 

Condylocarciidae Benthocardiella rakiura  
Cyamiidae! Kidderia rakiura  
Hiatellidae Hiatella arctica wrinkled rock borer 

Kellidae Kellia cycladiformis  
Lucinidae Divalucina cumingi cockle 

Mactridae Cyclomactra ovata oval trough shell 

Mactridae Mactra discors surf clam 

Mactridae Resania lanceolata  
Mesodesmatidae Paphies australis pipi 

Myochamidae Myadora striata  
Neoleptonidae Puyseguria tani  
Nuculidae Austronucula schencki  
Nuculidae Ennucula strangei nut shell 

Nuculidae Nucula nitidula nut shell 

Ostreidae Ostrea lutaria Bluff oyster, Chilean oyster, dredge 
oyster, tio 

Perrierinidae Perrierina turneri  
Psammobiidae Gari convexa  
Tellinidae Macomona liliana large wedge shell 

Tellinidae Pseudarcopoagia disculus  
Ungulinidae Diplodonta globus topshell 

Ungulinidae Felaniella rakiura  
Veneridae Austrovenus stutchburyi New Zealand cockle 

Veneridae Irus reflexus  
Veneridae Ruditapes largillierti  
Veneridae Tawera spissa morning star 

Mussel!spp.!

Mytilidae Aulacomya ater mussel 

Mytilidae Aulacomya ater maoriana  
Mytilidae Modiolarca impacta nesting mussel 

Mytilidae Modiolus areolatus  
Mytilidae Mytilus galloprovincialis blue mussel 

Mytilidae Perna canaliculus green-lipped mussel, New Zealand 
greenshell mussel  

Mytilidae Xenostrobus pulex little black mussel 

Haliotis!spp.!

Haliotidae Haliotis australis yellowfoot pāua 

Haliotidae Haliotis iris blackfoot pāua 

Haliotidae Haliotis virginea Virgin pāua 
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4.3 Results 

4.3.1 Pecten novaezelandiae pediveliger settlement on spat collectors 

A total of 141 P. novaezelandiae pediveligers were identified from sub samples ranging in 

shell width from 275 µm to 11.4 mm. From these sub-samples it was estimated that 1610 P. 

novaezelandiae were found to settle on 124 settlement collectors deployed over a fourteen-

month monitoring period. P. novaezelandiae pediveligers were found at all sites monitored. 

The distributions of P. novaezelandiae varied between sites and the time of year (Fig. 4.4) 

with each site undergoing periods where no P. novaezelandiae spat were detected on 

settlement collectors. The only settlement periods where P. novaezelandiae spat were 

detected at all sites were August and December (Fig. 4.4). February 2015 was the only 

monitoring period when P. novaezelandiae spat were not detected at any of the sites (Fig. 4.4). 

 

Year round, detection of P. novaezelandiae settlement in Horseshoe Bay was significantly 

lower than all other sites (Fig. 4.4). Here, settlement occurred only in low numbers in March, 

August, November and December. Throughout the study, Sawdust Bay showed significantly 

higher P. novaezelandiae abundance than all other sites within the inlet (Fig. 4.4, Table 4.2). 

The abundance of P. novaezelandiae in Papatiki Bay, Pāua Beach and Prices Inlet sites 

showed no significant difference from one another (Fig. 4.4, Table 4.2). In Sawdust Bay, P. 

novaezelandiae pediveliger abundance was greatest in November and December, when 

abundance was seven times higher than at any other site (Fig. 4.4).  

 

Detection of high densities of P. novaezelandiae pediveligers in Sawdust Bay during the 

August and November period coincided with low detection (less than 5) recruits settling in the 

geographically closest site, Prices Inlet (Fig. 4.4). In October there was no detection of scallop 

recruitment in Sawdust Bay and Prices Inlet. During the same period P. novaezelandiae 

pediveligers were found to have settled in Pāua Beach and Papatiki Bay (Fig. 4.4). There was 

high variability in settlement between replicate settlement collectors at each site (Fig. 4.4). 

Prices Inlet showed low abundances of pediveligers compared to other sites in August, 

October and November, and Pāua Beach in May, August and January. 
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4.3.2 Other species on spat collectors 

The Fan shell (Talochalmys zelandiae) pediveligers were found to show significant spatial 

and temporal variability in abundance (Fig. 4.5a, Table 4.2). T. zelandiae were found to settle 

at all sites and were most prevalent during the December monitoring period. Pediveliger 

abundance of T. zelandiae in December was five times higher in Sawdust Bay than any other 

site (Fig. 4.5a). A weak positive correlation was detected between the adundances of P. 

novaezelandiae and T. zelandiae (Pearson correlation coefficeint r=0.158, P<0.05) 

 

Mussel and other bivalve species showed strong settlement during the summer months 

(October- December) and lowest abundance during the winter (Fig. 4.5 b&c). Bivalve species 

abundance showed month and site interaction (Fig. 4.5c, Table 4.2). Comparatively, mussel 

species showed strong temporal variability within the inlet (Fig.4.5b, Table 4.2). Settlement 

of both bivalve and mussel species peaked in at all sites in December (Fig. 4.5b). During this 

period, bivalve species showed much higher densities in the inner inlet, where they were the 

dominant species present (Fig. 4.5b). Mussel species settlement was high in all sites in the 

inlet during this period. The abundance of mussel species in Prices Inlet during the November 

monitoring period was at least double that detected at any other site during the same period. 

There was a very weak relationship detected in the abundances of P. novaezelandiae and 

other bivalve species (Pearson Correlation Coefficient r= 0.003, P<0.05). There was no 

evidence to suggest that there was a weak correlation in the abundances of P. novaezelandiae 

and mussel species (Pearson Correlation Coefficient r= 0.001, P>0.05). 

 

Throughout the study, Horseshoe Bay exhibited low abundances of any bivalve species (Fig. 

4.5a-c), only showing comparable densities to all other sites during the December monitoring 

period. There was very little settlement of mussels evident in Horseshoe Bay throughout the 

monitoring regime (Fig. 4.5c). 

 

Pink foraminifera were found to occur at all sites (Fig. 4.5e), and there was an interaction 

between site and month in their abundance (Table 4.2). Pink foraminifera were most prevalent 

during the winter months, showing high densities in Sawdust Bay and Horseshoe Bay (Fig. 

4.6e). In Horseshoe Bay the abundance of pink foraminifera species was five times higher 

during the April and August periods compared to other observed periods, and nine to ten 

times higher than any other site observed during the same period. In Sawdust Bay, Pink 

Foraminifera were prominent in October, with densities almost double the second highest 
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settlement period in the same region, during May (Fig. 4.5e). Pink foraminifera in Prices Inlet 

in February were observed to show high abundances which were approximately six times 

higher than presence at any other site observed during the same period. There was no 

evidence to suggest a correlation between the abundances of Pink Foraminifera and P. 

novaezelandiae (Pearson Correlation Coefficient r= 0, P>0.05). 

 

White foraminifera  were most prominent in Papatiki Bay, with densities in August double 

those of the next highest settlement region, Prices Inlet (Fig. 4.5f). White Foraminifera 

presence was dominant in Pāua Beach during the summer months, with very little detection of 

presence in all other sites during the same period.  

 

Ostracod species were found at all sites throughout the year and were predominant in inner 

inlet sites. From March- May presence of ostracod was 100 times higher in Sawdust Bay than 

any other site. Prominence in Sawdust Bay continued throughout the year with less intensity. 

There was very low detection and sporadic detection of crabs and fish species in collectors 

throughout the study. 

4.3.3 Spat collector community composition 

A PERMANOVA on the faunal abundances of spat collectors indicated that there was a 

significant interaction in the effect that site and month had on the collector assemblage 

structures throughout the study (Table 4.3) and when P. novaezelandiae showed significantly 

high abundances on collectors (August- January) (Table 4.4) as well as when P. 

novaezelandiae abundances on collectors were significantly low March-May 2014, February 

2015 (Table 4.5). 

4.3.4 Collector composition during periods when Pecten novaezelandiae pediveligers 

showed high abundances  

Simper analyses indicated that from October-January collector assemblages were similar 

among sites at each sampling period, with similarity indices ranging between 66-80% (Fig. 

4.6a, Table 4.6). In all the other monitoring periods similarity indices were all below 56% 

(Table 4.7). Between October-December, the community composition of collectors in each 

monitoring period typically showed close association and low variation in PCO plots (Fig. 

4.7a). Similarities between sites during this period were less defined indicating that temporal 

changes rather than spatial differences were influencing community structure over the 
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summer (October-January). During this period, the average similarity of each monitoring 

period was driven primarily by the high abundances of mussel and bivalve species on 

settlement collectors (Table 4.5). 

 

Variability in the community composition in August and January suggest a shift in 

community structure. The January monitoring period was distinct, where collectors in 

Horseshoe Bay, Papatiki Bay and Pāua Beach sites showed differences in composition from 

Sawdust Bay and Prices Inlet (Fig. 4.7a &b), driven by comparatively lower prevalence of 

mussel and bivalve species. There was also a notable decrease in the abundance of P. 

novaezelandiae during this period (Fig. 4.4 Table. 4.8). 

 

The assemblage structures of collectors in August were different from collectors from the 

other sampling periods that exhibited high P. novaezelandiae pediveliger settlement (Fig. 4.7a 

Table 4.8). During August, there were low abundances of mussel and bivalve species (Table 

4.8) and also comparatively low abundances of P. novaezelandiae compared to the peak in 

November and December settlement (Fig. 4.5).  

 

There was no apparent relationship in the community structure of spat collectors when 

comparing across sites throughout the monitoring period (Figure 4.6b). Horseshoe Bay 

showed the lowest similarity indice between monitoring periods of all sites (Fig. 4.7b, Table. 

4.9) and when compared to other sites monitored was found to consistently show the highest 

dissimilarity between sites (Table 4.8). The detected average dissimilarity between Horseshoe 

Bay and all other monitored sites was consistently driven by a low contribution of the 

detected average abundance of Bivalve spp. on collectors in Horseshoe Bay (Table 4.8). 

Secondarily, Horseshoe Bay consistently had higher average abundance of Gastropod spp. 

compared to all other sites (Table 4.8). 

 

4.3.5 Collector composition during periods when Pecten novaezelandiae pediveligers 

showed lower abundances 

The similarity indices of collectors when P. novaezelandiae pediveliger abundance was low 

(March-August 2014, February 2015) were all below 60% (Table 4.6), with no typical pattern 

in similarities in collectors between sites (Fig. 4.8a). Here, the low detected abundances of 

mussel and bivalve species were found to influence the detected similarities between 
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collectors (Table. 4.5). During this period, collectors among sites (Table 4.6) showed stronger 

similarity than among months (Table 4.7). 

 

 

 
 

 
 

 

Figure 4.4 Mean number of Pecten novaezelandiae spat recruited per collector at Horseshoe 
Bay (purple), Papatiki Bay (dark blue), Pāua Beach (light blue), Prices Inlet (green) and 
Sawdust Bay (yellow) sites at approximately bimonthly periods between January 2014-March 
2015 (± 1 standard error) (n=3). 
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Figure 4.5 Mean number of (a) Talochlamys zelandiae spat, (b) Bivalve spp. spat, (c) Mussel 
spp. spat, (d) Ostracod, (e) Pink Foraminifera and (f) White Foraminifera per collector at 
Horseshoe Bay (purple), Papatiki Bay (dark blue), Pāua Beach (light blue), Prices Inlet 
(green) and Sawdust Bay (yellow) sites at approximately bimonthly periods between January 
2014-March 2015 ± 1 standard error (n=3). 
!  

0 

200 

400 

600 

800 

1000 

0 

400 

800 

1200 

1600 

2000 

0 

4000 

8000 

12000 

16000 

20000 

0 

20 

40 

60 

80 

100 

120 

140 

0 

2000 

4000 

6000 

8000 

10000 

12000 

0 

200 

400 

600 

800 

1000 

1200 

1400 

1600 

T.
 z

el
an

di
ae

 p
er

 c
ol

le
ct

or
M

us
se

l s
pp

. p
er

 c
ol

le
ct

or
P

in
k 

F
or

am
in

fe
ra

 p
er

 c
ol

le
ct

or

Settlement Period

a

c

e

d

f

b

March April May OctoberAugust November December January FebruaryMarch April May OctoberAugust November December January February

W
hi

te
 F

or
am

in
fe

ra
 p

er
  c

ol
le

ct
or

O
st

ra
co

d 
pe

r 
co

lle
ct

or
 B

iv
la

ve
 S

pp
. p

er
  c

ol
le

ct
or



! ! 98!

!

 

 

 

Figure 4.6 Principal coordinates analyses of the faunal communities observed on settlement collectors at Horseshoe Bay, Papatiki Bay, Pāua 
Peach, Prices Inlet and Sawdust Bay, Whaka ā Te Wera at monthly intervals between January 2014-March 2015 (a) visualises the temporal 
variability between August, October, November, December and January and (b) visualises spatial variability between Horseshoe Bay, Papatiki 
Bay, Pāua Beach, Prices Inlet and Sawdust Bay. X- and Y-axes indicate the total variation explaining the difference in Euclidean space, vectors 
indicate the strength and direction of influence of faunal groups on the composition of the community. 

50

PCO1 (31.9% of total variation)

P
C

O
2 

(1
3.

7%
 o

f t
ot

al
 v

ar
ia

tio
n) All Gastropods

Brachiopods

Sea Snail

FishAscidians

All Sub/Interdial Bivalves

Mussel Species

*
P. novaezelandiae

T. zelandiae

Pink Foraminifera

**

***

***

0 25 50-25-50

-50

-25

0

25

Ostracod
Oystreidae
Perfect Sworl

Haliotis spp.
Crab species

*
**

Horseshoe Bay

Sawdust Bay
Prices Inlet

Paua Beach
Papatiki Bay

50

PCO1 (31.9% of total variation)

P
C

O
2 

(1
3.

7%
 o

f t
ot

al
 v

ar
ia

tio
n) All Gastropods

Brachiopods

Sea Snail

FishAscidians

All Sub/Interdial Bivalves

Mussel Species

*
P. novaezelandiae

T. zelandiae

Pink Foraminifera

**

***

***

0 25 50-25-50

-50

-25

0

25

March
April
May
August

November
December
January
February

October

Ostracod
Oystreidae
Perfect Sworl

Haliotis spp.
Crab species

*
**

a b!



! 99!

 

 
 
 
 
 
 
Figure 4.7 Principal coordinates analyses of the faunal communities observed on settlement collectors during the period when P. novaezelandiae 
pediveligers show higher abundance on settlement collectors between August 2014-January 2015 (a) visualises the temporal variability between 
August, October, November, December and January and (b) visualises spatial variability between Horseshoe Bay, Papatiki Bay, Pāua Beach, Prices 
Inlet and Sawdust Bay. X- and Y-axes indicate the total variation explaining the difference in Euclidean space, vectors indicate the strength and 
direction of influence of faunal groups on the composition of the community. 
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Figure 4.8 Principal coordinates analyses of the faunal communities observed on settlement collectors during the period when P. novaezelandiae 
pediveligers showed lower abundance on settlement collectors March-May 2014 and February 2015 (a) visualises the temporal variability between 
March, April, May, February (b) visualises the spatial variability in community structure between sites Horseshoe Bay, Papatiki Bay, Pāua Beach, 
Prices Inlet and Sawdust Bay. X- and Y-axes indicate the total variation explaining the difference in Euclidean space, vectors indicate the strength and 
direction of influence of faunal groups on the composition of the community. 
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Table 4.2 Two-way analysis of variance of the influence of site and month on the presence of 
identified species groups. 

!
  Site Month Month*Site 

Functional Species Group F DF P F DF P F DF P 

Pecten novaezelandiae 12.81 3,87 <0.0001* 4.57 7,83 0.0002* 1.42 21 0.11 

Talochylamys zelandiae 30.1639 3,87 <0.0001* 8.97 7,83 <0.0001* 1.2 21 0.26 

Oyster 148.3592 3,87 <0.0001* 2.97 7,83 <0.0001* 2.97 21 <0.0001* 

Bivalve spp. 6.5446 3,87 <0.0001* 43.55 7,83 <0.0001* 3.05 21 0.0005* 

Mussel spp. 1.99 3,87 0.12 19.21 7,83 <0.0001* 1.28 21 0.16 

Brachiopod spp. 92.82 3,87 <0.0001* 9.01 7,83 <0.0001*  21 0.26 

Haliotis spp. 206.7 3,87 <0.0001* 5.87 7,83 <0.0001* 7.75 21 <0.0001* 

Gastropod spp. 1.8207 3,87 0.15 0.2757 7,83 0.9617 2.157 21 0.0032* 

White Foraminifera spp. 1.39 3,87 0.253 2.83 7,83 0.0109* 3.4 21 <0.0001* 

Pink Foraminifera spp. 2.72 3,87 0.05* 4.29 7,83 0.0005* 1.2 21 0.0014* 

Ostracod 24.65 3,87 <0.0001* 2.65 7,83 0.0163* 2.03 21 0.0061* 

Crab spp. 128.4 3,87 <0.0001* 7.55 7,83 <0.0001* 2.17 21 0.0032* 

Fish spp. 64.86 3,87 <0.0001* 8.79 7,83 <0.0001* 2.31 21 0.0039* 

Ascidian spp. 58.53 3,87 <0.0001* 12.65 7,83 <0.0001* 3.34 21 <0.0001* 

 
 

Table 4.3 Multivariate PERMANOVA of the effects of site and month on the community 
composition of spat settlement collectors. Analysis was based on Euclidian distances of 
normalised data, using 999 random permutations (perms). 

!
Source   SS df  MS Pseudo-F P(perm) 

Unique 
perms 

Site 31946 4 7986.4 8.8034 0.001 998 

Month 90663 8 11333 12.492 0.001 996 

Site*Month 83510 31 2693.9 2.9695 0.001 996 

Residual 72576 80 907.2          

Total 2.92E+05 123          

 

Table 4.4 Multivariate PERMANOVA of the effects of site and month on the community 
composition of spat settlement collectors when P. novaezelandiae densities were significantly 
high between August 2014-January 2015. Analysis was based on Euclidian distances of 
normalised data, using 999 random permutations (perms). 

 

Source SS df MS Pseudo-F P(perm) Unique 
Perms 

Site 15572 4 3892.9 6.257 0.001 998 

Month 47612 4 11903 19.131 0.001 999 

Site*Month 33287 15 2219.2 3.5668 0.001 996 

Residual 26753 43 622.17    
Total 1.29E+05 66     

!
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Table 4.5 Multivariate PERMANOVA of the effects of site and month on the community 
composition of spat settlement collectors between March-May 2014, February 2015. Analysis 
was based on Euclidian distances of normalised data. 
! !

Source SS df MS Pseudo-F P(perm) Unique 
Perms 

Site 37464 4 9366 7.5627 0.001 999 
Month 16906 3 5635.4 4.5504 0.001 999 
Site*Month 32253 12 2687.8 2.1703 0.001 995 
Residual 45822 37 1238.4    
Total 1.32E+05 56     

 
 
 
Table 4.6 Simper analyses identifying the observed Bray-Curtis similarity in the assemblages 
of species at each monitoring period and the percentage contribution of those species that 
were found to contribute more that 10 percent to observed assemblage similarities. 
!

Month Average 
Similarity Species Av.Abund Av.Sim ± SD Contrib% 

March 55.91 

Bivalve spp. 11.71 17.55 ± 1.57 31.39 

Mussel spp. 6.55 7.74 ± 1.29 13.84 

Perfect sworl 5.86 6.93 ± 0.66 12.4 

Pink Foraminifera 6.92 6.32 ±0.67 11.3 

April 53.3 

Bivalve spp. 14.42 24.37 ± 2.69 45.71 

Mussel spp. 5.71 7.67 ± 0.92 14.4 

All Gastropods 6.11 7.57 ± 0.59 14.2 

May 52.23 

Pink Foraminifera 8.64 17.08 ± 0.9 32.69 

All Gastropods 5.42 12.03 ± 0.54 23.02 

Ostracod 11.17 10.9 ± 0.68 20.86 

August 56.55 

Pink Foraminifera 14.56 21.64 ± 1.34 38.27 

Ostracod 9.38 9.83 ±0.83 17.38 

Bivalve spp. 5.86 5.74 ± 0.82 10.14 

October 66.9 

Mussel spp. 67.92 25.79 ± 1.9 38.55 

Bivalve spp. 56.1 22.36 ± 1.78 33.43 

Pink Foraminifera 20.67 7.23 ± 2.1 10.81 

November 80.01 
Mussel spp. 65.75 32.53 ±3.68 40.66 

Bivalve spp. 74.56 32.22 ± 2.97 40.27 

December 70.68 
Bivalve spp. 91.8 54.31 ± 5.24 76.84 

Mussel spp. 30.93 12.67 ± 1.9 17.93 

January 73.99 

Bivalve spp. 32.62 32.64 ± 1.73 44.12 

Mussel spp. 13.71 14.22 ± 1.81 19.21 

Pink Foraminifera 7.8 8.4 ± 0.88 11.35 

Ostracod 6.37 8.11 ± 1.07 10.96 

All Gastropods 4.99 7.71 ± 1.14 10.42 

February 58.58 

Bivalve spp. 27.81 27.81 ± 2.8 47.47 

Ostracod 9.88 9.46 ± 0.97 16.14 

All Gastropods 3.3 9.13 ± 0.71 15.58 
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Table 4.7 Simper analyses identifying the percentage contribution of those species that contribute more that 10 percent to the observed Bray-
Curtis dissimilarity in the assemblages of species between monthly monitoring periods (P. novaezelandiae contributions were included when 
they were detected to make more than a 3% contribution to observed assemblages). 

!
 

Average 
Dissimilarity Species Average 

Abundance 
Average 

Abundance 
Percent 

Contribution   
Average 

Dissimilarity Species Average 
Abundance 

Average 
Abundance 

Percent 
Contribution 

   March April      April May  

March & 
April 53.41 

Bivalve spp. 11.71 14.42 18.74  

April & May 57.2 

Bivalve spp. 14.42 7.73 33.46 
Ostracod 10.17 5.04 18.06  Pink Foraminifera 8.18 8.64 21.67 

Pink Foraminifera 6.92 8.18 15.39  Mussel spp. 5.71 4.09 12.18 
Perfect sworl 5.86 3.29 13.68  All Gastropods 6.11 5.42 11.31 
Mussel spp. 6.55 5.71 13.19     April August  

   March May   

April  &  August 61.11 

Pink Foraminifera 8.18 14.56 21.72 

March & 
May 64.62 

Bivalve spp. 11.71 7.73 24.16  Bivalve spp. 14.42 5.86 19.09 
Ostracod 10.17 11.17 15.82  Ostracod 5.04 9.38 13.34 

Perfect sworl 5.86 3.81 13.69  Perfect sworl 3.29 5.79 10.02 
Mussel spp. 6.55 4.09 13.6  P. novaezelandiae 1.1 2.82 5.63 

Pink Foraminifera 6.92 8.64 13.6     April October  
   March August   

April  &  October 72.21 
Mussel spp. 5.71 67.92 38.67 

March & 
August 61.4 

Ostracod 10.17 9.38 19.21  Bivalve spp. 14.42 56.1 27.6 
Pink Foraminifera 6.92 14.56 15.33  Perfect sworl 3.29 18.86 10.13 

Bivalve spp. 11.71 5.86 15.05     April November  
Perfect sworl 5.86 5.79 11.09  April  &  November 72.92 

Mussel spp. 5.71 65.75 36.08 
P. novaezelandiae 1.26 2.82 4.58  Bivalve spp. 14.42 74.56 32.37 

   March October      April December  
March  &  
October 72.15 

Mussel spp. 6.55 67.92 35.17  
April  &  December 70.71 

Bivalve spp. 14.42 91.8 59.23 
Bivalve spp. 11.71 56.1 27.11  Mussel spp. 5.71 30.93 18.06 

   March November   P. novaezelandiae 1.1 4.95 3.27 

March  &  
November 70.91 

Mussel spp. 6.55 65.75 34.52     April January  
Bivalve spp. 11.71 74.56 34.32  

April  &  January 58.54 

Bivalve spp. 14.42 32.62 31.52 

   March December   Pink Foraminifera 8.18 7.8 16.53 

March  &  
December 73.03 

Bivalve spp. 11.71 91.8 55.74  Mussel spp. 5.71 13.71 14.22 
Mussel spp. 6.55 30.93 15.76  All Gastropods 6.11 4.99 13.86 

P. novaezelandiae 1.26 4.95 3.25     April February  
   March January   

April  &  February 53.13 

Bivalve spp. 14.42 27.81 26.57 

March  &  
January 59.68 

Bivalve spp. 11.71 32.62 33.61  Pink Foraminifera 8.18 6 19.23 
Mussel spp. 6.55 13.71 12.98  Ostracod 5.04 9.88 12.69 

Ostracod 10.17 6.37 11.85  All Gastropods 6.11 3.3 12.61 
All Gastropods 4.96 4.99 11.82  Mussel spp. 5.71 5.6 10.28 

Pink Foraminifera 6.92 7.8 11.1     May August  
   March February   

May  &  August 
Average 67.6 

Pink Foraminifera 8.64 14.56 23.64 

March  &  
February 57.22 

Bivalve spp. 11.71 27.81 26.76  Ostracod 11.17 9.38 16.19 
Ostracod 10.17 9.88 18.47  Bivalve spp. 7.73 5.86 15.02 

Pink Foraminifera 6.92 6 14.82  Perfect sworl 3.81 5.79 12.99 

      P. novaezelandiae 1.81 2.82 5.84 

!
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Average 
Dissimilarity Species Average 

Abundance 
Average 

Abundance 
Percent 

Contribution   
Average 

Dissimilarity Species Average 
Abundance 

Average 
Abundance 

Percent 
Contribution 

   May October     
 

November December          

May  &  
October 78.41 

Mussel spp. 4.09 67.92 35.98  November  &  
December 42.08 

Bivalve spp. 74.56 91.8 32.85 
Bivalve spp. 7.73 56.1 29.79  Mussel spp. 65.75 30.93 29.8 
Perfect sworl 3.81 18.86 10.06  P. novaezelandiae 2.94 4.95 3.48 

   May November     
 

November January          

May  &  
November 83.81 

Bivalve spp. 7.73 74.56 34.85  November  &  
January 50.67 

Mussel spp. 65.75 13.71 35.29 
Mussel spp. 4.09 65.75 33.83  Bivalve spp. 74.56 32.62 32 

   May December   P. novaezelandiae 2.94 1.44 3.39 

May  &  
December 82 

Bivalve spp. 7.73 91.8 59.11    
 

November February          
Mussel spp. 4.09 30.93 18.09  November  &  

February 61.45 
Mussel spp. 65.75 5.6 39.57 

   May January   Bivalve spp. 74.56 27.81 26.37 

May  &  
January 69.23 

Bivalve spp. 7.73 32.62 32.54    
 

December October          
Pink Foraminifera 8.64 7.8 15.33  

December  &  
October 49.46 

Bivalve spp. 91.8 56.1 31.64 
Mussel spp. 4.09 13.71 15.21  Mussel spp. 30.93 67.92 27.29 

Ostracod 11.17 6.37 12.18  Pink Foraminifera 2 20.67 11.45 
All Gastropods 5.42 4.99 10.94  Perfect sworl 0.4 18.86 11.34 

   May February     
 

December January          

May  &  
February 64.53 

Bivalve spp. 7.73 27.81 36.25  December  &  
January 51.34 

Bivalve spp. 91.8 32.62 52.93 
Ostracod 11.17 9.88 13.89  Mussel spp. 30.93 13.71 15.84 

Pink Foraminifera 8.64 6 12.63  P. novaezelandiae 4.95 1.44 3.63 

   August October     
 

December February          

August &  
October 75.71 

Mussel spp. 2.11 67.92 36.63  December  &  
February 65.87 

Bivalve spp. 91.8 27.81 52.31 
Bivalve spp. 5.86 56.1 28.8  Mussel spp. 30.93 5.6 18.19 
Perfect sworl 5.79 18.86 9.01  P. novaezelandiae 4.95 0 3.53 

   August November     
 

January October          

August  &  
November 76.37 

Bivalve spp. 5.86 74.56 35.02  
January  &  

October 54.33 

Mussel spp. 13.71 67.92 36 
Mussel spp. 2.11 65.75 34.86  Bivalve spp. 32.62 56.1 23.76 

   August December   Perfect sworl 3.53 18.86 11.68 

August  &  
December 81.39 

Bivalve spp. 5.86 91.8 54.86  Pink Foraminifera 7.8 20.67 11.39 
Mussel spp. 2.11 30.93 16.89    

 
January February          

   August January   

January  &  
February 50.14 

Bivalve spp. 32.62 27.81 23.31 

August &  
January 69.15 

Bivalve spp. 5.86 32.62 33.02  Mussel spp. 13.71 5.6 16 
Pink Foraminifera 14.56 7.8 18.77  Pink Foraminifera 7.8 6 14.47 

Mussel spp. 2.11 13.71 13.47  All Gastropods 4.99 3.3 12.36 

   August February   Ostracod 6.37 9.88 11.02 

August  &  
February 67.82 

Bivalve spp. 5.86 27.81 27.46    
 

February October          
Pink Foraminifera 14.56 6 23.7  

February  &  
October 64.57 

Mussel spp. 5.6 67.92 36.84 
Ostracod 9.38 9.88 10.22  Bivalve spp. 27.81 56.1 24.56 

P. novaezelandiae 2.82 0 4.22  Pink Foraminifera 6 20.67 11.72 

   November October   Perfect sworl 3.79 18.86 10.01 

November  
&  October 33.17 

Bivalve spp. 74.56 56.1 31.39    
    Mussel spp. 65.75 67.92 26.54    
    Perfect sworl 7.46 18.86 11.38    
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!
Table 4.8 Simper analyses identifying the differences in the observed Bray-Curtis similarity and abundance in the assemblages of communities on spat 
collectors at each site during periods when P. novaezelandiae pediveligers showed significantly higher abundance (August-January 2014) and when P. 
novaezelandiae pediveligers showed significantly lower abundance (March-May 2014, February 2015) showing the faunal groups that contributed the 
most to the observed similarity between sites. 
 

  August 2014-January 2015 March-May 2014 and February 2015 

Site 
Average 

Similarity Species 
Average 

Abundance 
Average 

Similarity SD 

Percent 
Contribution 

(%) 
Average 

Similarity Species 
Average 

Abundance 
Average 

Similarity SD 

Percent 
Contribution 

(%) 

Horseshoe 
Bay 60.83 

Pink Foraminifera 14.37 25.03 1.61 41.15 

57.08 

! ! ! ! !
Bivalve spp. 16.15 10.94 0.53 17.99 Gastropods 15.91 30.07 1.8 52.68 

Mussel spp. 5.72 8.33 1.24 13.7 Bivalve spp. 7.86 11.57 1.24 20.26 

Gastropods 5.53 6.32 0.97 10.38      
Ostracod 3.54 6.09 0.93 10.01      

Papatiki 
Bay 69.62 

Bivalve spp. 40.91 26.11 1.44 37.5 

53.68 

Bivalve spp. 8.33 18.64 1.22 34.72 

Mussel spp. 32.89 14.41 1.51 20.7 Pink Foraminifera 5.12 18.49 0.9 34.45 

Pink Foraminifera 15.4 12.26 0.92 17.61      

Pāua Beach 71.98 
Bivalve spp. 42.82 32.59 1.79 45.28 

57.55 
Bivalve spp. 15.59 28.29 2.55 49.16 

Mussel spp. 30.84 21.56 1.59 29.95 Mussel spp. 6.04 10.2 1.33 17.72 

Prices Inlet 69.86 

! ! ! ! !
51.08 

Bivalve spp. 30.29 23.83 3.02 46.65 

Bivalve spp. 72.09 40.19 1.76 57.54 Mussel spp. 11.99 7.87 1.08 15.41 

Mussel spp. 48.04 21.14 1.32 30.26 Ostracod 12.39 7.03 0.9 13.77 

     White Foraminifera 6.87 6.09 0.92 11.92 

Sawdust 
Bay 69.89 

Bivalve spp. 72.43 29.32 1.7 41.95 

55.67 

Ostracod 26.15 24.68 1.57 44.34 

Ostracod 14.5 12.51 1.13 17.9 Bivalve spp. 14.28 12.31 0.86 22.11 

Mussel spp. 42.31 11.8 0.82 16.89 Pink Foraminifera 11.51 11.04 1.28 19.84 
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4.4 Discussion 

4.4.1 Temporal variability of Pecten novaezelandiae pediveligers within Whaka ā Te Wera 

Typically, pectinids show inter- and intra-specific variability in the frequency, timing and 

duration of spawning events (Barber & Blake, 2006). Histological studies of the central (Bull, 

1982 & 1984) and northern populations (Williams & Babcock, 2004) of P. novaezelandiae 

have shown that the species typically undergoes strong settlement in the summer and is also 

capable of a late summer spawning, which results in spat settlement from April to June. P. 

novaezelandiae in Whaka ā Te Wera underwent strong settlement during the summer, typical 

of the species. Surprisingly, significantly high densities of P. novaezelandiae pediveligers 

were also detected on spat collectors in Whaka ā Te Wera during the late winter (August). 

The presence of pediveligers on collectors during the late winter suggests two possibilities 

about the spawning of P. novaezelandiae in Whaka ā Te Wera: (i) that spawning of P. 

novaezelandiae in Whaka ā Te Wera undergoes similar timing to northern populations, but 

that larval development is delayed, either by environmental conditions or by the physiology of 

the population or, (ii) low temperatures in Whaka ā Te Wera leads to lowered metabolism in 

P. novaezelandiae, with growth efficiency of the population allowing for an increased ability 

to spawn throughout the year.  

4.4.1.1 Hypothesis i: Winter settlement and delayed larval development 

Should P. novaezelandiae in Whaka ā Te Wera undergo similar spawning patterns to northern 

populations, and if environmental conditions (temperature and food availability) are also 

similar, it would be expected that the sites studied here would also show similar patterns in 

larval settlement. In laboratory studies, sea scallop Placopecten magellanicus larvae have 

been found to delay settlement for one to two months if environmental conditions (light, food 

and temperature) were not suitable for growth and development, or if suitable settlement 

surfaces were not available (Gallager et al., 1996).  

 

Little is known of the response of P. novaezelandiae to environmental conditions. In Whaka ā 

Te Wera temperatures encountered during the winter (Fig. 3.2) did not drop below 5°C, which 

in conjunction with low salinities (<20 psu) have been found to lead to high mortalities of 

suspended larvae in comparable temperate species (Strand et al., 1993). In contrast, 

temperature during the winter  (Fig. 3.2) did fall below measurements that have been 
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previously found to delay the development and metamorphosis of pectinid larval veligers 

(Christophersen & Strand, 2003; Rupp & Parsons, 2004; Strand et al., 1993). Delays have 

lead to reductions in the integrity of larval attachment in the king scallop Pecten maximus 

(Christophersen & Strand, 2003; Strand et al., 1993), and the lions paw scallop Nodipecten 

nodosus (Rupp & Parsons, 2004) (<15°C) which extended larval suspension periods.  

Increasing suspension periods in the water column has been found to be associated with an 

elevated risk of starvation and reduced settlement (Culliney, 1974; Gallager et al., 1996), 

increased predation (Eckman, 1996; Hadfield, 1986, 2000; Todd, 1998) and can also increase 

the likelihood that larva are transported away from suitable environments (Crimaldi et al., 

2002; Koehl, 2007; Tremblay et al., 1994). An increase in the likelihood of senescence prior 

to settlement during the winter could explain why pediveliger densities are significantly lower 

density during this period.  

 

Although increased suspension can have negative impacts on survival, a study of the Peruvian 

scallop Argopecten purpuratus suggests that, juveniles that have undergone slow 

development at low temperatures have a heightened chance of survival post settlement, 

compared to those that undergo faster than normal development at higher temperatures 

(Martinez et al., 2000). Delayed larval settlement could also allow for an increased feeding 

and attachment ability during winter, when there are likely to be lower chances of fouling and 

competition for resources by avoiding the peak settlement period of other invertebrate species 

(see Bullard et al., 2004).  

 

P. novaezelandiae in Whaka ā Te Wera were observed to settle two months after the known 

typical settlement of northern populations. As the temperatures in Whaka ā Te Wera were 

found to fall below those that would act in conjunction with low salinities to delay settlement, 

it is possible that the settlement observed during late winter was a product of delayed 

development. Salinities were not directly monitored at a fine scale throughout this study. One 

off samples (Fig. 3.3) and temperature monitoring (Fig. 3.2) throughout the sites did however 

suggest that salinities did fall in surface waters. Further research is needed to confirm the role 

that environmental conditions such as temperature or salinity play in the development of P. 

novaezelandiae larvae.  

 

On the contrary it is possible that the larval development of P. novaezelandiae in Whaka ā Te 

Wera reflects the slow growth of the population. A product of lowered metabolic rates slow 

growth could indicate that larval development is not limited by environmental conditions, but 
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by the metabolism of the individual that allows for large growth and old age (O’Connor et al., 

2007). No studies have been undertaken on the length of larval development of P. 

novaezelandiae in Whaka ā Te Wera. Here, P. novaezelandiae grow to large sizes (up to 

175mm) and are found to be longer lived (up to 8-10 years) than northern and central 

populations (150mm, 7 years) (Carbines & Michael, 2007; Marsden & Bull, 2006). Slow 

larval growth in tune with slowed adult growth has been observed in a range of marine taxon 

(O’Connor et al., 2007). Pechenik (1990) described larval stages as being proportional to the 

life of the individual; however, this theory failed to explain why larva underwent normal 

settlement during the summer. In reef fish, larval development time has been found to show 

significant variability with latitude (Houde, 1989), with larval stage duration increasing with 

cooler temperatures in higher latitudes. This could explain why settlement during the summer 

in Whaka ā Te Wera showed similar patterns to northern populations when, possibly 

temperatures allowed for faster metabolism. It is possible that the larval phases of P. 

novaezelandiae differ in their development to northern populations, leading to the winter 

settlement observed.  

4.4.1.2 Hypothesis ii: Winter settlement and low metabolism 

An alternative explanation for the patterns observed in the settlement of P. novaezelandiae is 

that temperatures influence the metabolism of the population, allowing for an increased 

ability to develop gametes when resources would typically limit growth and development. 

Heilmayer et al. (2004) analysed species of pectinid bivalves of known growth performance 

and metabolic rates and found that populations at higher latitudes (which experience cooler 

temperatures) show lowered base metabolic costs and were therefore likely to have lower 

food requirements compared to populations with higher base metabolic costs.  

 

Typically, growth and reproduction stop when environmental conditions are unfavourable 

(Chauvaud et al., 2012). If the growth of P. novaezelandiae within Whaka ā Te Wera was not 

limited by the environmental conditions (food or temperature), then the population may have 

an enhanced ability to produce gametes during periods when food availability is low and low 

temperatures typically limit growth ability and reproduction in other populations. An increase 

in the abundance of pediveligers on settlement collectors in late winter (August) (Fig. 4.4) 

could suggest that resources in Whaka ā Te Wera allow for reproduction during mid-winter 

(based on suspension estimates of P. novaezelandiae pediveligers in northern populations 

Williams & Babcock, 2004), which is not typical of other studied New Zealand populations 

(Booth, 1983; Williams & Babcock, 2004). Should P. novaezelandiae in Whaka ā Te Wera 
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show lower base metabolic costs, as observed in other high latitude populations, the larval 

settlement observed in Whaka ā Te Wera could be a product of gamete spawning year round.  

 

This study was limited in its ability to detect the metabolic activity of populations by the time 

and resources it takes for these studies to be undertaken. As a low density population 

protected from harvest to enhance population growth, invasive studies requiring specimen 

collections were also unviable in the region. Visual grading of the gonad as described by 

Williams & Babcock (2005), would provide a preliminary understanding into the ability of 

individual spawning ability within Whaka ā Te Wera, and allow for a simple explanation as to 

whether the population is capable of spawning throughout the year. Further non-invasive 

studies exploring the metabolic activity of P. novaezelandiae in Whaka ā Te Wera and how 

this influences growth and gamete development would too provide insight into the growth of 

individuals in the region. 

4.4.2 Temperature and spawning induction 

Beyond influencing growth, temperature also acts as an external stimulus for the induction of 

spawning (Sastry, 1963). Central and northern New Zealand populations show variable peaks 

in settlement during the summer, likely a product of variable spawning cues (Marsden & Bull, 

2006; Morrison, 1999; Williams & Babcock, 2004). Within Whaka ā Te Wera strong 

settlement of P. novaezelandiae occurred between August-January, with a seasonal peak in 

December (Fig. 4.4). In the bay scallop Argopecten irradians, geographically distinct 

populations have been induced to spawn under different thermal conditions (Bricelj et al., 

1987; Sastry, 1963); in Sastry (1963), populations at high latitudes were found to begin gonad 

growth and gametogenesis earlier in the year and at cooler water temperatures than 

populations at low latitudes. This pattern has also been observed in the timing of settlement in 

Placopecten magellanicus pediveligers (MacDonald & Thompson, 1988; Pearce et al., 2004). 

The temperature dynamics (e.g. annual range and seasonal phase) differ between 

geographically distinct P. novaezelandiae populations (Fig. 1.1), which utilise local thermal 

cues (e.g. a rapid rise in temperature) to induce spawning. In the present study, a steady 

increase in temperature was observed at all sites within Whaka ā Te Wera from July to 

August and September and between September and October (Fig. 3.2). Temperature was also 

found to vary on small spatial scales between sites (Fig. 3.2, Table 3.2). A future study 

focusing on monitoring the connection between induction of spawning and the rate and nature 

of P. novaezelandiae larvae settlement at a finer temporal scale, and under varying 
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environmental conditions, could provide further insight into the dynamics of spawning and 

settlement in the region. 

4.4.3 Larval availability/supply  

Limited recruitment of P. novaezelandiae in Horseshoe Bay on the open coast (Fig. 4.5) 

suggests that populations of P. novaezelandiae within Whaka ā Te Wera are dependent on 

larval sources from within the inlet. Connectivity of populations to larval sources plays a key 

role in determining larval availability for settlement (Pineda et al., 2008). In previous research, 

geographically close populations have been found to be functionally isolated from one 

another, by local and broad scale hydrodynamic conditions (McGarvey et al., 1993).  

 

Low pediveliger abundance (less than 120 during peak settlement) on collectors suggests that 

there is limited larval supply. Using similarly designed collectors, submerged for roughly two 

months studies in the Nelson/Marlborough region have reported spat densities on collectors 

between 48-4400 (Bull, 1984). These high densities reflected international studies on Pecten 

fumatus spat settlement in Tasmania (Hortle & Cropp, 1987) and the tehuelche scallop 

Aequipecten tehuelchus in San Matias Gulf, Patagonia (Narvarte, 2001) which reported spat 

settlement densities larger than 300 individuals per collector. In general, larval supply in 

healthy scallop populations (free from disease and adverse environmental conditions) is not 

assumed to be limited due to the fertility of individuals and the high number of gametes 

produced (Hunt & Scheibling, 1997). P. novaezelandiae in Whaka ā Te Wera are a 

recovering, low density (Russell et al., 2014) and potentially isolated population. Low-density 

populations may be limited in fertilisation success by the rate of gamete to encounter. Under 

an Allee effect (Gascoigne & Lipcius, 2004), P. novaezelandiae densities in Whaka ā Te 

Wera may be limited in population growth rates by the small population size. Should 

fertilisation be limited then the supply of larvae to sites throughout the inlet is likely to be 

limited by the densities of gametes produced. This is likely to be especially inhibiting in sites 

such as Prices Inlet and Pāua Beach, where densities of P. novaezelandiae are low (less than 1 

scallop every 10 m2).  

 

Reproductive output in pectinids has been found to increase with age (Vahl, 1981). As P. 

novaezelandiae are a likely late maturing population, the densities of P. novaezelandiae in 

Whaka ā Te Wera contributing to the larval source pool is likely to be limited by the time it 

takes for mature individuals to contribute gametes to the population (Claereboudt, 1999; 

O’Connor & Heasman, 1995).  
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4.4.4 Variability in Pecten novaezelandiae pediveliger abundance among sites 

Relatively high abundances of pediveligers on settlement collectors in Sawdust Bay (Fig. 4.4) 

suggest that either the conditions here encourage larval settlement or that there are factors that 

lead to the increased retainment of larvae in this site. High densities of adult P. 

novaezelandiae in Sawdust Bay may allow for increased production of gametes  

leading to the high densities observed. There are comparatively high densities of adult P. 

novaezelandiae in Papatiki Bay, yet there was low larval settlement (Fig. 2.3c), suggesting 

that local hydrodynamic conditions play a key role in influencing the retainment or settlement 

ability of larva in these sites. Prices Inlet and Pāua Beach, sites which have previously 

contained high densities of adults (Russell et al. 2014) but now contain low-density 

populations (Fig. 2.3c), also exhibited low larval settlement (Fig. 4.4). Local scale 

hydrodynamics in Whaka ā Te Wera appear to play a key role in limiting supply of larvae 

from healthy populations, as has been observed in other isolated populations such as the sea 

urchin Evechinus chloroticus in Fiordland (Wing, 2009). 

4.4.5 Local hydrodynamics and settlement behaviours 

Local hydrodynamic conditions influence a larva’s ability to settle (Crimaldi et al., 2002; 

Koehl, 2007; Snelgrove et al., 1993, 1998) and remain attached to substrate surfaces. Harvey 

et al. (1995) found that the hydrodynamics induced by flow through spat settlement collectors 

enhanced settlement behaviours. The highest flow rate detected in Sawdust Bay (16 cm s-1) 

(Fig. 3.9d) was found to exceed a velocity that has previously been found to limit the feeding 

ability of juvenile scallops (Wildish, 1992; Wildish et al., 1987). The attachment ability of 

pectinid larvae however is less well understood. Pectinid larvae have been found to 

thigmotactically respond to settlement surfaces (Caddy, 1970; Culliney, 1974). Turbulence 

influences the contact rate of larvae with potential settlement surfaces (Jonsson et al., 2004) 

and encourages settlement. In Sawdust Bay the intensity of settlement is likely to be enhanced 

with flow speed by the ability of the waters to facilitate the number of larvae passing through 

the collector, increasing encounter rates (Eckman, 1987). As there was high settlement 

detected within Sawdust Bay (Fig. 4.4), with flow rates typically below 6cm s-1, it seems 

likely that the flow encountered here was appropriate for settlement. In contrast, the rate and 

nature of encounter that pediveligers had with collectors in Pāua Beach and Prices Inlet would 

be comparatively low with low flow conditions at these sites, likely limiting the encounter 

rate of suspended larva with settlement collectors. Fast flowing currents (>14 cm s-1) were 

also detected in Sawdust Bay for a short period (Fig. 3.10e). Flow rates have also been found 
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to influence the likelihood that larvae dislodge from a substrate (Harvey et al., 1997) and 

faster flowing currents have also been found to limit a scallops’ attachment ability and 

encourage larval transport away from favoured surfaces (Jonsson et al., 2004). The current 

study was limited in its ability to detect the detachment of individuals under flow. Further 

research into the changes of pediveligers on collectors post-settlement may provide insight 

into the abundances observed in this study. 

4.4.6 Broad scale (inlet wide) hydrodynamics 

At a broad spatial scale (i.e. tens of kilometres) the hydrodynamics of Whaka ā Te Wera are 

likely to influence the transport of larvae throughout the Inlet. Identified as a vertical two 

dimensional wind driven inlet (Heath, 1976), the circulation of Whaka ā Te Wera is likely to 

be dominated by the influence of the dominant westerly winds in the region. Here, the forcing 

of the prevailing westerly winds could lead to net westerly flow of the surface waters 

(Russell, pers com.). It is likely that circulation within Whaka ā Te Wera, follows similar 

dynamics to those observed in Big Glory Bay where return subsurface flow westwards links 

circulation when waters pile up on the eastern shoreline and the resulting pressure gradient 

leads to back flow with depth (Russell, unpublished manuscript). Prices Inlet remains a 

unique discussion point within Whaka ā Te Wera as the site once contained high densities of 

P. novaezelandiae (Russell et al., 2014) and now consists of low adult densities and low P. 

novaezelandiae pediveliger settlement (Fig. 4.4). As the timing of P. novaezelandiae 

settlement in Prices Inlet differed from the nearest populations, and that densities remained 

low here when the relative abundances of pediveligers in Sawdust Bay and Papatiki Bay 

remained high, suggests that there is a degree of isolation of Prices Inlet from these 

populations. However, determining the extent of hydrodynamic isolation here is limited by 

the current limited understanding of circulation in the Inlet. Should Prices Inlet be 

functionally isolated from larval sources by local hydrodynamics, the larva available for 

settlement to re-establish in this region is likely to be limited by the Allee effect of the local 

low-density population. Low settlement is likely to be confounded by the flow conditions in 

Prices Inlet limiting larval contact with collectors.  

 

A circulation feature in Sawdust Bay (Fig. 3.10e) is likely to enhance the accumulation of 

pediveligers in the region and could explain high detection of pediveliger settlement. Eddies 

and circulation features are likely to occur in other regions within Whaka ā Te Wera; however 

the detection and persistence of these hypothesised features will require further study into the 

hydrodynamics of the region. As a relatively open coast bay (Fig. 1.4), Papatiki Bay is 
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exposed to waters from Foveaux Strait, which is unlikely to contain significant densities of 

suspended larvae, as there are unlikely to be high densities of scallops in this region. 

Localised reproduction is likely the main source of larval recruitment and likely becomes 

limited with local conditions. The position of collectors within a bay may also play a key role 

in influencing local scale settlement, with larvae in some cases accumulating where currents 

allow. Further study could benefit from increased spatial monitoring within a bay to 

encapsulate the settlement patterns. 

4.4.7 Post-larval species interactions on spat settlement collectors 

Observations of peak settlement of P. novaezelandiae and other bivalve species between 

October-December suggest that these species could compete for resources. However, the 

extent of this competition is yet unknown. More than 100 species of invertebrates have 

previously been reported to persist epiphytically on the blades of the seagrass Zostera marina 

(Grizzle et al., 1996), a favoured settlement surface of scallop larvae. The New Zealand 

species Zostera muelleri, plays a similar ecological role in invertebrate pediveliger settlement 

within New Zealand marine systems (Matheson et al., 2009). Invertebrate larvae are found to 

avoid settling next to dominant competitors (Bullard et al., 2004). Larval survival after 

settlement is influenced by inter-and intra-specific competition, predation and grazing and 

parasitism, as well as physical disturbance induced by local environmental conditions (Todd, 

1998). P. novaezelandiae pediveliger abundances on spat collectors showed an increase 

during November and December when there was peak settlement of other bivalve species. An 

increase in the abundance of pediveligers on collectors in the face of high settlement from 

other bivalve species suggests that P. novaezelandiae settlement was not inhibited by 

interspecific competition. However, as there was no estimate of the true densities of 

individuals capable of settling during this time it cannot be determined whether the high 

abundances of other bivalve larvae on spat collectors limited the availability of space, limiting 

further P. novaezelandiae settlement. An estimate of the available settlement space versus the 

density of larvae in the collectors as identified in Roughgarden et al. (1985) with time could 

provide an indication of whether the bivalve densities present were competing for the limited 

available space, or whether the availability of P. novaezelandiae pediveligers were key in 

determining the observed abundances on collectors. 

 

Predation is the most likely source of post-settlement mortality (Hunt & Scheibling, 1997). 

There was no evidence to suggest that there is a significant correlation between the densities 

of single predators or competitors on collectors and the densities of scallop larvae (Table 4.3). 
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However, detection of these species was likely limited by the mobility of species, and the 

ability to distinguish between the role of larval settlement or predation in influencing 

observed densities. Further studies of small-scale space utilisation of settlement collectors by 

predators and prey may provide insights into the observed densities in this study.  

 

The method of species identification used in this study was limited by the ability to detect, 

which Mussel species were settling where. Green shell mussels Perna canaliculus are 

cultivated in the adjacent Big Glory Bay (BGB) aquaculture park region (Stuart et al., 2009) 

(Fig. 1.4). P. canaliculus is a native species, typically found in the central and northern 

districts of New Zealand that has historically been found to persist in wild populations in 

Horseshoe Bay (Wei et al., 2013). However, spat used to grow mussels in the BGB farms are 

derived from sources external to the region, with densities of mussels growing on the farms 

far beyond those that would occur naturally in the region. P. canaliculus larva produced from 

mature individuals in the farm may increase competition between the naturally occurring 

invertebrates within Whaka ā Te Wera. MacDonald & Ward (2009) highlighted that when 

raised under the same conditions, adult scallops were likely to demonstrate specialised 

responses in feeding to changes in environmental conditions compared to mussel species, 

contributing to a range of research that indicates mussel species that typically show broad 

scale tolerances to environmental conditions are less specialised. A study of the introduction 

of non-native oysters in aquaculture by Ruesink et al. (2005) indicated that species were only 

likely to limit the productivity of other species should they share similar habitats.  As P. 

novaezelandiae are benthic species that prefer filamentous substrates when settling out of the 

plankton, and P. canaliculus favour hard substrate of rocky reef (Helson & Gardner, 2004), it 

seems likely these species exert little pressure on one another. As mussel species are likely to 

actively explore surfaces in search of more appropriate settlement sites (Alfaro, 2006) it is 

suggested that there was little functional competition between the two. The present study 

observed that mussel species and bivalves, including pectinids, all settled on spat collectors 

alongside one another, suggesting that these two species could initially compete for limited 

space post settlement contradicting the concept proposed by Ruesink et al. (2005). Further 

research into the relationship in competition between these species could provide insight into 

the influence of aquaculture developments on local populations in Whaka ā Te Wera and 

beyond. 

 

A correlation in the densities of T. zelandiae and P. novaezelandiae indicates that these 

pectinid species undergo similar patterns in settlement. That the densities of both pectinid 
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species on settlement collectors were low even when other species were absent suggests that 

these species were more likely to be limited by local larval densities and competition from 

other species than each other in limiting the settlement ability. 

 

In previous studies on suspended collectors the presence of invertebrate species has been 

found to reflect the communities of the bottom sediments (Thouzeau, 1991a) and are also 

reflective of the local hydrography of the region. The interactions of species in some cases has 

been found to influence the settlement behaviour of larvae (Petersen, 1984). Oceanic and 

estuarine Foraminifera species in the region showed substantial difference in distribution 

especially between the inner most site Sawdust Bay, and all other sites (Fig. 6 e-f). High 

densities of Pink Foraminifera species at Sawdust Bay while there were low detected densities 

in other regions suggests that the site is likely to have limited connectivity with other sites and 

leads thinking to suggest that the maintenance of larvae in this region is substantially 

enhanced by the isolation of this site from external influence/ flushing etc. 

4.5 Conclusions 

Low settlement external to the inlet suggests that Whaka ā Te Wera is isolated from external 

larval recruitment and indicates it is likely that the recovery of the population within Whaka ā 

Te Wera is dependent on the spawning capacity of the densities of adult P. novaezelandiae in 

the inlet. Larval availability influences the rates of settlement and recruitment of a species to 

an area (Todd, 1998). As a low density population it is likely that the isolation and the Allee 

affect induced by the low density population plays a key role in limiting the recovery of P. 

novaezelandiae in Whaka ā Te Wera (Claereboudt et al., 1994; Gascoigne & Lipcius, 2004).  

 

The detection of continuous P. novaezelandiae pediveliger settlement throughout the year 

indicates either (i) conditions within Whaka ā Te Wera support growth and development for 

spawning throughout the year or (ii) larvae may delay settlement until more appropriate 

conditions i.e. less competition for space is evident. It is unlikely that the encountered low 

temperatures reduce the spawning ability or influence survival of P. novaezelandiae in Whaka 

ā Te Wera. Low salinities (in conjunction with these low temperatures) could, however, limit 

the development of suspended larvae and lead to increases in mortality of larvae prior to 

settlement and loss of pediveligers out of the inlet. 
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Settlement of scallop larvae on collectors at all sites suggests that each site is capable of 

retaining larva and supporting settlement. High prevalence of scallop larvae in Sawdust Bay 

suggests that conditions here; perhaps the presence of an eddy retains larvae which leads to 

high incidence of encounter with collectors and settlement or alternatively that the relatively 

high flow rate in the region increases the rate of pediveliger encounter with collectors. 

Variability in detected settlement between sites suggest that there are conditions at each site 

which limit the settlement ability, could be a product of broader scale hydrodynamics limiting 

the supply of larvae to sites or local hydrodynamics limiting the settlement ability of larvae 

under different flow conditions.  

4.5.1 Management implications 

Low adult densities (Russell et al. 2014) and pediveliger settlement at Prices Inlet and Pāua 

Beach suggests that there are issues with the settlement and or retainment ability of P. 

novaezelandiae larvae at these sites, that have formerly held significant scallop populations 

(Russell et al., 2014). Increasing the settlement surfaces in Prices Inlet and Pāua Beach using 

filamentous material that would not persist there otherwise could be used to enhance natural 

levels of larval settlement. Providing spat caught on spat collectors from sites that have higher 

levels of settlement (such as Sawdust Bay) could increase the prevalence of recruits to the 

sites. Increasing recruitment in sites is key to rebuilding population densities.  

 

4.5.2 Further research  

Before restocking is considered, local management would benefit from determining the 

influence of key factors identified in this study as being likely to limit the retainment and 

settlement ability of larvae- local and broad scale hydrodynamics in the inlet. A model of the 

scale and nature of hydrodynamics and larval distribution within Whaka ā Te Wera would 

provide insight into the ability of waters in the region to distribute larvae between sites and 

highlight key population limitations to recovery. Further studies on competition for space 

between scallops and other bivalves would provide insight into the dynamics of larval 

competition during peak spawning periods and the influence that this has on successful P. 

novaezelandiae settlement. This will also provide insight into the influence of introduced or 

aquaculture species such as P. canaliculus in regions, contributing key evidence for use in the 

planning process when considering aquaculture developments such as mussel farms. Studies 

of P. novaezelandiae settlement under different environmental conditions factors such as flow 
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speed would also provide insight into the ability of individuals to settle under different 

conditions, further understanding of why larva are settling under different environmental 

regimes.   

 

!  
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Chapter 5 

5 General Discussion 

 

The goals of this study were to determine the influence of: (i) predation by the eleven-armed 

sea star Coscinasterias calamaria, (ii) environmental conditions and (iii) larval recruitment, 

on the status and recovery of P. novaezelandiae populations in Te Whaka ā Te Wera Mātaitai. 

The low densities of C. calamaria observed at all sites were unlikely to play a key role in 

limiting the densities of P. novaezelandiae in the inlet. The temperature and salinity measured 

within the inlet did not exceed values that have been previously found to inhibit the growth of 

adults and gametes or the spawning ability of adults (Laing, 2000; Martinez et al., 2000). 

Temperatures did however exceed those that have been found to delay larval settlement of 

comparative temperate pectinids (Christophersen & Strand, 2003; Rupp & Parsons, 2004; 

Strand et al., 1993). Spatial and temporal variability in pediveliger abundance between sites 

suggests that there is a connection between recruitment and the recovery of P. novaezelandiae 

in Whaka ā Te Wera (Carbines & Michael, 2007; Russell et al., 2014). 

 

Low P. novaezelandiae pediveliger abundances were found on collectors external to the Inlet 

in Horseshoe Bay, on the open coast of Foveaux Strait, suggesting that Whaka ā Te Wera is 

isolated from external larval recruitment. Connectivity of populations to functional and 

healthy larval sources has been found to play a key role in the stabilisation, persistence and 

resilience of depleted populations of pectinids (Tettelbach et al., 2013; Tian et al., 2009), 

other bivalves (Lundquist et al., 2009; McQuaid & Phillips, 2006) and fish (Armsworth, 

2002; Hogan et al., 2012) that have recovered after population decline from fishing pressure 

and disease. This is also seen in populations of P. novaezelandiae within the Hauraki Gulf 

and Coromandel where scallop beds are dependent on oceanographic mechanisms which 

supply larvae from other areas (Silva, 2015). Isolation of P. novaezelandiae in Whaka ā Te 

Wera from alternate larval sources could play a key role in the limited recovery of scallop 

populations since a closure to fishing in 2001 (Carbines and Michael, 2007; Russell et al., 

2014). 

 



! 119!

P. novaezelandiae pediveliger abundance was significantly higher in Sawdust Bay compared 

to all other sites monitored. The highest densities of scallops were also observed at this site 

(Chapter 2). Russell et al. (2014) observed that the densities of P. novaezelandiae in Sawdust 

Bay had increased 50% from surveys in 1990. The relatively high-density adult beds here are 

likely to encourage fertilisation success, which leads to the production of more larvae 

(Claereboudt, 1999; Gascoigne & Lipcius, 2004). The flow rates detected in Sawdust Bay 

suggest the presence of an eddy (Pingree & Maddock, 1979), which could lead to an increase 

in the accumulation of larvae within Sawdust Bay (Barber et al., 2002; Koehl, 2007; Thorson, 

1966) further enabling recruitment here.  

 

Prices Inlet and Pāua Beach are sites that were once known to contain high densities of P. 

novaezelandiae and support important local fisheries (Russell et al., 2014) but are now found 

to contain very low-density populations. The low densities of adults here are likely to limit the 

chance of gamete encounter, and therefore reduce fertilisation success (Claereboudt, 1999). 

As a result, populations at these sites are likely to be limited in their ability to produce 

functional larval sources. The pediveliger abundance of Prices Inlet and Pāua Beach remained 

low during periods when geographically close sites (Sawdust Bay and Papatiki Bay) 

underwent high settlement. Variability in pediveliger abundance between sites was most 

pronounced in November when collectors in Pāua Beach and Prices Inlet showed low 

pediveliger abundances while the abundance of Horseshoe Bay, Papatiki Bay and Sawdust 

Bay remained high. The variability observed in settlement patterns suggests a degree of 

disconnection of larval sources among sites in Whaka ā Te Wera. If Prices Inlet and Pāua 

Beach are isolated from external larval sources by the broad scale hydrodynamics of the inlet, 

low levels of local larva production at these sites are likely to limit their ability to recruit 

juveniles to the population. These factors may contribute to the low recovery observed in 

these sites (Orensanz et al., 2006). Beyond classification of Whaka ā Te Wera as a two-

dimensional wind driven inlet (Heath, 1976), there has been no research on the water 

movement within the inlet. Understanding the movement of water throughout the inlet is 

important to determining the connectivity of populations between sites and should be a focus 

of future research. This information would be especially important when considering future 

management options to improve the health of populations within the inlet. 

 

Flow rates are known to influence the rate and nature of larval encounter with settlement 

surfaces (Eckman et al., 1994). Flow rates at Pāua Beach were relatively low (1-3cm s-1) and 

even lower at Prices Inlet (<1cm s-1). In addition - and in contrast to Sawdust Bay – the low 
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variability in flow direction and speed in Pāua Beach suggests that there was a lack of features 

that would encourage larval retainment within the site (Butman, 1987), which would be likely 

to limit larval recruitment. Low flows observed in Prices Inlet and Pāua Beach are likely to 

further inhibit the encounter rate settlement ability of pediveligers in these sites.  

 

In Papatiki Bay there were low abundances of P. novaezelandiae pediveligers on collectors 

while there were relatively high abundances of adult P. novaezelandiae observed in benthic 

surveys (Chapter 2). These findings suggest that the settlement patterns observed on 

collectors in Papatiki Bay did not reflect those typical of the site or alternatively, that there 

was low post settlement mortality here. From this variation in pediveliger abundance and 

adult densities arise hypotheses of why recruitment and growth may differ, which highlight 

limitations of this study. Variation could suggest: (i) the position of collectors at this site were 

insufficient to observe larval settlement typical of the region (Cyr et al., 2007; Hortle & 

Cropp, 1987); (ii) the quality and quantity of food and/or habitat within Papatiki Bay could 

have enhanced the growth ability and survival of the pediveligers that settle there; or (iii) that 

the low settlement observed was a product of the variable nature of pectinid spawning (Barber 

& Blake, 2006). Higher resolution monitoring of the mortality and growth of individuals post 

recruitment, along with finer scale monitoring of environmental conditions (e.g. food quality 

and quantity and salinity), would allow for a better understanding of the processes leading to 

the observed settlement.  

 

This was the first study to monitor larval settlement of P. novaezelandiae in southern New 

Zealand. Larval settlement in Whaka ā Te Wera was highest in early summer, consistent with 

all prior studies on P. novaezelandiae (Booth, 1983; Bull, 1982; 1984; Morrison, 1999; 

Williams & Babcock, 2004). Booth (1983) described seasonal variability in the abundance of 

P. novaezelandiae larvae in Bay of Islands, Wellington and Raumati Beach, reporting that 

larvae were also common during autumn and early winter in all of these populations. In 

contrast, studies of P. novaezelandiae settlement and gonadal index in Nelson and the 

Hauraki Gulf  (Bull 1982, 1984; (Morrison, 1999; Williams & Babcock, 2004)  suggest that 

winter prevalence of pediveligers was not as likely. In agreement with the findings by Booth 

(1983) and in contrast to the populations from the Nelson area and the Hauraki Gulf 

(Morrison, 1999; Williams & Babcock, 2004), P. novaezelandiae in Whaka ā Te Wera 

showed significant settlement during the mid-winter (August). It is possible that P. 

novaezelandiae at higher latitudes, such as those in Rakiura, have lower metabolic 

requirements, which allow for gamete growth when low resource availability would typically 
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limit productivity (Heilmayer et al., 2004). This could allow for an increased ability to spawn 

during the winter, leading to settlement during this time. Alternatively, increased abundance 

of pediveliger settlement during the winter could reflect a delayed settlement of larvae as a 

product of either delayed larval development or slowed physiology of the individual (Hoegh-

Guldberg & Pearse, 1995; O’Connor et al., 2007). This study monitored larval settlement 

rather than the spawning induction of P. novaezelandiae. Factors such as spawning quantity, 

quality and timing, flow rates, inlet circulation, temperature, salinity, food and predation all 

play a role in determining the settlement of larva (Barber & Blake, 2006). In future research, 

monitoring changes in the gonad throughout the year (Williams & Babcock, 2005) along with 

determining when populations undergo spawning and settlement would be key to identifying 

the population’s reproductive ability and the influence of local environmental conditions on 

larval settlement. 

 

This was the first study to monitor the prevalence of benthic marine invertebrate species that 

are found to settle alongside P. novaezelandiae and that likely compete for resources post 

larval settlement. The active competition of pediveligers for suitable habitat has not been 

greatly studied. Limited research in the field has shown that invertebrate larvae do not avoid 

settling in regions where established (adult) competitors persist (Bullard et al., 2004). Earlier 

laboratory studies suggested otherwise and attributed settling differences to chemical defences 

produced by settling larvae which established negative settlement cues (Young & Chia, 

1981). Neither of these studies incorporated in their analyses important environmental factors, 

such as flow conditions, which influence the larval supply and larval interaction with 

settlement surfaces. The present study did not find any associations to suggest a relationship, 

competitive or otherwise, between P. novaezelandiae and other pediveliger species. The high 

densities of other bivalve species did not coincide with any significant change in the detected 

abundance of P. novaezelandiae. This suggests that either P. novaezelandiae spawning and 

settlement remained unaffected by the settlement of competing species, or alternatively, that a 

peak in spawning of P. novaezelandiae did occur (during October-December) but pediveligers 

were outcompeted for space on collectors.  

 

It is not known whether there is a disease (Hine & Diggles, 2002) or another factor such as 

significant poaching (Tettelbach et al., 2015) in Whaka ā Te Wera that is limiting the 

recovery of the population. It is likely that populations of P. novaezelandiae in Whaka ā Te 

Wera were built up slowly over time by intermittent recruitment, and once high spawning 

biomass was reached, local densities allowed for sustained recruitment. Carbines & Michael 
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(2007) observed that the densities of P. novaezelandiae in 2003 had declined to 16% of the 

1990 levels. Slow recovery observed by Russell et al. (2014) is likely to reflect the slow 

natural recruitment of the low-density, slow growing population of the region (Orensanz et 

al., 2006). As Prices Inlet and Pāua Beach are likely to be isolated from other sites by local 

hydrodynamics it is likely that these sites will face slower recovery.  

 

Current management under Mātaitai in Whaka ā Te Wera has provided protection of the P. 

novaezelandiae population from the high levels of fishing pressure that were typical prior to 

the closure (Russell et al., 2014). The implementation of Mātaitai management in small 

populations such as Whaka ā Te Wera allows for the monitoring and application of unique 

management initiatives that can give thought and flexibility to how local environmental 

conditions influence the growth and reproduction of the population and how site scale 

variability influences recruitment (Lundquist et al., 2009). The results of the present study 

suggests that managers of the Mātaitai should consider focusing on small-scale approaches to 

help those sites, such as Prices Inlet and Pāua Beach, that are not recovering. 

5.1.1 Implications for management  

Populations of Pecten novaezelandiae in Prices Inlet and Pāua Beach appear to be limited in 

their ability to recruit larvae to support the rebuilding of the population here. To encourage 

population growth at these sites, the Mātaitai Committee may consider, retaining the rahui on 

scallop take in the inlet and in addition, manually strengthening pediveliger recruitment. This 

can be facilitated in one of two ways: (i) through collecting settled pediveligers from sites 

with high settlement (Sawdust Bay) and transporting them to low density sites (restocking), or 

(ii) through introducing filamentous settlement surfaces and enhancing habitat complexity 

(Pacheco & Stotz, 2006). Complex habitats are found to increase survivability of juveniles 

through encouraging larval settlement and limiting the incidence of predation (Hernández 

Cordero & Seitz, 2014; Howarth et al., 2011; Talman et al., 2004). Reseeding spat collected 

from areas of high recruitment within Whaka ā Te Wera to strengthen other parts of the 

population would limit the potential of introduction of disease and non-native species from 

other populations and would also maintain the local genetic structure consistent with tikanga 

principles.  

 

If the resource recovers sufficiently for local management to consider opening the fishery, 

future management could consider the utilisation of a minimum and maximum harvestable 

size limit, which would aim to enhance the individuals capable of contributing to the larval 
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pool. Further study would require more research to accurately determine the time it takes for 

individuals to reach maturity and the dynamics of recruitment and spawning of P. 

novaezelandiae in the region. Fecundity in scallop species has been found to increase with 

age (Langton et al., 1987; MacDonald & Thompson, 1985, 1986; Vahl, 1981). Fishing 

pressure of scallops typically selects for older larger individuals, which are also the most 

fertile/fecund members of the population (Langton et al., 1987; MacDonald & Thompson, 

1985, 1986; Vahl, 1981), reducing the spawning biomass of the population. Through 

providing a refuge for those larger, more productive individuals in a population, increased 

reproductive output in the population may be encouraged.  

5.1.2 Future directions  

This thesis has provided some potential directions for future work on the populations of P. 

novaezelandiae: 

 

• The present research has provided insights to the variability in settlement throughout the 

inlet. Continued long-term monitoring of recruitment within Whaka ā Te Wera is key to 

understanding the consistency in the timing of spawning and settlement of P. 

novaezelandiae and the sensitivity of southern populations to local environmental 

conditions year to year. Finer scale monitoring would also provide an insight into the 

temperature cues inducing gamete development and spawning in the population, which 

would contribute key knowledge to the poorly studied southern populations. 

 

• Eckman et al. (1989) and Crimaldi et al. (2002) have identified that hydrodynamics 

influence a larva’s interaction with settlement surfaces. Monitoring P. novaezelandiae 

larval responses to settlement surfaces and under different flow and environmental 

conditions would provide insight into those factors influencing the settlement of 

pediveligers and aid in identifying sites that may be considered for future larval collection 

for management. 

!
• Pawlik (1992) summarises the diversity of factors limiting the settlement of benthic 

marine invertebrates. Laboratory studies monitoring the densities of suspended larvae 

versus the survivorship and settlement of P. novaezelandiae and competing species could 

provide insight into how competition of high-density aquaculture species influences local 

larval communities. 
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• Hydrodynamics are likely to play a key role in influencing the distribution and settlement 

of larvae. Lundquist et al. (2009) utilised hydrodynamic models and particle tracking to 

monitor the likely distribution of cockle Austrovenus stutchburyi larvae to be used to 

validate shellfish restoration programs. Lundquist et al. (2009) identified that sites are 

likely to vary substantially in their ability to self-seed and to seed other sites. Modelling 

the hydrodynamics and particle tracking of Whaka ā Te Wera may provide insight into the 

transport of larvae within the inlet and how the connectivity between sites is affecting 

larval recruitment. This is especially important when considering how larvae will be 

transported in the region if restoration initiatives are initiated. 

 

• Monitoring hydrodynamics within Whaka ā Te Wera is also important for understanding 

how circulation may be changing within the inlet. An increase in the strength of westerly 

winds over the Southern Ocean, associated with large-scale changes in atmospheric 

circulation, is projected to continue under increased concentrations of atmospheric green 

house gases (Thompson et al., 2011). As a wind driven inlet (Heath, 1978), increases in 

the strength and persistence of the westerly winds, which drive the surface flow of the 

waters eastward, may influence local circulation within Whaka ā Te Wera through 

processes such as decreasing the residence time and/or altering the flow within and 

between sites. Changes in broad scale hydrodynamics of Whaka ā Te Wera are likely to 

influence the larvae retention and movement within the inlet and have knock on effects on 

the recruitment of larvae at different sites within the inlet. Incorporating projected changes 

in westerly winds into hydrodynamic models would provide insights into how flow in the 

inlet may differ in the coming decades. 

! !
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Appendices 

Appendix A GPS Co-Ordinates of the start and finish of predator survey transects. 

 

Site Start Finish  

Papatiki Bay 

S 46°56.220 E 168°10.056 S 46°56.219 E 168°10.038 

S 46° 56.196 E 168°10.034 S 46°56.215 E 168°10.063 

S 46° 56.191 E 168° 10.066 S 46°56.203 E 168°10.077 

S 46°56.191 E 168°10.066 S 46°56.171 E 168°10.103 

S 46°56.138 E 168°10.087 S 46°56.054 E 168°10.102 

Pāua Beach 

S 46°57 518 E 168°06.024 S 46°57.528 E 168°06.035 

S 46°57.507 E 168°05.949 S 46°57.524 E 168°05.994 

S 46°57.497 E 168°05.980 S 46°57.514 E 168°05.752 

S 46° 57.516 E 168°05.913 S 46°57.529 E 168°05.955 

S 46°57.506 E 168°05.883 S 46°57.526 E 168°05.891 

Prices Inlet 

S 46°54.523  E 168°03.015 Lost  
S 46°54.491 E  168°02.961 Lost  
S 46°54.415 E 168°02.870 S 46°54.417 E 168°02.908 

S 46°54.428 E 168°02.949 S 46°54.435 E 168°02.965 

S 46°54.587 E 168°02.961 S 46°54.511 E 168°02.957 

Sawdust Bay 

S 46°54.093 E 168°00.927 S 46°54.078 E 168°00.940 

S 46°54.110 E 168°00.912 S 46°54.082 E 168°00.962 

S 46°54.083 E 168°00.958 S 46°54.089 E 168°00.995 

S 46°54.083 E 168°01.037 S 46°54.075 E 168°01.091 

S 46°53.993 E 168°01.028 S 46°53.992 E 168°01.048 
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Appendix B Deployment dates and submersion periods of spat settlement collectors. 

!
 Horseshoe Bay Papatiki Bay Pāua Beach Prices Inlet Sawdust Bay 
 Date Set Date 

Collected 
Days 

Deployed Date Set Date 
Collected 

Days 
Deployed Date Set Date 

Collected 
Days 

Deployed Date Set Date 
Collected 

Days 
Deployed Date Set Date 

Collected 
Days 

Deployed 

March 20th 
January 5th April 75 20th 

January 6th April 75 20th 
January 4th April 73 20th 

January 2nd April 72 20th 
January 2nd April 72 

April 19th Feb 30th April 70 19th Feb 30th April 70 19th 
February 29th April 69 19th 

February 30th April 70 19th 
Februrary 01st May 71 

May 5th April 30th May 55 6th April 30th May 54 4th April 30th May 56 2nd April 30th May 58 2nd April 30th May 58 

August 30th May 2nd 
September 93 30th May 2nd 

September 93 30th May 2nd 
September 93 30th May 3rd 

September 94 30th May 3rd 
September 94 

October 2nd 
September 

6th 
November 65 2nd 

September 
3rd 

November 62 2nd 
September 

3rd 
November 62 3rd 

September 
4th 

November 62 3rd 
September 

5th 
November 63 

November 29th 
September 

6th 
December 68 29th 

September 
6th 

December 68 29th 
September 

6th 
December 68 29th 

September 
6th 

December 68 29th 
September 

6th 
December 68 

December 6th 
November 

15th 
January 70 3rd 

November 
15th 

January 67 3rd 
November 

15th 
January 67 4th 

November 
15th 

January 68 6th 
November 

15th 
January 70 

January 6th 
December 

5th 
February 62 6th 

December 
5th 

February 62 6th 
December 

6th 
February 62 6th 

December 
6th 

February 62 6th 
December 

6th 
February 62 

February 15th 
January 11th March 55 15th 

January 11th March 55 15th 
January 11th March 55 15th 

January 12th March 56 15th 
January 12th March 56 
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