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 Abstract 

 

The New Zealand scallop (Pecten novaezealandiae) is a species of high commercial, 

recreational and customary value. Productivity within scallop fisheries is highly variable due 

to sporadic recruitment, high mortality and predation. Customary fisheries practices can 

provide an alternative way of managing local marine environments. In the Te Whaka ā Te 

Wera Mātaitai (customary fisheries area) within Paterson Inlet, Stewart Island, there is 

currently a harvesting ban on P. novaezealandiae due to a recreational fisheries collapse. In 

the present study factors influencing the current distribution of P. novaezealandiae and 

aspects of their ecology that potentially explain this distribution, including food supply, 

growth rates and movement, were examined within Paterson Inlet. A better understanding of 

the habitat preferences and the ecology of the scallop within this area could improve local 

management of the fishery. Logistic and linear statistical model averaging techniques 

identified distance from inlet entrance, macroalgae cover, presence of benthic microalgae, and 

harvest pressure as factors highly correlated with scallop distribution and density. P. 

novaezealandiae was more likely to be present and at higher densities as distance from the 

inlet entrance increased. The observed gradient could be due to larval recruitment patterns, or 

historic fishing pressure. P. novaezealandiae were also negatively associated with mats of 

benthic microalgae suggesting scallops could be removing or preventing settlement of 

microalgal mats through feeding. Alternatively, these mats could be indicative of 

unfavourable scallop habitat. Stable isotope analysis demonstrated an enrichment of 
13

C and 

15
N in δ

13
C and δ

15
N with increasing distance from the inlet entrance. The difference was 

potentially linked to greater utilisation of detrital matter compared to phytoplankton within 

the inner inlet. Scallops were more likely to be present in the Mātaitai, possibly due to the 

lack of harvesting pressure. However, they were less likely to be present in the Ulva Island 

Marine Reserve, which was attributed to its position within the inlet. A negative relationship 

between scallops and percentage of macroalgae cover was also observed. Tracking 

movements of tagged P. novaezealandiae revealed average movement of 1.82 metres per 

month and a maximum movement of 16.75 metres after two months. The limited amount of 

movement and the negative relationship with macroalgae cover could be explained by the 

behaviour of P. novaezealandiae burying itself beneath the sediment as seen throughout this 

study and demonstrated in a closely related scallop species. Any spatial refuge created 
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through management intervention is only likely to have positive effects through enhanced 

larval recruitment due to protection of breeding aggregations, not through movement of 

adults. A tag recapture study on the scallop population within Paterson Inlet indicated slower 

growth than estimated by previous studies, with P. novaezealandiae taking 3-3.5years to 

reach 100mm in length. This study demonstrated some of the important factors and ecology 

of P. novaezealandiae controlling the observed distribution in Paterson Inlet and provides 

valuable information to help better manage this fishery. 
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Chapter 1 General Introduction  

1.1 Fisheries 

1.1.1 Development of wild fisheries 

Harvesting of marine resources by humans has occurred for thousands of years (Lackey 2005; 

O‟Connor et al. 2011). Early humans gathered shellfish, finfish and other marine resources 

from coastal systems by hand (Lackey 2005). The development of tools such as spears, nets, 

hooks and small rafts or canoes allowed the increased exploitation of marine organisms (Rick 

and Erlandson 2008). Such exploitation did not always go unregulated. For example, there is 

widespread documentation of the use of customary practices and taboos for the management 

of local coastal resources (McClanahan et al. 1997; Dalzell 1998; Cinner and Aswani 2007). 

Communities used a variety of different management tools to ensure sustainable harvest 

within their local area (McClanahan et al. 1997; Cinner and Aswani 2007). Management 

practices included; spatial closures, temporal closures, harvest bans on specific species, gear 

prohibitions and catch restrictions (McClanahan et al. 1997; Cinner and Aswani 2007). 

As human populations increased and technology developed, there was a gradual movement 

away from these local customary managed fisheries towards large scale fishing enterprises 

(Nielsen 1999; Lackey 2005). There was very little management imposed on early 

commercial fisheries, due to the belief that biological resources were inexhaustible (Lackey 

2005). However, during the 1800s declining catches led to the implementation of various 

management techniques (Nielsen 1999; Lackey 2005). Most of these involved regulating 

either the entry into the fishery, seasons or methods of fishing (Nielsen 1999). Seasonal 

closures were implemented in the belief that spawning was needed to ensure future yields 

(Nielsen 1999). Restrictions on the methods used to catch fish were designed to reduce the 

effectiveness of some fisheries while enhancing the effectiveness of others (Nielsen 1976; 

Mikalsen and Jentoft 2003). Limited entry into fisheries was designed to reduce overcrowding 

on the fishing grounds (Mikalsen and Jentoft 2003). However, these early regulations had 

little scientific basis behind them, and a lack of enforcement made them largely ineffective 

(Nielsen 1999). 
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1.1.2 Current fisheries management 

The turn of the twentieth century marked the start of broad scale fisheries management as we 

know it today (Nielsen 1999). The depletion of fisheries, environmental degradation, unstable 

demand and commercial extinction of some freshwater fisheries led to the push for better 

management of fish stocks (Nielsen 1999). Management procedures implemented were 

typically a single species approach and focused on regulating harvest levels and entry into the 

fishery (Nielsen 1999; Smith and Punt 2001). Regulations on recreational fisheries were also 

imposed in most developed countries, with the aim of maintaining fish stocks at sustainable 

levels (Nielsen 1999). These regulations included minimum size limits, fishing equipment 

limitations and daily catch limits (Nielsen 1999).  

There has been much criticism towards the majority of fisheries management techniques, as 

they typically adopt a single species approach and do not take into consideration interactions 

with the environment (Larkin 1977; Smith and Punt 2001; Walters et al. 2005; Worm et al. 

2009; Finley and Oreskes 2013). Due to the continued overexploitation of marine species and 

degradation of marine habitats in recent years, there has been a push for a much broader scale 

ecosystem approach to managing fisheries (Botsford et al. 1997; Pikitch et al. 2004; FAO 

2012). The ecosystem based approach is a move away from single species management to 

incorporate such things as habitat and predator-prey interactions into regulation of fisheries 

(Pikitch et al. 2004). 

 

1.1.3 Management of customary fisheries 

Customary fishing management could be used as a tool to manage fisheries under the broader 

ecosystem approach. This technique gives the task of monitoring and managing local marine 

resources back to the local community. It is a change from a single species method of 

managing stocks as it involves setting regulations for the local marine environment as a 

whole. This type of management has been shown, in the right circumstances, to be an 

effective way of conserving marine resources and can have ecosystem wide benefits (Cinner 

and Aswani 2007). Customary management has many potential advantages, including 

increased compliance with fishing regulations as the local community are more likely to be 

supportive of the imposed measures (Cinner and Aswani 2007). Customary management has 

been implemented into non-commercial fisheries legislation in many countries around the 

world including New Zealand (Hviding 1998; Ruddle 1998; Bess and Rallapudi 2007). Local 
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communities are given the legislative power to set bylaws and/or regulations on the fishing 

permitted within their region. Applying this type of management could be a step forward in 

the direction of more sustainably managed fisheries. However, scientific evidence concerning 

the status of the local marine environment still needs to be at the forefront of the decision 

making process (Cinner and Aswani 2007). 

 

 

1.2 Scallop fisheries and management 

1.2.1 History 

Scallops are the target of important fisheries, with around 40 species being commercially 

exploited worldwide (Seafish 2013). Commercially harvestable densities of scallops occur at 

mid to high latitudes between 30 and 55 degrees in both hemispheres (Brand 2006). 

Commercial fisheries for scallops began in the mid 1870s in America and in the early 1900s 

in Australia and Europe, with the development of the dredge (Mackenzie 2008b; Tracey and 

Lyle 2011). In contrast, scallops have been recreationally fished for many centuries at small 

scales in areas of Europe and North America, not only for food but for their aesthetic appeal 

in making such things as shell ornaments (Mackenzie 2008a; Wakida-Kusunoki 2009). 

Fisheries for scallops developed rapidly in the 1950s-1970s with commercial landings in 

excess of 300 thousand tonnes per year for the bay scallop (Argopecten irradians) fishery in 

the eastern USA (Mackenzie 2008a, 2008b; Binet 2012). The increased availability of 

outboard motors caused increases in the number of fishers leading to the expansion of 

commercial and recreational fisheries for scallops around the world (Mackenzie 2008b). Since 

the early 1990s there has been a trend of increasing catch of wild scallop species globally, 

reaching a total annual catch of 0.8 million tonnes in 2010 (FAO 2012). Following the 

declines in the harvest of clams, cockles and arkshells, scallops now make up the largest wild 

bivalve fishery in the world (Figure 1.1). 
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Figure 1.1: Catch trends for wild marine bivalve groups. Adapted from FAO (2012). 

 

1.2.2 Nature of scallop fisheries 

Scallop fisheries catch rates can be highly variable both spatially and temporally due to a 

multitude of factors (Brand 2006). Sporadic spawning and recruitment, and high levels of 

mortality (both natural and fishing related), are some of the many factors that result in 

variability amongst these fisheries (Peterson et al. 2001; Brand 2006; Jonasson et al. 2007; 

Medina et al. 2007). Scallop populations can be subject to inconsistent recruitment from year 

to year (Cattaneo-Vietti et al. 1997; Hart and Rago 2006). This can be caused by changes in 

spawning patterns or environmental factors affecting larval survival (Wolff 1988; Cattaneo-

Vietti et al. 1997). Periods of high recruitment have been demonstrated to result in increases 

in scallop biomass and therefore increased catch rates (Hart and Rago 2006). Other fisheries 

can also indirectly influence scallop biomass through trophic cascades. Trophic cascades 

occur when depletion of the density of top predators causes a reduction in mortality of their 

prey species and consequently results in an increase in predation on lower trophic levels 

(Estes and Palmisano 1974; Coleman and Williams 2002). In the northwest Atlantic 

overfishing of large sharks decreased predation levels on small sharks and rays allowing their 

population numbers to grow (Myers et al. 2007). This therefore increased predation by small 

sharks and rays on scallop populations, resulting in a collapse and subsequent closure of a 

century old scallop fishery (Myers et al. 2007). Natural mortality from disease can also have 

significant impacts on scallop numbers (Brand 2006). Typically the annual natural mortality 
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rates of scallops are approximately 10% of the biomass (Brand 2006). Disease outbreaks 

have, however, been shown to cause a reduction of up to 80% of the standing stock (Gulka et 

al. 1983; Stokesbury et al. 2007). Due to a combination of these factors there have been many 

documented cases of large declines in scallop numbers, resulting in collapses of certain 

scallop fisheries (Murawski et al. 2000; Jonasson et al. 2007; Medina et al. 2007; Myers et al. 

2007; Tracey and Lyle 2011).  

 

1.2.3 Impact of scallop fisheries 

There are two main methods used today for harvesting scallops, gathering by hand or the 

more commonly used approach of dredging. Dredging is less time consuming and allows 

scallops to be collected from greater depths (Bishop et al. 2005). However, dredging can be 

very damaging to the environment through removal of biogenic substrate and suspension of 

sediments, and can have large amounts of associated bycatch (Collie et al. 2000; Thrush and 

Dayton 2002; O‟Neill et al. 2008). In a review on fishing techniques by Chuenpagdee et al. 

(2003), dredging was found to be the third most damaging fishing method currently used in 

terms of the amount of bycatch and its damage to biogenic habitat structures. The direct 

removal of scallops themselves can have important impacts on the surrounding ecosystem. 

Scallops provide ecosystem services by cleansing large amounts of water through filter 

feeding and coupling pelagic and benthic organic matter flow (Loo and Rosenberg 1989; 

Dame et al. 2001; Norkko et al. 2001). The direct removal of scallops can therefore affect 

other organisms and decrease the ecosystem‟s ability to respond to such things as 

phytoplankton blooms (Loo and Rosenberg 1989; Dame et al. 2001; Norkko et al. 2001). 

 

1.2.4 Management of scallop fisheries  

Before the development of commercial scallop fisheries in the late 1800s there were no 

regulations on harvesting (Kruse et al. 2000; Binet 2012). Following this commercial 

development, seasonal harvesting and gear restrictions were commonly employed 

management strategies (Kruse et al. 2000; Mackenzie 2008a). Size restrictions were also 

imposed on the harvest of scallops in some of these early fisheries (Mackenzie 2008a). For 

example, scallop harvesting was limited to the months between September and March and 

sizes restrictions were implemented early on in the bay scallop fishery along the coast of 

eastern USA (Mackenzie 2008a). A daily catch limit was also applied early in the scallop 
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harvesting season to reduce the risk of flooding the market and hence lowering the price 

(Mackenzie 2008a). Size restrictions and harvest seasons are still used today in the 

management of commercial and non-commercial fisheries for scallops (Kruse et al. 2000; 

Binet 2012). Commercial scallop fisheries usually have controls on harvestable weights and 

restrictions on the entry into the fishery (Kruse et al. 2000; Baskaran and Anderson 2005; 

Binet 2012). In contrast, non-commercial fisheries are usually controlled by daily personal 

harvest limits and seasons for harvesting (Carbines and Michael 2007; Tracey and Lyle 2011).  

A range of other management strategies have been trailed around the world, for commercial 

and non-commercial scallop species, with varying levels of success. These approaches can 

include spatial management, permanent and temporary closures, and gear restrictions on 

scallop harvesting (Murawski et al. 2000; Bradshaw et al. 2001; Hart 2003; Beukers-Stewart 

et al. 2005; Medina et al. 2007; Stokesbury et al. 2007). Scallops can benefit greatly from 

spatial management methods as they are thought to be relatively sedentary (Brand 2006). 

They therefore cannot typically move outside the areas where these harvest restrictions occur, 

thus providing better protection and subsequent recovery to former population levels in some 

instances (Bradshaw et al. 2001; Hart 2003; Beukers-Stewart et al. 2005; Brand 2006). 

Closed areas have the potential to significantly increase scallop biomass over reasonably short 

time frames, up to a 14 fold increase in biomass after four years has been observed in some 

situations (Murawski et al. 2000; Beukers-Stewart et al. 2005). In these closed areas there 

have also been shifts towards larger size structure in scallop populations (Murawski et al. 

2000; Beukers-Stewart et al. 2005). The regions surrounding these closed areas can also 

benefit from increased larval export (Beukers-Stewart et al. 2005). This is due to the 

increased reproductive potential from the higher biomass of scallops within the closed area 

(Beukers-Stewart et al. 2005). Temporal closures on whole fisheries have been implemented 

with varying degrees of success (Medina et al. 2007; Tracey and Lyle 2011). In the 

Tasmanian recreational scallop fishery, there have been repeated collapses due to high harvest 

pressure (Tracey and Lyle 2011). This resulted in several multiple-year closures which 

allowed the scallops to increase in biomass before the fishery was reopened (Tracey and Lyle 

2011). A closure of 15 years, however, did not result in the recovery of the scallop 

Argopecten ventricosus in Panama (Medina et al. 2007). Only 30 live scallops were found 

after extensive surveying in the area (Medina et al. 2007). This failure to recover was 

attributed to a combination of lack of suitable juvenile habitat, predation and varied 

oceanographic conditions (Medina et al. 2007) 
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Gear restrictions have also been successful in managing scallop populations (Bradshaw et al. 

2001; Hart and Rago 2006; Tracey and Lyle 2011). The commercial fishery off the Isle of 

Man has imposed restrictions on dredging within certain areas, which has resulted in higher 

scallop numbers and also increased numbers of non-target species (Bradshaw et al. 2001). 

This has also been followed by greater yields of scallops in the surrounding areas (Bradshaw 

et al. 2001). Banning of dredging has also been implemented in some non-commercial scallop 

fisheries in attempts to reduce harvest pressure (Carbines and Michael 2007; Tracey and Lyle 

2011). Other approaches, more commonly employed in non-commercial fisheries, include 

restrictions on the use of SCUBA. This requires collection of organisms by wading in shallow 

waters or free diving, where individuals must hold their breath to reach the scallops. This type 

of management has been implemented on other relatively sessile organisms such as abalone 

and sea urchins (Schneider 2004; Ceccherelli et al. 2011). The theory behind this method is 

that it limits the harvest pressure on individuals at greater depths therefore providing a refuge 

(Ceccherelli et al. 2011). 

Rotational harvesting is a recent spatial management approach, where certain areas are closed 

for several years at a time before the closure is lifted and imposed on other areas (Botsford et 

al. 1993; Myers et al. 2000; Hart 2003; Valderrama and Anderson 2007). This type of 

approach was successfully implemented in the management of the Atlantic sea scallop 

(Placopecten magellanicus), increasing fishing yield and biomass per recruit (Hart 2003). 

Rotational management, however, needs to be considered carefully both in determining the 

areas and the period of closures (Myers et al. 2000; Hart 2003). Rotational management and 

other forms of spatial closure need to be based on the ecology and distribution of the target 

species as well as considering effects on other species (Myers et al. 2000). 

Other types of management include changes in harvest technology. Technological changes to 

dredge design have been implemented in some fisheries (Yochum and Dupaul 2008; Hinz et 

al. 2012). These changes are focused on decreasing bycatch, reducing habitat damage and 

becoming more size selective (Hinz et al. 2012). For example, mesh sizes have continually 

been adapted to increase the selectivity of scallops retained in the dredge (Yochum and 

Dupaul 2008; Binet 2012). Other design modifications include a dredge mounted on four 

rubber rollers with a rubber lip instead of the traditionally used metal teeth (Hinz et al. 2012). 

This new dredge had greater catch efficiency and lower bycatch rates, but the impacts on 

benthic habitat were just as severe (Hinz et al. 2012).  
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1.3 Scallop habitat and ecology 

Scallops belong to the bivalve family Pectinidae that contains over 400 living species (Brand 

2006). These are distributed globally from the polar regions to the tropics in waters from the 

intertidal zone to depths of 7,000 metres (Brand 2006). Typically a species of scallop has a 

range of habitat structures and site characteristics that it favours (Langton and Robinson 1990; 

Arsenault and Himmelman 1996a; Stokesbury 2002; Brand 2006). For example, the bay 

scallop (Agopecten irradians) is typically found in shallow estuaries associated with seagrass 

(Bologna and Heck Jr 1999; Irlandi et al. 1999). In comparison, Chlamys varia is found at 

depths down to 100 metres and coincides with a particular sponge species forming a 

mutualistic relationship (Forester 1979). 

Scallops are filter feeders that feed on organic matter present within the water column (Farías 

and Uriarte 2006; Gosling 2008). Unlike other bivalves they lack a siphon which is an 

adaptation to living on the substrate surface (Gosling 2008). They therefore obtain nutrients 

by passing large quantities of water over the gills and trapping food particles (Farías and 

Uriarte 2006; Gosling 2008). 

The majority of scallop species reproduce by broadcast spawning (Brand 2006; Cragg 2006). 

This type of spawning involves releasing millions of gametes (eggs and sperm) into the water 

column for external fertilisation, typically following some environmental cue (Lotterhos and 

Levitan 2010). The planktonic larval stage lasts between 10 and 70 days, depending on the 

species, before movement to the seafloor and subsequent settlement on appropriate 

substratum via byssus thread attachment occurs (Cragg 2006). Scallop larvae show strong 

preference for settlement in areas with appropriate settlement substrate (Brand et al. 1980; 

Stokesbury and Himmelman 1995; Arsenault and Himmelman 1996a; Cragg 2006). This can 

include filamentous organisms such as macroalgae (Stokesbury and Himmelman 1995), 

seagrass (Cragg 2006), and even hydroids (Cragg 2006), and non-filamentous structures such 

as shells (Arsenault and Himmelman 1996a). The presence of suitable settlement substrate 

and currents carrying larvae can strongly affect the distributions of scallop populations 

(Tremblay et al. 1994; Stokesbury and Himmelman 1995; Arsenault and Himmelman 1996a; 

Bogazzi et al. 2005; Nicolle et al. 2013).  

Some scallop species are sedentary and remain attached by byssus thread to their initial 

settlement substratum for their entire life (Caddy 1972; Brand 2006). In contrast, other species 
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detach from their site of settlement at around 5-30mm in length and become free living, 

spending the majority of their lives resting on the seabed. Free living scallops are able to 

swim by rapidly opening and closing their shell using powerful adductor muscles (Dadswell 

and Weihs 1990; Brand 2006). Some scallop species may even exhibit movement to different 

habitats once they become free living (Kenchington et al. 1991; Thouzeau et al. 1991; 

Kamenos et al. 2004). 

 

 

1.4 Pecten novaezealandiae distribution and ecology 

Pecten novaezealandiae is a scallop species endemic to New Zealand, which supports 

important commercial and recreational fisheries (Marsden 2006). It is patchily distributed 

throughout New Zealand and has distinct populations off the coastlines of the Coromandel 

Peninsula, Northland, Hauraki Gulf, Marlborough Sounds, the Chatham Islands and Stewart 

Island (Figure 1.2). The species can be found on a range of different soft bottom habitats from 

the low tide mark to depths of around 60 metres (Bull 1976; Marsden 2006). In the north of 

New Zealand it has been shown to be reproductively viable at around 60mm in length 

(Williams and Babcock 2005). P. novaezealandiae, like other species in its family, is a 

broadcast spawner, releasing millions of gametes into the water column for external 

fertilisation (Williams and Babcock 2005; Marsden 2006). Little information is available on 

the specifics of spawning in this species which could be due to the sporadic nature of these 

spawning events (Marsden 2006). In the Marlborough Sounds scallops were shown to spawn 

anytime between August and April (Morrison 1999; Marsden 2006). However, spat 

settlement is usually the highest in early summer, which has also been observed in the 

Hauraki Gulf (Morrison 1999; Marsden 2006). The larval stage of P. novaezealandiae is 

similar to that described for the majority of scallops, spending three to four weeks in the 

plankton before settling to the seafloor (Bull 1976). P. novaezealandiae are able to move via a 

jet propulsion swimming mechanism once they become free living at around 5-10mm in size 

(Bull 1976; Marsden 2006). They are, however, thought to be relatively sessile (Morrison 

1999). P. novaezealandiae have been shown to take 18-36 months to reach 100mm in length 

and grow up to a maximum of 170mm depending on the location (Cryer 1999; Marsden 2006; 

Carbines and Michael 2007). 
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A number of studies and reports contain information relating to distribution and densities of 

P. novaezealandiae around New Zealand (Cryer 1999; Marsden 2006; Carbines and Michael 

2007). However, there is limited knowledge on certain aspects of its ecology and habitat 

associations. This limited information comes from a select few studies on northern stocks of 

P. novaezealandiae (Bull 1976; Morrison 1999; Marsden 2006). These studies contain 

investigations into sediment type associations, depth distributions and spawning patterns (Bull 

1976; Morrison 1999; Marsden 2006). A number of studies also contain estimates of growth 

rates for this species in differing locations around the country (Cryer 1999; Morrison 1999; 

Carbines and Michael 2007). However, information on the habitat preferences, movement 

rates and food supply of P. novaezealandiae is lacking. 

 



 

11 

 

Figure 1.2: Map of Pecten novaezealandiae distribution around New Zealand.  Locations are 

as followed; 1= Northland, 2= Kaipara Harbour, 3= Hauraki Gulf, 4= Coromandel Peninsula, 

5= Marlborough Sounds, 6= Tasman & Golden Bay, 7= Fiordland, 8= Stewart Island, 9= 

Paterson Inlet, 10= Port Adventure, 11= Port Pegasus. Adapted from Bull (1976) and 

Marsden (2006). 
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1.5 Pecten novaezealandiae population within Paterson Inlet 

A small population of Pecten novaezealandiae occurs within Paterson Inlet on Stewart Island 

(Marsden 2006). Concerns about the decline of this population were raised in 1990, supported 

by a recreational fishing survey that showed low population numbers (McKinnon 1992). This 

resulted in a reduction in the daily bag limit from 20 to 10 scallops per person in 1991 and a 

ban on dredging in 1993. Surveys from 1994-1998 using a fisheries diary scheme noted the 

continued decline of P. novaezealandiae population numbers (Carbines 1998). This evidence 

was later supported by Carbines and Michael (2007) indicating that the stock levels of P. 

novaezealandiae in 2003 were 16% of the 1990 levels. This resulted in a two year ban on 

scallop harvesting within Paterson Inlet from October 2001. 

In 2004 the Te Whaka ā Te Wera Mātaitai (referred to as the Mātaitai here after) was 

established in Paterson Inlet (Figure 1.3). This customary fishery covers all of the water 

within Paterson Inlet excluding Big Glory Bay and the Ulva Island/Te Wharawhara Marine 

Reserve (established in 2004). It gives the Mātaitai committee, comprised of Rakiura Māori 

and local community members, the power to set bylaws and/or regulations on the fisheries 

within the inlet. Scallops are considered to be a valuable food source within the area and have 

historically been gathered by local iwi. Continued concerns over small population numbers 

resulted in an ongoing harvesting ban within the Mātaitai, which now has been in place for 13 

years. This harvesting ban results in three different management regimes for P. 

novaezealandiae within the inlet. The Marine Reserve is closed to all fishing, the Mātaitai is 

closed to harvesting of scallops and Big Glory Bay is open to harvesting from 1 October to 15 

March inclusive, with a daily bag limit of 10 scallops per fisher. This provides an ideal 

situation for testing the effect of different management regimes. 

The Mātaitai was established in an attempt to restore the fisheries within Paterson Inlet and 

manage them in the interests of the local people. Based on a series of recent surveys there is 

limited evidence that the current management has been successful in achieving this goal for 

the scallop population within the inlet (Russell et al. 2014). These surveys suggest population 

numbers have only improved slightly since the last surveys conducted in 2003. Understanding 

the ecology, distribution and effect of current management regimes on P. novaezealandiae 

within Paterson Inlet could help better manage the scallop population at a local scale. For 

example, understanding why scallops are located within certain areas of the inlet would 

provide information for managers to make appropriate decisions about regulating the scallop 
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fishery. Different management regimes could be applied to different areas within the inlet 

based on the factors controlling distributions and density of scallops. 

 

 

1.6 Study region 

The study sites are located within Paterson Inlet on Stewart Island, where a small population 

of Pecten novaezealandiae exist (Figure 1.3). Paterson Inlet is located on the north-eastern 

side of Stewart Island and is accessible from the township of Oban via Golden Bay. The inlet 

reaches a depth of 42 metres off the east end of Ulva Island, but the majority of the inlet is 

shallower than 25 metres in depth. Paterson Inlet contains several islands, with the largest 

Ulva Island being a bird sanctuary. Off Ulva Island there is an associated marine reserve. 

Aquaculture for mussels, salmon and oysters also takes place in Big Glory Bay located in the 

south of the inlet. This results in the inlet being divided into three differently managed areas 

which include; Te Whaka ā Te Wera Mātaitai, Ulva Island Marine Reserve and Big Glory 

Bay. 
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Figure 1.3: Map of Paterson Inlet, Stewart Island.  The three management regimes within the 

inlet are shown. 
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1.7 Objectives 

 

In the current study aspects of the ecology of Pecten novaezealandiae were investigated in 

Paterson Inlet, Stewart Island, near the southern limit of its distribution. The objective was to 

determine why P. novaezealandiae is distributed in the current manner within Paterson Inlet. 

This includes investigating aspects of P. novaezealandiae ecology that could be influencing 

this current distribution. 

 

In order to achieve this objective two main aims were addressed. Firstly, factors that were 

associated with the current distribution of P. novaezealandiae across Paterson Inlet were 

quantified. In this thesis the effects of biotic and abiotic factors as well as the effect of 

different management regimes were examined. Statistical modelling was used to identify the 

important factors correlated with the current distributions of P. novaezealandiae. Secondly, 

some of the aspects of P. novaezealandiae ecology that have the potential to influence 

distribution within Paterson Inlet were investigated. Stable isotope analysis was used to 

examine the contribution of different primary producers towards the diet of P. 

novaezealandiae across different regions in Paterson Inlet. Growth rates were quantified in an 

attempt to determine if they explained densities among scallop beds and distributions. This 

thesis contained an investigation into the diet and growth rate of P. novaezealandiae and their 

possible relationship in controlling the observed distribution within Paterson Inlet. The 

movement of scallops and the potential for these movements to control their current 

distributions was also examined. Movement was investigated in response to suggestions by 

local managers to close the fishery to SCUBA. The aim of this closure would be to provide a 

refuge for scallops in deep water. The possibility of movement by scallops from deep to 

shallow water as a mechanism to sustain a shallow water fishery was therefore examined. 

The desired outcome of the current project was to provide managers with valuable 

information about the factors affecting scallop stocks within Paterson Inlet and to enhance the 

understanding on the ecology of P. novaezealandiae. Information is vital in developing future 

management strategies for scallops in the Mātaitai and more broadly in management of 

fisheries at local scales. In providing this information it is hoped, that management decisions 

can be made to best protect and ensure a sustainable scallop fishery within Paterson Inlet well 

into the future.  
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1.8 Thesis Outline 

1.8.1 Chapter 2 – Factors controlling Pecten novaezealandiae distribution within 

Paterson Inlet, Stewart Island 

In this chapter a statistical modelling approach was used to determine what habitat and 

harvest pressure related factors best explained the distributions of Pecten novaezealandiae 

within Paterson Inlet. This study includes density data on scallops from extensive surveys 

conducted across Paterson Inlet in June 2013 reported in Russell et al. (2014). Habitat 

characteristic data were collected using photoquadrats along the same transects. 

1.8.2 Chapter 3 –  Determination of differences in food sources for Pecten 

novaezealandiae across Paterson Inlet by stable isotope analysis 

The isotopic signature of P. novaezealandiae and its potential food sources were determined 

across a gradient from the entrance to the inner parts of the inlet. The chapter aimed to use 

evidence from carbon and nitrogen isotopic analysis to determine the contribution of different 

primary producers towards the diet of P. novaezealandiae and if it differed between sites in 

Paterson Inlet.  

1.8.3 Chapter 4 – Growth of Pecten novaezealandiae within Paterson Inlet  

In this chapter the growth rate of P. novaezealandiae was compared among sites within 

Paterson Inlet. A discussion on differences in growth between other scallop populations 

around New Zealand is also contained within this chapter. 

1.8.4 Chapter 5 – Movement of Pecten novaezealandiae within Paterson Inlet 

Trajectory and rates of movement of P. novaezealandiae across Paterson Inlet and the 

potential for scallops to move from deep water into shallow water, was investigated in this 

chapter. 

1.8.5 Chapter 6 – General discussion and conclusions  

Synthesis and suggestions for future management and research are discussed. Factors 

controlling the distribution of P. novaezealandiae are evaluated. 
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Chapter 2 Factors controlling Pecten novaezealandiae distribution 

within Paterson Inlet, Stewart Island 

2.1 Introduction 

2.1.1 Factors controlling scallop distribution 

Environmental factors and species interactions are important in influencing the distribution 

and range of organism‟s worldwide (Brown 1984; Bertness and Callaway 1994; McGill et al. 

2007). In scallop species, these can include biotic factors such as predator pressure, harvesting 

pressure and disease, and environmental factors such as depth, hydrodynamics and sediment 

type (Langton and Robinson 1990; Arsenault and Himmelman 1996a; Collie et al. 2000; 

Bogazzi et al. 2005; Brand 2006). It is likely that a combination of these factors affects the 

distribution and density of scallops and the factors influencing distributions is likely to differ 

between scallop populations (Stokesbury and Himmelman 1995; Brand 2006). 

Sediment characteristics appear to be a common factor across multiple species of scallops in 

influencing their distribution and density (Collie et al. 2000; Stokesbury 2002; Marsden 

2006). Globally scallop species are found on a variety of soft bottom assemblages, from fine 

sediments of mud and sand to coarser gravel sediments. These soft bottom assemblages range 

from barren seafloors, to sediments covered by macroalgae or seagrass, to a range of complex 

habitat assemblages containing hydrozoans and sponges (Brand 2006). Certain scallop species 

have been shown to have positive or negative associations with different types of habitat 

assemblages (Forester 1979; Langton and Robinson 1990; Peterson et al. 2001). For example, 

the scallop Chlamys varia is positively associated with a particular sponge species, as it 

provides protection from predation (Forester 1979). In contrast, the scallop species 

Placopecten magellanicus has been shown to be negatively associated with a certain species 

of sea anemone in the Gulf of Maine (Langton and Robinson 1990). This negative association 

was thought to be due to the sea anemone predating on the larvae of P. magellanicus (Langton 

and Robinson 1990). Degradation of important habitat can also result in lower densities of 

scallop species and can result in extinction of species from a particular area (Fonseca et al. 

1984; Szostek et al. 2013).  

Predation can also negatively affect the densities and distributions of scallops within a given 

region (Elner and Jamieson 1979; Arsenault and Himmelman 1996a; Peterson et al. 2001). A 

large range of predators, both invertebrates and vertebrates, are known to predate on scallops 

(Elner and Jamieson 1979; Arsenault and Himmelman 1996a; Anderson 1997; Vacchi et al. 
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2000; Peterson et al. 2001). These predators include but are not limited to: predatory starfish, 

hermit crabs, skates, rays, octopus and some bony fish species. The likelihood of predation of 

scallops by some of these species, however, decreases as the size of the scallop increases 

(Elner and Jamieson 1979; Arsenault and Himmelman 1996b). Essentially the presence and 

density of predators in a region can greatly affect the number and location of the scallops in 

an area (Stokesbury and Himmelman 1995). A great example is in the Cape Lookout Lagoon 

Systems of North Carolina, where an increase of cownose rays (Rhinoptera bonasus) altered 

the distribution of the bay sea scallop (Argopecten irradians concentricus) by lowering the 

densities to near zero in some regions through predation (Peterson et al. 2001). 

Larval supply and subsequent settlement sites can be crucial in controlling the distribution 

and densities of adult scallop populations through recruitment limitation (Stokesbury and 

Himmelman 1995; Tian et al. 2009). Local hydrodynamics play a role in dispersing or 

concentrating scallop larvae (Bogazzi et al. 2005). Oceanic currents have been shown to 

disperse scallop larvae large distances from the spawning adult habitat into other established 

scallop populations or into new areas (Tremblay et al. 1994; Nicolle et al. 2013). In contrast, 

self-recruiting populations have been observed, where oceanic conditions, such as eddies and 

gyres, concentrate the larvae into the same area as the adult spawning population (Tremblay et 

al. 1994; Swearer et al. 2002; Tian et al. 2009). Although an area may be supplied with 

larvae, the subsequent availability of attachment sites determines the settlement rate within 

that area (Stokesbury and Himmelman 1995; Arsenault and Himmelman 1996a). Habitat 

structures such as macroalgae, seagrass and hydrozoans have all been shown to be important 

for juvenile scallops to become established in an area (Stokesbury and Himmelman 1995; 

Cragg 2006). Little information is available on the relationship between juvenile settlement 

sites and adult populations. Some authors suggest that the initial settlement habitat is different 

to the adult habitat (Morrison 1999; Kamenos et al. 2004). These authors hypothesise (based 

on in situ observations) that juvenile scallops (less than 30mm) swim from their attachment 

site onto the surrounding seafloor habitat as they mature. 

Mortality rates can also severely affect population numbers of scallops. Mortality can be 

caused by fisheries from harvesting and by natural causes such as disease (Brand 2006). 

Fisheries have been demonstrated to displace scallop populations and greatly decrease 

densities (Gruffydd 1972; Murawski et al. 2000; Jonasson et al. 2007). High fisheries 

mortality combined with other factors such as poor recruitment years and high natural 

mortality can result in catastrophic declines (Jonasson et al. 2007; Medina et al. 2007; Tracey 
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and Lyle 2011). For example, in the Icelandic scallop fishery for Chlamys islandica there was 

a total collapse of the fishery resulting in its closure due to a combination of poor recruitment, 

high natural mortality and high fishing pressure (Jonasson et al. 2007). Natural mortality can 

be caused by a range of different pathogens such as viruses, bacteria or parasites (McGladdery 

et al. 2006). Mortality rates due to disease within scallops and other bivalve species are 

generally low, however outbreaks of particular diseases can occur, severely diminishing 

population numbers (Merrill and Posgay 1964; Gulka et al. 1983; Stokesbury et al. 2007). 

 

2.1.2 Pecten novaezealandiae habitat 

In regions around New Zealand Pecten novaezealandiae is typically found on sand or gravel 

substratum from shallow sub-tidal regions to depths of approximately 60 metres (Willan 

1981; Marsden 2006; Taylor and Morrison 2008). In Omaha and Kawau Bay in the northeast 

of the North Island, scallops are observed in greater densities on gravel, shell debris and 

coarser grain sands (Morrison 1999; Taylor and Morrison 2008). While in Paterson Inlet in 

Stewart Island, early benthic surveys revealed that scallops are primarily found on sandy and 

muddy bottoms, with individuals occasionally found on gravel substrate (Willan 1981). Little 

information is available on predator associations for P. novaezealandiae. Examples from 

other scallop species indicate that densities of scallops are likely to be low in the presence of 

high predator numbers and that scallops may exhibit some positive associations with sessile 

animal or macroalgae species (Langton and Robinson 1990; Stokesbury and Himmelman 

1995; Kaiser et al. 1998; Vacchi et al. 2000). One study by Talman et al. (2004) on juvenile 

P. novaezealandiae indicated increased habitat complexity decreases predation rates on 

juvenile scallops. This may lead to adult scallop populations being found in higher densities 

near more complex habitat, which provide a predation refuge. 

 

2.1.3 Aims and approaches 

This chapter contains an investigation into which abiotic and biotic factors were correlated 

with the distribution and densities of P. novaezealandiae. The factors investigated included 

ones that have been shown to influence the distribution and densities of other scallop 

populations globally. Sediment type has been demonstrated to be an important factor in 

determining where scallops were found in previous studies (Willan 1981; Morrison 1999; 

Marsden 2006). High abundances of predators have been shown to reduce densities of 
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juvenile and adult scallops in different scallop species worldwide (Stokesbury and 

Himmelman 1995; Talman et al. 2004). Settlement substrate such as macroalgae, seagrass and 

sponges may also be important in controlling densities. Stokesbury and Himmelman (1995) 

concluded that appropriate settlement sites may be more important than the hydrodynamics 

controlling larvae dispersion in determining where larvae become established. Harvest 

pressure may also influence the density and distribution of scallops. For example, there has 

been shown to be a 14 fold difference in biomass between fished and unfished areas of 

scallops in the Georges Bank region in the USA (Murawski et al. 2000).  

Model selection techniques were used to examine the importance of these factors in 

influencing the distribution and densities of P. novaezealandiae. These techniques are 

becoming more commonly used in ecology today to define a range of species habitat 

preferences (Buchan and Padilla 2000; Fernández et al. 2003; Johnson and Omland 2004). A 

range of different candidate models were tested using data on scallop density and different 

habitat variables. This information was collected in conjunction with a scallop survey within 

Paterson Inlet by Russell et al. (2014). Top models were selected using Akaike‟s Information 

Criterion (AIC) and were averaged to determine the most important habitat variables 

correlated with the observed densities or presence of P. novaezealandiae (Burnham and 

Anderson 2002). 

 

 

2.2 Methods  

2.2.1 Survey locations 

Semi-structured interviews were conducted using snow-ball sampling techniques with local 

residents and fishermen from Stewart Island to collect anecdotal and quantitative data on 

historical locations of scallop beds (see Ezzy 2002; Russell et al. 2014). Interviewees were 

asked to draw sites where scallops had previously been found on a map of Paterson Inlet. 

These identified areas were imported into ArcGIS, where sites for surveys were selected when 

two or more independently identified scallop beds overlapped. Ten sites were selected within 

the Mātaitai, three within Big Glory Bay and three within the marine reserve, all within 

Paterson Inlet (Figure 2.1). These sites were all in shallow water less than ten metres depth, as 

this is likely where the majority of future fishing will occur if the Mātaitai is reopened. An 

additional four sites deeper than ten metres were selected adjacent to shallow sites within the 
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Mātaitai. One of the deep sites (D2) was, however, abandoned due to poor visibility. Potential 

starting co-ordinates for sampling surveys were generated by overlaying a series of 50m
2
 

grids at each identified site. Lists of co-ordinates from the centre of each grid were compiled. 

From the lists of potential starting co-ordinates, nine co-ordinates for sampling were chosen at 

random within each shallow site and three within each deep site.  

 

2.2.2 Data Collection 

Scallop surveys were carried out within Paterson Inlet on the week of 10-17 June 2013. At 

each site 50 metre transects were run along the depth contour from previously identified 

sampling co-ordinates. A vessel ran out weighted heavy duty vinyl surveyors tapes with 

attached floats using the on-board GPS to determine the starting location co-ordinates. Two 

divers were positioned at one end of the transect line. The first diver swam the transect line 

collecting scallops one metre either side of the transect line (100m
2
 search area). The scallops 

were brought to the surface where they were counted and measured using electronic callipers 

before being returned to the water. The diver also took five photos at various locations along 

the transect determined by randomly generated numbers. Photos of the surface of the benthos 

were taken using cameras in waterproof housing (Canon G10 and Canon S100) mounted on a 

quadrat frame (quadrat area of 0.25m
2
 - 410 x 610mm). A two metre long pole attached to the 

bottom of the quadrate frame was used to define the search area for the scallops (Figure 2.2). 

The second diver swam behind the first collecting any scallops missed to ensure greater 

accuracy. The second diver also searched for cryptic scallops by placing 1m
2
 quadrats at five 

locations determined by randomly generated numbers, then visually and tactilely searching 

for scallops within. In three sites (D3, M2 & M3; Figure 1), some cryptic scallops were not 

detected by the first or second diver but found on closer inspection within the one metre 

squared quadrats. The detection rate across the entire survey identified by the first or second 

diver was determined to be 99% using the information on the number of cryptic scallops 

found in the quadrats.  
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Figure 2.1: Map of Paterson Inlet showing scallop survey locations. Within the Mātaitai there 

were 10 shallow sites (M1-M10) and four deep sites (D1-D4). The Marine Reserve had three 

sites (MR1-MR3) and Big Glory Bay has three sites (BGB1-BGB3). 

 

 

Figure 2.2: Set up of the photoquadrat frame carried by the first diver for the scallop survey 

within Paterson Inlet, Stewart Island. The camera is mounted to the top of the tripod. The pole 

mounted to the bottom of the photoquadrat tripod frame is two metres in length and used to 

determine the boundaries of the search grid.  
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2.2.3 Data Analysis 

The photos taken were analysed using the program Coral Point Count (CPCe; Kohler and Gill 

2006). Points were randomly applied to the image and visually assessing the type of substrate 

or macroalgae the point landed on were recorded. The number of points applied to the image 

was 25, as a study by Drummond and Connell (2005) indicated using a greater number of 

points did not affect percentage cover estimates. The five photos from each transect were 

pooled and the percentage cover of different substrate and macroalgae recorded. At one site in 

Big Glory Bay (BGB3) only two images from two of the transects could be processed and 

pooled due to missing images. Two transects within the Mātaitai (M7) were also not 

processed due to poor quality of the images. 

Transects were classified as one of five sediment types based on the highest percentage of 

sediment type present. Transects were classified as sand, mud, shell or gravel if greater than 

60% of the sediment in the transect was composed of that particular substrate type. Those 

transects that contained less than 60% of one dominant sediment type were classed as mixed 

sediment transects. Three transects (all within site M4) contained 100% macroalgae cover, 

therefore sediment type classification was based on the dominant sediment found at the entire 

site. All types of macroalgae were pooled to determine the percentage cover of macroalgae 

across the entire transect. Organisms present within the photos were identified and counted. 

Gastropods were not counted due to the difficulty in determining if they were alive within the 

photoquadrats. The count data for each organism was turned into a density (number per metre 

squared) for the entire transect. If visible mats of benthic microalgae covering the sediment 

surface were present in any of the photoquadrats for a particular transect, they were recorded 

as present for that particular transect. These were not included in the CPCe analysis due to the 

difficulty determining if the points landed on the transparent mat of benthic microalgae.  

ArcGIS (ESRI 2014) was used to determine the shortest distance without crossing land, from 

the entrance of Paterson Inlet to the midpoint of each transect (Figure 2.1). A depth layer was 

also created for Paterson Inlet using a nautical marine chart within ArcGIS. This depth layer 

was used to estimate the depth below chart datum for the midpoint of each transect. This gave 

an average depth for each transect across the inlet, as the exact depths were not recorded for 

all transects in the field. The information on the percentage cover data, organisms‟ density 

and information on site characteristics was used to build variables for the modelling process 

(Table 2.1).   
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Table 2.1: Model predictor variables used in the model building process for characterising 

scallops within Paterson Inlet, Stewart Island. 

Abbrev-

iation 

Variable Variable type Description 

Site characteristic properties 

Dpt Depth of site Continuous The depth at the midpoint of the 

transect. Determined by bathymetry 

layer created in ArcGIS 

 

Mgmt Management 

regime 

Categorical (3 

levels): Reference: 

Mātaitai 

The type of fishing/harvesting 

pressure at each site. Levels: 

Mātaitai (closed to scalloping), 

Marine Reserve (closed to all 

fishing), Big Glory Bay - open to 

scalloping (1 Oct-15 Mar) 

 

Dist Distance from 

inlet entrance 

Continuous The shortest distance without 

crossing land from the entrance of 

Paterson Inlet to the mid-point of the 

transect. 

    

Organisms present (only predators of scallop included) 

11arm 11 armed starfish 

(Coscinasterias 

muricata) 

Continuous The density (number/m
2
) of the 

eleven armed starfish. 

    

Sediment and algae cover 

Sed Sediment cover Categorical (5 

Levels): 

Reference: Gravel 

The dominant type of sediment 

covering the transect. Determined 

using visual assessment. Levels: 

Gravel, sand, shell, mud, mixed 

sediment 

 

MicA Microalgae cover Categorical (2 

Levels): 

Reference: Absent 

The presence or absence of benthic 

microalgae that formed mats over the 

substrate in any photoquadrat within 

the transect. Levels: absent, present 

 

Alg Macroalgae cover Continuous Estimate of the percentage cover of 

macroalgae covering the seafloor 

    

 

  



 

25 

2.2.4 Model building 

A two stage modelling process was employed due to the positively skewed nature of the 

density data, i.e. the data contained a large number of transects containing zero scallops (e.g. 

Fletcher et al. 2005). The first stage modelling process involved a logistic model selection 

process on the presence or absence of scallops. In the second stage, linear regression model 

selection was carried out on transects where scallops were present. The model selection 

process identified important parameters in explaining scallop presence and density. To avoid 

over-parameterisation only factors hypothesised to affect scallop distribution were included in 

both stages of the modelling (Table 2.1). Only first order terms were used in the model 

selection process to reduce model complexity and no biological reasons for including higher 

order terms could be justified. 

The Program R (R Development Core Team 2012) was employed for model selection 

processing using the package glmulti (Calcagno and de Mazancourt 2010). The model 

selection process selected the best model out of all possible models based on Akaike‟s 

Information Criterion (AIC) rankings. To correct for small sample size AICc values were 

used to compare models because the number of parameters used was greater than n/40, where 

n is sample size (Johnson and Omland 2004). A genetic algorithm was used in the model 

selection process to reduce computational time. This algorithm, built into glmulti, explores a 

subset of the models randomly, but with bias selection towards better models. The output 

from this model selection was set to produce the 50 lowest ranked AICc models. The lower 

the AICc value the better the fit of the model compared to other models (Burnham and 

Anderson 2002). Note that it is not the absolute value but the relative AICc value that is 

important. The glmulti package was used instead of traditional stepwise regression packages, 

as it compares all possible models and allows for multi-model averaging of the top models 

(Calcagno and de Mazancourt 2010).  

Model Akaike weights (ωἱ) are considered to be the weight of evidence in favour of a given 

model (Burnham and Anderson 2002). All models‟ Akaike weights sum to 1. The Akaike 

weights calculated from the regression analysis were used to determine the support for each 

model returned. When no one model was strongly supported (i.e. Akaike weight below 0.9), a 

multi-model averaging process was employed on the top models (Symonds and Moussalli 

2011). Multi-model averaging allows for averaging of parameter estimates and calculation of 

unconditional standard errors, not conditional on any model (Burnham and Anderson 2002). 

The uncertainty in both the model and the estimates of the parameters are therefore reduced 
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and allow for better evaluation of the important variables in determining what factors could be 

influencing scallop distributions. Models within six AICc values of the best model were 

considered in the model averaging process, carried out using the R package MuMIn (Barton 

2011). The selection threshold of models within six AICc values was proposed by Richards 

(2008), which has been demonstrated to be an effective cut-off criterion in ecological studies. 

Through model averaging, the relative importance (RI) of each predictor variable can be 

examined by summing the Akaike weights for each model the predictor variable features in 

(Burnham and Anderson 2002). Significance of each predictor variable at α=0.05, was also 

calculated from unconditional standard errors (not conditional on any models). The 

importance of each variable in explaining scallop distributions was determined by the relative 

importance (RI) and the significance level of the variable. 

To determine the appropriate fit of the models and that all model assumptions were met, a 

range of different model assumption and model fit tests were carried out on both the logistic 

and linear regression models. Firstly, generalised variance inflation factors (GVIF; Fox and 

Monette 1992) were calculated to determine if significant multicollinearity occurred between 

the independent variables (Appendix 1). Large VIF values indicate multicollinearity exists, 

but there is much debate over an acceptable cut-off value (Craney and Surles 2002). In this 

study a threshold of GVIF ≤ 5 was used. No predictor variables were found to significantly 

contribute towards multicollinearity within the model. Secondly, the assumptions of linear 

regression such as normality, linearity and constant variance were examined using qq plots 

and standard residual plots (Appendix 2). The depth variable was found to be non-normally 

distributed; therefore a square root transformation was applied to the data for the second stage 

linear regression modelling. Finally, to test the predictive performance of the logistic 

regression model on the presence/absence of scallops a receiver operating curve (ROC) was 

calculated (Appendix 3). This test plots the true positive cases against the false positive cases 

across a range of threshold values (see Fielding and Bell 1997). The area under the curve 

(AUC) can then be calculated, which shows the discriminative ability of the model. Values 

range from 0.5, in which the model discriminative ability is no different from random, to 1.0 

with perfect discriminatory ability (Pearce and Ferrier 2000).  

A second approach of hierarchical partitioning (HP) protocol (McNally 2000, 2002) was used 

to examine the effects of each variable independently and deal with issues in regression 

modelling arising from multicollinearity of predictor variables. The HP was carried out using 

the heir.part package (Walsh and McNally 2003) in R (R Development Core Team 2012). HP 
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examines the independent effect of each predictor variable on the response variable and 

determines which variables have little independent effect (McNally 2000, 2002). A 

randomisation approach was used to determine which of these predictor variables were 

statistically important (See McNally 2002). If model selection and hierarchical partitioning 

approaches both agree on which predictor variables to retain, then these predictors are more 

likely to be meaningful in statistically explaining the observed scallop distribution. 

 

 

2.3 Results 

2.3.1 Scallop densities 

A total of 383 scallops were collected in this survey, with scallops being present in 66 out of 

the 151 transects surveyed. The scallops collected in the inlet ranged in size from 30-148mm 

with an average size of 105.5mm (Figure 2.3). The study is representative of adult scallops 

greater than 70mm, as the majority of individuals collected are above this size (Figure 2.3). 

The greatest density observed within Paterson Inlet was 0.21 scallops/m
2
 at site M2, in the 

inner inlet at Sawdust Bay (Figure 2.4). The next highest density was found at Papitiki (M9) 

in the outer inlet with a density less than half of the greatest density at 0.06 scallops/m
2
 (M9; 

Figure 2.4). Four sites surveyed contained no scallops in any of the transects surveyed 

(BGB3, M8, D1 & D4; Figure 2.4).  
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Figure 2.3: Size frequency histogram of the scallop Pecten novaezealandiae collected within 

Paterson Inlet, Stewart Island in June 2013. Graph shows the number of scallops at different 

sizes collected. Scallop length is the greatest diameter of the shell. 

 

Figure 2.4: The density of Pecten novaezealandiae found at each site within Paterson Inlet, 

Stewart Island. Sites M1-10 occurs within the Mātaitai, D1-4 deep sites within the Mātaitai, 

MR1-3 within the marine reserve and BGB1-3 within Big Glory Bay. Bars indicate mean ± 1 

S. E. (n=9 transects per site for all sites except D1-4 where n=3 and M7 where n=7).  
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2.3.2 Model selection  

Logistic regression modelling on the presence/absence of scallops produced 12 models within 

six AICc values of the top model. In contrast, linear regression modelling on the density of 

scallops for transects that contained scallops produced 44 models within six AICc values of 

the top model. The models within six AICc values of the top model are shown in Table 2.2. 

The best logistic model for explaining the presence of scallops included the management 

regime, benthic microalgae presence/absence, distance from inlet entrance, Coscinasterias 

muricata (eleven-arm starfish) density and percentage macroalgae cover variables (model I; 

Table 2.2). The best linear model explaining the density of scallops only included the 

predictor variable distance from inlet entrance (model II; Table 2.2). The Akaike weights give 

an indication that there is no one best model for either logistic regression (largest Akaike 

weight = 0.28, model I; Table 2.2) or linear regression (largest Akaike weight = 0.12, model 

II; Table 2.2). A multi-model averaging process was therefore performed on the top models 

within six AICc values of the best model (Table 2.3).  

 

2.3.3 Important habitat features 

The model averaged co-efficients with their significance level and relative importance for 

each predictor variable are shown in Table 2.3. Logistic regression showed four predictor 

variables with a high relative important (RI) above 0.8. This indicated that these predictor 

variables were in the majority of the top ranked models. All four of these predictor variables 

were also shown to be significant at the level of α = 0.05. The four important predictor 

variables in the logistic regression were the; management regime, presence/absence of benthic 

microalgae, distance from inlet entrance and percentage macroalgae cover (model I; Table 

2.3). The same four variables were also found to have high independent contribution towards 

the response variable and were significant in the randomisation approach in the hierarchical 

partitioning protocol (model I; Table 2.4). Linear regression showed distance from inlet 

entrance as being the most important predictor (model II; Table 2.3). This variable was shown 

to have a high independent contribution towards the response variable and was significant in 

the randomisation approach in the hierarchical partitioning protocol (model II; Table 2.4). The 

distance from the inlet entrance variable in the linear regression was not significant (α=0.071) 

in the modelling average (model II; Table 2.3). However, it had a moderately high relative 

importance (0.67), thus indicating it is in a high number of the top ranked models. There is a 

lack of important predictor variables in the linear model explaining the density of scallops 
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which could be due to missing predictors in the model or lack of high enough resolution of 

predictors included in the model. 

The distance from the inlet entrance was positively associated with both the presence and 

density of scallops (Table 2.3). The sites further away from the inlet entrance (e.g. M1-3, D3) 

had more transects containing scallops and had a higher density compared to outer inlet sites 

(e.g. MR1-2, M6 -9, BGB2), with the exception of site M9 (Figure 2.1, Figure 2.4 and Figure 

2.5 A). The presence of scallops was shown to be negatively related to the marine reserve and 

Big Glory Bay compared to the reference category of the Mātaitai. This shows scallops are 

more likely to be present within the Mātaitai than all other areas within the inlet (Table 2.3 

and Figure 2.1). There was, however, no difference in the likelihood of scallops being present 

between the marine reserve and Big Glory Bay. A negative association occurs between 

macroalgae cover and the presence of scallops (Table 2.3). Scallops are less likely to be 

present when there is a high percentage of macroalgae cover. This is shown by the 

relationship between the percentage of transects containing scallops at each site and the 

percentage of transects containing over 50% macroalgae (A & B; Figure 2.5). Those sites 

with a high number of transects containing over 50% macroalgae cover are less likely to have 

a high number of transects where scallops are present. Scallops are less likely to be present, 

shown by a negative relationship, when mats of benthic microalgae are present (Table 2.3). 

When mats of benthic microalgae are present on top of the sediment a similar trend as 

percentage macroalgae cover is seen between sites (A & C; Figure 2.5). Sites that have a high 

percentage of transects containing greater than 50% macroalgae cover, and/or the presence of 

benthic microalgae typically have a low number of transects containing scallops (Figure 2.5). 

For example, sites M8, M10, D1, D4 and BGB1 have high numbers of transects containing 

greater than 50% macroalgae cover and/or contain benthic microalgae but have low numbers 

of transects containing scallops (Figure 2.5).  
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Table 2.2: The top models explaining the presence and density of the scallop Pecten 

novaezealandiae using AICc based model selection. Models shown are; I/ a logistic 

regression explaining the  presence and absence of scallops within the whole of Paterson Inlet, 

Stewart Island, and II/ a linear regression explaining the density of scallops for transects that 

contain scallops. The table shows maximised log – likelihood function (Log(L)), number of 

predictor variables (K), Akaike Information Criterion for small sample size (AICc), changes in 

AICc differences (Δἱ) and Akaike weights (ωἱ). All models within six AICc of the best model 

are shown. 

Rank  Model  log(L) K AICc Δἱ ωἱ 

I/ Logistic Regression (Full model: all sites) 

Best Mgmt + MicA + Dist + 11arm + Alg -84.44 6 183.65 0.00 0.28 

2 Mgmt + MicA + Dist + Alg -85.85 5 184.29 0.63 0.21 

3 Mgmt + MicA + Dist + Dpt + Alg -85.23 6 185.23 1.58 0.13 

4 Mgmt + MicA + Dist + Dpt + 11arm + Alg -84.11 7 185.24 1.58 0.13 

5 Mgmt + MicA + Sed + Dist + 11arm + Alg -81.19 7 186.28 2.63 0.08 

6 Mgmt + MicA + Sed + Dist + Alg -82.74 6 187.05 3.40 0.05 

7 Mgmt + MicA + Sed + Dist + Dpt + Alg -82.15 7 188.21 4.55 0.03 

8 Mgmt + MicA + Sed + Dist + Dpt + 11arm 

+ Alg 

-81.04 8 188.34 4.69 0.03 

9 Mgmt + Dist + Alg -89.24 4 188.90 5.25 0.02 

10 Mgmt + Dist + 11arm + Alg -88.24 5 189.06 5.41 0.02 

11 Mgmt + MicA + Alg -89.56 4 189.52 5.87 0.02 

12 MicA + Dist + 11arm + Alg -89.60 5 189.61 5.96 0.01 

       

II/Linear Regression (sites with scallops present) 

Best Dist 70.89 2 -135.40 0.00 0.12 

2 MicA + Dist 71.40 3 -134.13 1.26 0.06 

3 Dist +11arm 71.32 3 -133.98 1.42 0.06 

4 Mgmt +Dist 72.48 3 -133.96 1.44 0.06 

5 (Null Model) 68.70 1 -133.22 2.18 0.04 

6 Dist +Alg 70.93 3 -133.20 2.19 0.04 

7 Dist + Dpt 70.91 3 -133.17 2.23 0.04 

8 MicA 39.76 2 -133.13 2.27 0.04 

9 Mgmt 70.87 2 -133.08 2.32 0.04 

10 Mgmt + MicA 71.99 3 -132.98 2.42 0.03 

11 MicA + Dist +11arm 71.95 4 -132.89 2.51 0.03 

12 Mgmt + MicA +Dist 73.05 4 -132.69 2.71 0.03 

13 Mgmt + Dist +11arm 72.97 4 -132.52 2.88 0.03 

14 MicA + Dist + Dpt 71.43 4 -131.86 3.54 0.02 

15 Dist + 11arm + Dpt 71.43 4 -131.86 3.54 0.02 

16 MicA +11arm 70.21 3 -131.77 3.62 0.02 

17 Dist + 11Arm + Alg 71.32 4 -131.65 3.75 0.02 

18 Mgmt + Dist + Dpth 72.51 4 -131.60 3.79 0.02 

19 Mgmt + Dist + Alg 72.51 4 -131.59 3.81 0.02 

20 11arm 68.99 2 -131.58 3.81 0.02 

21 Mgmt + MicA + 11arm 72.50 4 -131.58 3.82 0.02 

22 Dpt 68.94 2 -131.49 3.91 0.02 

23 Mgmt + 11arm 71.22 3 -131.44 9.96 0.02 
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24 Mgmt + MicA +Dist + 11arm 73.66 5 -131.39 4.01 0.02 

25 MicA + Dpt 70.01 3 -131.36 4.04 0.02 

26 Alg 68.76 2 -131.13 4.27 0.01 

27 Dist + Dpt + Alg 70.94 4 -130.88 4.52 0.01 

28 MicA + Alg 69.76 3 -130.87 5.53 0.01 

29 MicA + Dist + Dpt + 11arm 72.13 5 -130.84 4.56 0.01 

30 Mgmt + Alg 70.90 3 -130.80 4.60 0.01 

31 Mgmt + MicA +Alg 72.10 4 -130.78 4.62 0.01 

32 Mgmt + Dpt 70.87 3 -130.75 4.65 0.01 

33 Mgmt + MicA + dpt 72.00 4 -130.58 4.82 0.01 

34 MicA + Dpt + 11arm 70.75 4 -130.51 4.89 0.01 

35 MicA + Dist + 11arm + Alg 71.95 5 -130.47 4.92 0.01 

36 Mgmt + MicA + Dist + Alg 73.14 5 -130.35 5.05 0.01 

37 Dpt + 11arm 69.43 3 -130.21 5.18 0.01 

38 Mgmt + MicA +Dist + Dpt 73.07 5 -130.21 5.19 0.01 

39 Mgmt + Dist + 11arm + Alg 73.07 5 -130.20 5.20 0.01 

40 Mgmt + Dist + 11arm + Alg 72.97 5 -130.01 5.38 0.01 

41 Mgmt + Dist + 11arm + Alg 72.75 5 -129.57 5.83 0.01 

42 MicA + Dist + Dpt + Alg 71.43 5 -129.45 5.95 0.01 

43 Dist +Dpt + 11arm + Alg 71.43 5 -129.44 5.96 0.01 

44 MicA + 11arm + Alg 70.22 4 -129.43 5.97 0.01 
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Table 2.3: Important predictor variables in explaining the presence and density of the scallop 

Pecten novaezealandiae within Paterson Inlet, Stewart Island. Important predictor variables 

determined by a model averaging of the top models within six AICc values for models on I/ 

The presence and absence of scallops for all sites within the inlet, and II/ The density of 

scallops for transects containing scallops. The table shows the predictor variable and reference 

category for categorical predictor variables, or the unit for each continuous variable, averaged 

co-efficients ± standard error for each variable in relation to the reference variable, the z-score 

and corresponding significance, and the relative importance of each variable. 

Variable   Coefficient Z Score Significance 

level 

Relative 

importance 

I/ Logistic Regression (Full model: all sites) 

Macroalgae 
Unit: Percentage cover 

 

 -0.02 ± 0.009 3.04 0.002** 1.00 

Management regime 
Ref: Mātaitai 

 

MR -1.20 ± 0.58 2.08 0.038* 0.99 

 

 

 

Open -1.54 ± 0.57 2.67 0.008**  

Distance 
Unit: Kilometres (km) 

 

 0.18±0.07 2.54 0.011* 0.98 

Microalgae 
Ref: Absence 

 

Presence -1.15 ± 0.44 2.61 0.009** 0.96 

11arm 
Unit: Density (#/m

2
) 

 

 -0.78 ± 0.50 1.57 0.117 0.55 

Depth 
Unit: Metres (m) 

 -0.08 ± 0.09 0.89 0.375 0.31 

      

II/Linear Regression (sites with scallops present) 

Distance 
Unit: Kilometres (km) 

 

 0.0049 ± 

0.0027 

1.81 0.071 0.65 

Microalgae 
Ref: Absence 

 

Presence -0.030 ± 0.025 1.19 0.233 0.39 

Management regime 

Ref: Mātaitai 

 

MR -0.048 ± 0.032 1.48 0.138 0.36 

 

 
Open -0.044 ± 0.036 1.24 0.214  

11arm 
Unit: Density (#/m

2
) 

 

 -0.025 ± 0.027 0.93 0.351 0.32 

Sqrt.Depth 
Unit: Metres

(1/2)
 (m

(1/2)
) 

 

 0.0055 ± 0.018 0.303 0.762 0.22 

Macoalgae 
Unit: Percentage cover 

 -0.00001 ± 

0.00059 

0.02 0.985 0.20 

Notes: Those variables with a relative importance above 0.20 included. * indicate significant difference at  

P < 0.05, ** indicate significant difference at P < 0.01.  
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Table 2.4: Results from hierarchical partitioning that show the independent contribution of 

each predictor  for I/ the presence/absence of scallops within the whole of Paterson Inlet, and 

II/ the density of scallops for all transects that contained scallops. The contribution for all 

predictor variables adds to 100%. The Z-score was calculated from observed mean (1000 

randomisations)/SD. The statistical significance (*) based on α=0.05 for the upper 0.95 

confidence interval (Z=1.65) is shown. 

Variable  Contribution (%) Z-score Significance 

I/ Logistic Regression (Full model: all sites) 

Distance.km 31.28 9.34 * 

Management regime 21.69 3.74 * 

Macroalgae 19.36 5.10 * 

Microalgae 12.53 2.91 * 

Sediment 10.27 0.01  

11arm 3.79 0.36  

Depth 1.08 -0.41  

    

II/Linear Regression (sites with scallops present) 

Management regime 35.89 0.94  

Distance.km 29.20 1.69 * 

Microalgae 14.91 0.45  

Sediment 11.29 -0.47  

11arm 6.96 -0.09  

Depth 0.91 -0.68  

Macroalgae 0.84 -0.51  

    
Notes: * indicate significant difference at P < 0.05  
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Figure 2.5: The percentage of transects at each site within Paterson Inlet showing A) the 

presence of Pecten novaezealandiae, B) greater than 50% macroalgae cover and C) the 

presence of benthic microalgae mats  (n=9 transects per site for all sites, except D1-4 where 

n=3 and M7 where n=7).  
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2.4 Discussion 

2.4.1 Location within the inlet 

Locations further away from the entrance to Paterson Inlet were more likely to have Pecten 

novaezealandiae present and at higher densities. The metric of distance itself is unlikely to be 

causing the observed pattern of distribution but is likely to be a proxy for other variables. The 

distance could be a proxy for variables such as food supply, larval supply or fishing pressure 

(historical and/or current poaching). It is unlikely to be a proxy for any of the measured 

variables included within the model selection process as no significant multicollinearity was 

detected between the variables where present. 

The hydrodynamics within the area could be important in controlling larval supply and 

ultimately determining the observed adult distribution. Oceanographic conditions such as 

eddies, gyres and current systems have been shown to be important in controlling scallop 

larvae dispersal in other scallop populations around the world (Arnold et al. 1998; Tian et al. 

2009). In the George Banks area off the north-east coast of America, modelling processes 

showed hydrodynamic conditions to be either important in retaining scallops within a 

population or dispersing them over large distances (Tian et al. 2009). Oceanographic features 

were also shown to affect recruitment patterns of the bay scallop seen in the Florida Gulf 

(Arnold et al. 1998). Larval retention within the scallop populations in the Florida Gulf was 

high, but periodic disruptions to the oceanographic conditions resulted in wider dispersal of 

larvae. It is, however, hard to draw any conclusions about larval dispersal of P. 

novaezealandiae as little information is available on the oceanographic processes within 

Paterson Inlet, except for data on residence time and deposition rates (Heath 1975; Heath 

1976). It is likely that individuals in the inner inlet have a more closed larval supply system. 

At these inner sites there is less potential for larval loss out of the inlet into the open ocean 

environment like the sites in the outer inlet. The outer inlet sites are more exposed to greater 

wave action and turbulence which could decrease the settlement rates of larvae. A study by 

Brand et al. (1980) showed decreased settlement of scallop larvae on spat collectors near to 

the surface which they attributed to wave action and turbulence. Future hydrodynamic 

modelling on major current systems, turbidity and wave action within Paterson Inlet, and 

information on larvae settlement rates of P. novaezealandiae, could provide vital information 

on larvae supply and connectivity among locations within Paterson Inlet. 

Different food quantities and qualities could be responsible for the observed distribution. The 

food type, quality and quantity can affect the growth rates and survival of the scallop species 
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(MacDonald and Thompson 1985; Lomovasky et al. 2011). Benthic structures and the local 

hydrodynamics can even reduce survival of scallop species by reducing the food supplied to 

the scallop (Eckman 1987; Cordero et al. 2012). The quality and quantity of the food resource 

can result from a difference in species composition of local macroalgae, concentrations of 

phytoplankton, riverine inputs and hydrodynamics in the area (Riera et al. 1999). There is 

potential that food quantity and quality could differ greatly between the inner and outer inlet. 

The inner inlet has several fresh water rivers flowing into the area and also contains large 

seagrass beds. In contrast, the outer inlet is likely to receive less riverine influence and have 

more direct contact with the coastal ocean, potential resulting in differences in food type 

available. Differences in food type and the quantity could therefore affect growth rates and 

survival, contributing to the observed relationship between scallop presence and density and 

distance from the inlet entrance (MacDonald and Thompson 1985; Lodeiros et al. 1998; 

Hunauld et al. 2005). 

The observed relationship between scallop presence and distance from the inlet entrance 

could be a function of the historical fishing pressure or current pressure from poaching. The 

relationship is not due to the current legal harvesting pressure. Although the sites open to 

fishing are close to the inlet entrance there is no correlation between the harvesting pressure 

and distance from the inlet entrance. The outer inlet is closer to the Oban settlement on 

Stewart Island, meaning less travel distance and these outer inlet sites generally have better 

visibility, making it more appealing for divers. Harvesting has been shown to severely alter 

the distribution of many shellfish and scallop species and this change in distribution can still 

be present several years after the closure to harvesting (Campbell et al. 1998; Medina et al. 

2007; Trimble et al. 2009; Tracey and Lyle 2011). Greater harvesting within the outer inlet 

when the scallop fishery was open (pre 2001) could therefore be reflected in the current 

observed distribution. Surveys within Paterson Inlet, from 1994-1998, showed that fishing 

boats spent over 50% of their time in the outer most region of the inlet, thus indicating greater 

fishing pressure in this region (Carbines 1998). These estimates, however, were for total time 

spent fishing and not limited to the collection of scallops. There have been several 

documented cases in scallop populations where recovery occurs within a short period of two 

to five years following closure (Murawski et al. 2000; Beukers-Stewart et al. 2005; Hart and 

Rago 2006; Dowling et al. 2008). The Mātaitai and Marine reserve within Paterson Inlet had 

been closed to harvesting for 12 years at the time of this study. Based on evidence from other 

scallop populations, it could be expected historical fishing pressure would not still be 
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affecting current distributions. Slow growth of the population within Paterson Inlet could 

influence its recovery. However, estimates for within Paterson Inlet suggest growth rates are 

not slow compared to other populations of P. novaezealandiae and other species globally 

(Morrison 1999; Brand 2006; Carbines and Michael 2007). Further investigation would be 

needed to appropriately determine the extent of historical harvest pressure on the current 

distribution of P. novaezealandiae and to determine why recovery times would be so slow. 

The location of the outer inlet sites relative to port and generally greater visibility, making 

diving more appealing, could also influence poaching scallops. Bivalve species globally are 

particularly vulnerable to poaching due to their coastal habitat and ease of collection, 

especially those in shallow waters (Hauck and Sweijd 1999; Shpigel 2005; Katsanevakis 

2009). Shallow depth distributions make P. novaezealandiae vulnerable to poaching within 

the inlet.  

 

2.4.2 Harvest pressure 

Management regime was shown to be correlated with the distribution of the scallops. P. 

novaezealandiae was more likely to be present within the Te Whaka ā Te Wera Mātaitai than 

within the Ulva Island Marine Reserve or Big Glory Bay (open to the harvesting of scallops). 

As expected, the greater likelihood of scallops occurring within the Mātaitai compared to Big 

Glory Bay could be attributed to the lack of fishing pressure due to the closure of scallop 

harvesting within the Mātaitai that began in 2001. This same effect was observed in the 

Tasmanian recreational scallop fishery, where fishing pressure was shown to negatively 

influence the presence of scallops in certain areas of the D‟Entrecasteaux Channel (Tracey 

and Lyle 2011). After closure of the Tasmanian recreational fishery, different locations began 

to respond and scallop numbers began to increase within a year.  

The marine reserve, which is protected from other forms of fishing and anthropogenic 

disturbances, was less likely to contain scallops compared with the Mātaitai. There was also 

no evidence that there is any difference in the likelihood of scallops being present between the 

marine reserve and Big Glory Bay. A greater chance of scallops being present within the 

marine reserve compared to Big Glory Bay would be expected due to a lack of harvesting 

pressure since 2001. Five years after the implementation of marine reserves in George Banks 

in the Gulf of Maine, USA, there was shown to be a 14 fold increase in scallop biomass, and 

scallops were becoming established in new regions within the closed area (Murawski et al. 
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2000). Within the marine reserve in Paterson Inlet, scallops were present in six out of the nine 

transects for the furthest away site from the inlet entrance, and were only found in three out of 

18 transects in the two remaining sites closer to the inlet entrance. These results show that 

there is an effect of distance across the marine reserve, with a greater presence of scallops 

further away from the inlet entrance. This could be indicative that shallow water habitat 

within the marine reserve could be poor quality for P. novaezealandiae. This is due to the 

majority of the area within the marine reserve that is less than 10 metres depth being close to 

the inlet entrance. Factors relating to the distances from the inlet entrance, as discussed above, 

are therefore likely to be contributing towards the lack of difference between the marine 

reserve and Big Glory Bay. It is important to note that the observed harvesting pressure 

effects were not causing the distance related effects, as no correlation was shown between the 

two variables. 

 

2.4.3 Benthic habitat 

Results demonstrate that the distribution of P. novaezealandiae within Paterson Inlet is not 

correlated to sediment type. Scallops were just as likely to be found on gravel and shelly 

substrate as sandy and muddy substrate. This result contradicts early benthic studies which 

indicated that the scallops were primarily found on sandy and muddy substrate within 

Paterson Inlet (Willan 1981). It is likely that this current study picked up finer scale 

information in the sediment type present than the early benthic study by Willan (1981), which 

used dredging techniques to obtain samples of both the sediment type and scallops. In Willan 

(1981) study dredged scallops could have been dragged for large distances from their initial 

habitat which could lead to misclassifying the sediment type they were found on, especially if 

only small patches of particular sediment types existed in the area. P. novaezealandiae is 

found on a wide range of sediment types around New Zealand. In the Marlborough Sounds 

this species is not shown to be associated with any particular bottom type (Bull 1976). It is 

therefore not unusual for P. novaezealandiae to have no association with any particular 

sediment type. 

Scallop distribution was, however, related to the proportion of the substrate covered in 

macroalgae. This result is unlikely to be due to a lack of detection of scallops beneath the 

macroalgae. During the surveys divers searched beneath any macroalgae canopies and a 99% 

detection rate of scallops was observed. Scallops were less likely to be present in areas with a 

high percentage of macroalgae cover, which contradicts most other studies. Previous studies 
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on different scallop species have demonstrated that scallops are more likely to occur in areas 

with large amounts of filamentous structures such as macroalgae and seagrass (Stokesbury 

and Himmelman 1995; Carroll et al. 2010; Cordero et al. 2012). These areas have been shown 

to increase survival rates of scallops by reducing predation, facilitating food uptake and 

reducing stress. Macroalgae and seagrass have also been demonstrated to be important for 

juvenile scallops by providing a site for attachment by byssus threads when the larvae settle 

out of the water column (Stokesbury and Himmelman 1995; Brand 2006; Carroll et al. 2010). 

Macroalgae, therefore, provide many functions for scallop species from protection, to sites for 

juvenile attachment. Contradictory to most studies, the closely related species Pecten fumatus 

in the D' Entrecasteaux Channel of Tasmania, was also negatively associated with macroalgae 

and seagrass cover (Mendo et al. 2014). Out of the three scallops studied in the D' 

Entrecasteaux Channel, P. fumatus was the only species to show a negative association with 

macroalgae. This was thought to be due to burying behaviour of this scallop within sediments, 

in which it gained refuge from both visual and non-visual predators and did not affect escape 

responses (Minchin 1992; Brand 2006; Mendo et al. 2014). This could explain the results 

from the current study, where field observations showed adult P. novaezealandiae to be 

buried under sediment the majority of the time, with only a few smaller scallops (around 

30mm) being found in areas with high macroalgae cover (Figure 2.6). Scallops are able to 

swim small distances and have been demonstrated to move away from an unfavourable 

habitat (Winter and Hamilton 1985; Wolf and White 1997; Guderley and Tremblay 2013). 

Scallops, therefore, may move away from the protection of macroalgae where settlement is 

likely to occur onto the more open bottom as they mature. The majority of the scallops found 

in the survey were over 70mm in length. The model is therefore more representative of the 

adult scallop population over 70mm. Adult scallops may be better suited to open bottom 

habitat as they are able to camouflage themselves beneath the substrate surface (Figure 2.6). 

Mats of benthic microalgae were also shown to be correlated with the distribution of scallops, 

with results indicating that scallops were more likely to be absent when benthic microalgae 

mats were present. There are several possibilities that could explain why this pattern was 

observed. Firstly, the scallops could be actively removing microalgae from the surrounding 

area or preventing it settling on the seafloor through filter feeding processes. The filter 

feeding clam Macoma balthica was shown to actively remove mats of benthic microalgae 

from the surrounding area (Ólafsson et al. 2005). The diet of a closely related scallop species 

includes benthic microalgae (Shumway et al. 1987). Suggesting the active removal of these 
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mats by P. novaezealandiae is possible and could result in the absence of mats of benthic 

microalgae when scallops are present. Secondly, these mats could be indicative of other 

conditions unfavourable to P. novaezealandiae such as low flow rates. Thirdly, the mats of 

benthic microalgae could provide a barrier to burial like macroalgae as described above. The 

final and less likely explanation is that mats of benthic microalgae are producing an 

unfavourable habitat for the scallops such as toxic or low oxygen conditions. These conditions 

are, however, likely to affect all organisms within the area and not just P. novaezealandiae. 

 

 

Figure 2.6: Pecten novaezealandiae burying itself underneath the sediment within Paterson 

Inlet, Stewart Island.  

 

2.4.4 Predator densities 

The distribution of scallops was not associated with the presence or density of Coscinasterias 

muricata (eleven armed starfish) in the immediate area. The eleven armed starfish was the 

only predator quantified for this study, although the survey design was not necessarily 

appropriate for this species. C. muricata can grow up to 50cm in length; therefore the 

photoquadrat size (0.25m
2
) used was too small to detect the density of eleven armed starfish 

appropriately. The presence of more mobile predators such as octopus, skates and predatory 

fish within the inlet were not recorded, even though octopus and skates were observed on or 
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near to the sites surveyed. In the north of New Zealand, P. novaezealandiae have been shown 

to make up a proportion (13%) of the octopus Octopus tetricus diet (Anderson 1997). Rays 

and skates are also known to predate on scallops. The cownose ray greatly reduces the 

densities of bay scallops within the North Carolina Lookout Lagoon System (Peterson et al. 

2001). Certain gastropods species predate smaller juvenile scallops (typically <30mm) 

(Winter and Hamilton 1985; Talman et al. 2004). Gastropod species, for example whelks, 

were not quantified in this study due to the difficulty of determining if they were alive in the 

photoquadrats. Due to the lack of predator coverage and inappropriate design of the study, 

predators cannot be excluded as a potential factor affecting the presence and density of P. 

novaezealandiae. 

 

2.4.5 Future work 

In this study several factors associated with the current distribution of P. novaezealandiae 

were able to be quantified. The study has, however raised several key questions that need 

addressing. An investigation is needed into what is causing the distance based variable that is 

associated with the presence and density of P. novaezealandiae. Potential factors controlling 

this observed relationship include; larvae supply controlled by local oceanographic 

conditions, differences in quantity and quality of food utilised across the inlet resulting in 

differences in growth and/or survivorship, and limited recovery from historical harvest 

pressure. A hydrodynamic model of major current systems within Paterson Inlet could 

determine dispersal patterns of scallop larvae and connectivity among scallop beds. This 

information combined with recruitment information on scallop beds, which is currently being 

researched, could help explain the current distribution patterns of P. novaezealandiae seen 

within Paterson Inlet. An investigation into potential difference in the type of food source 

utilised by P. novaezealandiae between locations could account for differences in 

survivorship and hence density and presence of scallops. This information combined with 

differences in growth rates could help better understand distribution patterns across the inlet. 

Differences in growth rates could suggest slower recovery in some regions and could be 

attributed to differences in utilisation of different major food sources. The type of food 

utilised and the growth rates of P. novaezealandiae are investigated further in the following 

chapters.  Existing interviews on local fishermen about historical scallop fishing locations, 

harvesting techniques and catch limits estimates, as conducted by Russell et al. (2014), could 

be used to build a better understanding on the historical harvest pressure and where the 



 

43 

majority of harvesting occurred within Paterson Inlet. A more detailed predator survey that 

incorporates more mobile predators is needed to fully determine the effect of predators in 

controlling the current distribution of P. novaezealandiae. 

 

 

2.5 Conclusion 

In conclusion, the most influential factor correlated with the distribution and density of Pecten 

novaezealandiae within Paterson Inlet appears to be the distance from the inlet entrance. 

Scallops were more likely to be present and at higher densities with increasing distance from 

the inlet entrance. This is likely to be a proxy for another factor, with the three most likely 

candidates linked to historical harvest pressure, food supply affecting growth and larval 

recruitment. Important habitat factors explaining the presence of scallops were the percentage 

of macroalgae cover and the presence of benthic microalgae mats. When a high percentage of 

macroalgae cover is present scallops are less likely to be present. Adult P. novaezealandiae 

could be better suited to barren habitat where they can bury themselves beneath the sediment, 

camouflaging themselves from predators. Scallops were less likely to be present when mats of 

benthic microalgae were situated on the seafloor. This could be a result of active removal via 

filter-feeding, a barrier preventing scallop burial, or indicative of unsuitable scallop habitat.  

P. novaezealandiae did not appear to have preference for any particular sediment type. 

Scallops had a greater chance of being present within the Mātaitai compared to any other 

areas in Paterson Inlet. The difference between the Mātaitai and Big Glory Bay could be 

linked to the closure of harvesting scallops within the Mātaitai over recent years. Surprisingly 

scallops were less likely to occur within the marine reserve than the Mātaitai, both of which 

have been closed to scalloping for the same amount of time. However, the marine reserve 

offers additional forums of protection from other forms of fishing and anthropogenic 

disturbances. Similarly, no difference was observed between the marine reserve and Big 

Glory Bay (open to scallop harvesting). This could be attributed to the potential lack of 

appropriate shallow water scallop habitat within the marine reserve, in which the majority of 

the shallow habitat is located close to the inlet entrance. Future investigation is needed into 

the reasons causing the distance based factor to be important in controlling scallop 

distribution, and a more detailed investigation into the effect of predators.   
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Chapter 3  Determination of differences in food sources for Pecten 

novaezealandiae across Paterson Inlet by stable isotope analysis 

3.1 Introduction 

3.1.1 Food supply 

Scallops are filter feeding bivalves that obtain their food by trapping food particles on their 

gills and selectively digesting nutrients available to them (Farías and Uriarte 2006; Li et al. 

2009). The food available to scallops is that which is suspended within the surrounding water 

column, often referred to as particulate organic matter (POM). This POM can be comprised of 

phytoplankton, detrital matter from macroalgae, seagrass and terrestrial plants, and other 

sources of organic material such as faecal matter (Hunauld et al. 2005; Farías and Uriarte 

2006). Detrital matter becomes available by the decomposition or tissue turnover of algae or 

terrestrial plant species (Duggins and Eckman 1994; Farías and Uriarte 2006). Scallops are 

thought to be opportunistic feeders, feeding on whatever food source is most readily available 

to them (Shumway et al. 1987; Cranford and Grant 1990). The sources of food available to 

scallops can depend on a multitude of factors including; local primary productivity, local and 

broader hydrodynamics, food digestibility and depth (Shumway et al. 1987; Riera et al. 1999; 

Li et al. 2009). For example, food availability for bay scallops within a seagrass habitat was 

shown to decrease due to alterations in the water flow, caused by the structure of the seagrass 

(Irlandi et al. 1999).  

The quality and quantity of food available to scallops can affect life history characteristics 

such as growth rate, reproduction and survival (MacDonald and Thompson 1985; Lodeiros et 

al. 1998; Hunauld et al. 2005). Survival and growth were shown to be greater for the scallop 

Euvola ziczac in those individuals cultured on the seafloor compared to those cultured 

hanging in the middle of the water column, due to an increase in food quantity and quality 

(Hunauld et al. 2005). Phytoplankton is considered to be a higher quality food source than 

other materials such as detritus (Shumway et al. 1987; Cranford and Grant 1990; MacDonald 

and Ward 1994; Lorrain et al. 2002). The utilisation of phytoplankton over other food sources 

has been shown to enhance life history characteristics (Kirby-Smith and Barber 1974; 

Cranford and Grant 1990; MacDonald and Ward 1994), and may therefore be expected to be 

the norm. A study on Argopecten irradians, showed uptake of detritus when there was high 

ratios of detritus to phytoplankton within the water column (Li et al. 2009). In reality a 
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combination of phytoplankton and detrital matter may be observed in the diet of scallops, 

depending on the relative availability. 

 

3.1.2 Isotope analysis 

Stable isotope studies using carbon and nitrogen isotope ratios have been increasingly 

employed to examine the relative importance of autotrophic sources in contributing towards 

the diet of primary consumers (Riera et al. 1999; Raikow and Hamilton 2001; Lorrain et al. 

2002; Yokoyama and Ishihi 2003; Kasai et al. 2004; Aya and Kudo 2007; Guest et al. 2008; 

Won et al. 2010). This technique is possible due to the differences in carbon and nitrogen 

isotopic ratios between primary producers. These differences in isotopic signatures derive 

from the ratio of the external isotope sources, as well as the specific physiological 

mechanisms used in primary producers (Peterson and Fry 1987; Evans 2001). For example, a 

large proportion of terrestrial plants utilise the C3 photosynthetic pathway, compared to the 

C4 used by marine algae, which results in 
13

C depleted in 
13

C isotope ratios deriving from 

terrestrial plants (O'Leary 1988; Richard et al. 1997). The difference in isotopic signatures of 

primary produces allows the tracking of these sources into higher trophic levels, by 

comparison of these ratios to the isotopic ratio of higher trophic level organisms (Peterson and 

Fry 1987). This method has advantages over gut content analysis as it allows for 

measurements of food assimilated over time, not just recent food uptake (Won et al. 2010). 

Gut content analysis can also be misleading especially for filter feeding bivalves, as it cannot 

distinguish ingested materials that are not assimilated (Raikow and Hamilton 2001). For 

example, a study using stable isotope analysis on abalone was able to show a preference for 

brown macroalgae and detritus over other macroalgae food sources (Guest et al. 2008). 

Another study by Aya and Kudo (2007) was able to determine that the scallop Patinopecten 

yessoensis relies heavily on detrital matter as a food source. The combined use of carbon and 

nitrogen isotopes can therefore allow for evaluation of the importance of potential sources 

towards the nutrition of an organism. 

Analysis of stable isotopes tracks the movement of organic matter through trophic levels and 

relies on trophic discrimination (isotopic differences between a consumer and its diet) of 

isotope ratios (Post 2002). The most commonly used isotopes to trace diet are the natural 

abundance of 
13

C/
12

C and 
15

N/
14

N within the tissue. Higher trophic level organisms are more 

enriched in heavy isotopes (e.g. 
13

C and 
15

N) as these are assimilated faster into tissues than 
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lighter isotopes (e.g. 
12

C and 
14

N) (Peterson and Fry 1987; Post 2002). Trophic discrimination 

of carbon (Δ
13

C) is generally thought to be small as moving up the food web, with Δ
13

C 

values of 0-1‰ between primary producers and consumers (DeNiro and Epstein 1978; 

McCutchan et al. 2003). On the other hand trophic discrimination for nitrogen (Δ
15

N) is 

typically large at around 2.2‰ for organisms raised on algal diets (McCutchan et al. 2003). It 

is, however, well understood that the level of trophic discrimination depends on multiple 

factors, such as the tissue being analysed and the metabolism of the organism (Peterson and 

Fry 1987). For example, it has been shown in some scallop species that Δ
13

C and Δ
15

N varies 

among tissue type (Lorrain et al. 2002; Aya and Kudo 2010). Several studies concluded that 

scallop muscle tissue had the greatest Δ
13

C  (up to 4‰) out of all tissues analysed, which was 

attributed to the low lipid content of the muscle tissue (Lorrain et al. 2002; Aya and Kudo 

2010).  

 

3.1.3 Aims  

This chapter contains an investigation into the contribution of autotrophic sources towards the 

diet of Pecten novaezealandiae using evidence from stable isotope analysis. The first aim was 

to determine if there was a difference in the relative contribution of different primary 

producers towards the diet of scallops between the inner and outer regions of Paterson Inlet. It 

has previously been shown that different environmental conditions, such as flow rate and 

direction, can affect the food supplied to benthic filter feeders and differences in food 

concentrations in the surrounding water column can affect their uptake (Hunauld et al. 2005; 

Li et al. 2009). It was hypothesised that a gradient of isotopic signatures (both carbon and 

nitrogen) of P. novaezealandiae would occur between the inner and outer inlet due to 

differences in diet caused by a gradient in environmental conditions and relative 

concentrations of food in the water column. The second aim was to determine the relative 

contribution of each food source examined, using stable isotope ratios, towards the diet of P. 

novaezealandiae. Previous studies have shown that scallops are opportunistic feeders, which 

primarily have a diet of phytoplankton (Shumway et al. 1987; Cranford and Grant 1990). It 

was hypothesised that phytoplankton would contribute most towards the diet of P. 

novaezealandiae but detrital matter from local sources (e.g. macroalgae and seagrass) may 

also have a significant contribution. 
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3.2 Methods 

3.2.1 Collection of samples 

Collections of Pecten novaezealandiae, two macroalgae species, seagrass and phytoplankton 

were made within Paterson Inlet, Stewart Island on the week of 1-5 April 2014. Scallops were 

collected from four different sites, which lie on a gradient of distant from the inlet entrance, 

using SCUBA (Figure 3.1). At each site ten scallops of 100±5mm in width were collected, 

with the exception of the Pāua Beach site where only eight scallops were collected due to the 

difficulty in locating ten scallops (Figure 3.1). The scallops were then taken to the Stewart 

Island field station laboratory and a small sample of the adductor muscle was taken for 

isotope analysis. A previous study on the scallop Pecten maximus concluded the adductor 

muscle was the best tissue to use for assessing the diet as it had the least seasonal variation in 

isotopic signature (Lorrain et al. 2002). Samples were immediately frozen for transport to the 

Department of Chemistry, University of Otago isotope ratio laboratory. 

Samples from two macroalgae were also collected either at the surface or by SCUBA. The 

dominant rocky reef alga was determined to be Macrocystis pyrifera, based on observations 

from Stewart Island (pers. comm. Chris Hepburn). Attached M. pyrifera blade tissue was 

collected at the most inner and outer sites in the inlet at Sawdust and Papatiki Bays (Figure 

3.1). The dominant soft bottom red alga Asparagopsis armata blade tissue, determined from 

observations of photoquadrats obtained in chapter two, was collected from both these inner 

and outer sites using SCUBA. Five samples of each macroalgae species from each location 

were collected, but two samples of A. armata from Sawdust Bay were subsequently lost in 

transportation. Seagrass beds (Zostera muelleri) were situated in the upper inlet. Six samples 

of seagrass blades floating in the water column were collected at the inner most site at 

Sawdust Bay (Figure 3.1). All macroalgae and seagrass samples were frozen for 

transportation to the isotope ratio laboratory.  

Phytoplankton was collected 100 metres offshore from the entrance to Paterson Inlet by filling 

five one litre PET bottles with water samples from a phytoplankton bloom. These samples 

were passed through a 200μm mesh sieve to remove zooplankton and other larger detrital 

material in the water before being collected on a 0.7μm glass fibre filter (GFF grade filter 

47mm diameter). These filter papers were also then frozen for transportation to the isotope 

ratio laboratory. 
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Figure 3.1: The locations of the four study sites for Pecten novaezealandiae and the 

phytoplankton collection site within Paterson Inlet, Stewart Island. The four sites in 

increasing distance from the inlet entrance are Papatiki Bay (2.85km), Pāua Beach (8.74km), 

Prices Inlet (9.72km) and Sawdust Bay (14.63km).  

 

3.2.2 Isotope analysis 

All samples were dried in a desiccator for 48 hours and then ground into a fine homogenous 

powder using a mortar and pestle. Samples were then weighed and placed in a tin capsule for 

analysis. Stable isotope analysis was performed using a Europa Scientific 20-20 update stable 

isotope mass spectrometer interfaced to a Carlo Erba NA1500 elemental analyser in 

continuous flow mode to determine carbon and nitrogen isotopes. The analysis was calibrated 

to EDTA laboratory standard reference (Elemental Microanalysis) and standardised against 

international standards (IAEACH-6 for carbon, IAEAN1 and IAEAN2 for nitrogen). Results 

were expressed in the standard delta notations (
13

C; 
15

N) per ml (‰) using the formula: 

δ  = [(Rsample/Rstandard) - 1] x 1000 
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Where   is 
13

C or 
15

N and R is 
13

C/
12

C or 
15

N/
14

N. The standard used for carbon was Peedee 

belemnite limestone and the standard used for nitrogen was atmospheric nitrogen.  

A total of 48 samples were processed in the Department of Chemistry, University of Otago 

isotope ratio laboratory.to produce carbon (δ
13

C) and nitrogen (δ
15

N) isotope estimates. Due 

to financial constraints only five scallop and macroalgae species from each location were 

processed for stable isotope analysis. Five samples of phytoplankton were analysed but one of 

these failed to show any carbon or nitrogen readings therefore only four samples were used in 

the analysis. 

 

3.2.3 Mixing model 

The average values of 
13

C and 
15

N of scallops from each location within Paterson Inlet were 

analysed using the multiple source mixing model Isosource (Phillips and Gregg 2003) to 

determine the contribution of the sources of organic matter to the diet of P. novaezealandiae. 

For example, Isosource was successfully used to determine the type of algae contributing to 

the diet of the abalone Haliotis rubra (Guest et al. 2008) and by McLeod and Wing (2009) to 

determine the contribution of terrestrial organic matter to two species of deposit feeders. The 

sources of organic matter in this study included phytoplankton, detrital matter from the rocky 

reef brown macroalga (M. pyrifera) and soft bottom red macroalga (A. armata), and seagrass 

(Z. muelleri). For scallops from the Papatiki and Pāua Beach sites the isotopic signature 

values from outer inlet samples of M. pyrifera and A. armata were used in the mixing model. 

In contrast, the inner inlet sites at Sawdust Bay and Prices Inlet used the inner inlet isotopic 

values of these species in the mixing model. Isotopic values were corrected for isotopic 

enrichment associated with an increase in trophic level using trophic discrimination values 

(3.2 ‰ for 
13

C and 2.4 ‰ for 
15

N) typical of that in the literature for the adductor muscle of 

adult scallop species (Lorrain et al. 2002; Aya and Kudo 2010). Typical enrichment values 

(0.5 ‰ for 
13

C and 2.2 ‰ for 
15

N; McCutchan et al. (2003)) associated with trophic 

discrimination, were not used due to adductor muscle tissue for scallops shown to have a 

higher enrichment of carbon and nitrogen between trophic level compared to classical values 

(Lorrain et al. 2002; Aya and Kudo 2010).  

Isosource examines all possible combinations of the source proportions (by increments of 1%) 

and then predicts the isotopic signature of the mixtures. These predicted isotopic mixture 

signatures are compared to the actual observed mixture signature and if they fall within a 
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small tolerance (±0.05%), the values of the source proportions are stored. The range of these 

solutions is sensitive to a small number of observations at the tail ends of the distribution, 

therefore the 1-99
th

 percentile range is used to compare feasible solutions (Phillips and Gregg 

2003). The sources that have a narrow range and do not contain zero are likely to be possible 

sources. In contrast, those with narrow ranges containing zero are unlikely to contribute 

significantly to the diet of the consumer. Finally wide ranged sources that contain zero are 

likely to be more indeterminate sources (see Phillips and Gregg 2003; McLeod and Wing 

2009).  

 

3.2.4 Statistics 

Differences among stable isotope ratios of scallops in various locations within Paterson Inlet 

were compared using a one-way analysis of variance (ANOVA). Two separate analyses were 

carried out, one on δ
13

C and one on δ
15

N for the scallops from the four distinct sampling 

locations within the inlet. These tests were followed by a post-hoc Tukeys test to determine 

where the differences lie. Normality and equal variance assumptions were assessed by 

examining qq plots and standard residual plots. 

 

 

3.3 Results 

3.3.1 Isotope ratios of primary producers 

The δ
13

C and δ
15

N values for the primary producers across Paterson Inlet are shown in Figure 

3.2 and Appendix 4. Values of detrital matter obtained from macroalgae and seagrass samples 

ranged from -9.61‰ to -30.94‰ in mean δ
13

C and 7.64‰ to 8.65‰ in mean δ
15

N. Small 

differences occurred in the mean δ
13

C and δ
15

N of macroalgae between the inner and outer 

inlet sites. The rocky reef brown alga (Macrocystis pyrifera) and the dominant soft bottom red 

alga (Asparagopsis armata) both had enriched mean δ
15

N values at the outer inlet site 

compared to the inner inlet. In contrast, M. pyrifera had an enriched δ
13

C value at the inner 

site and A. armata was enriched in δ
13

C at the outer site. Phytoplankton values lay within the 

range of the detritus sources for δ
13

C but had a lower mean value for δ
15

N (Appendix 4). 
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3.3.2 Isotope ratios of scallops and their potential food sources 

Stable isotope values of Pecten novaezealandiae varied significantly among the four sites 

within Paterson Inlet for δ
13

C (1-way ANOVA, F3,20=5.15, P<0.05; Figure 3.2 and Table 3.1) 

and δ
15

N (1-way ANOVA, F3,20=43.38, P<0.01; Figure 3.2 and Table 3.1). A post hoc test 

revealed that significant differences in δ
13

C occurred between the outer most site at Papatiki 

Bay and all other sites within the inlet (Table 3.1). In contrast, a post hoc test found 

significant differences in δ
15

N values between all sites, except between Prices Inlet and 

Sawdust Bay (Table 3.1).  

The isotopic ratios of P. novaezealandiae across Paterson Inlet were corrected in order to take 

account of trophic discrimination associated with a rise in trophic level, using isotopic 

enrichment values of 3.2 ‰ for 
13

C and 2.4 ‰ for 
15

N (Figure 3.2 and Table 3.1). These 

estimated isotopic ratios were used as the value of the mixture in the Isosource mixing model. 

The Isosource mixing model determined that phytoplankton was one of the major sources of 

food contributing to the diet of P. novaezealandiae across Paterson Inlet (Figure 3.2 and 

Table 3.2). Results suggest the proportion of phytoplankton utilised by P. novaezealandiae is 

dependent on the location within the Inlet, with the site closest to the inlet entrance at Papatiki 

Bay utilising the highest percentage of phytoplankton. Decreased use of phytoplankton is seen 

with increasing distance from the inlet entrance. The results of the mixing model suggested 

that scallops at the Papatiki Bay site utilised a small amount of Asparagopsis armarta (4-7%). 

The amount of A. armata utilised by P. novaezealandiae was greater at all three other sites 

further from the inlet entrance. The wide ranges of these estimates, however, make it hard to 

determine how greatly this source contributes towards the diet of scallops in these locations. 

At the outer inlet site at Papatiki Bay, M. pyrifera and Z. muelleri were unlikely to contribute 

greatly to the diet of scallops due to the narrow range and inclusion of zero in the percentage 

of contribution estimates. Estimates of these two species‟ contributions to the diet of P. 

novaezealandiae in the three locations further up the inlet was, however, inconclusive due to 

the large range and inclusion of zero in the estimates. The median values for these two 

species, however, indicate increased utilisation of these sources towards the diet of P. 

novaezelandiae in these three inner inlet locations (Table 3.2).  
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Figure 3.2: Natural stable isotope signature (δ
15

N vs. δ
13

C) for Pecten novaezealandiae and 

their potential food source (Phytoplankton □ and detrital matter ●). Solid black diamonds (♦) 

represent estimates of isotope values (fpap, fpau, fpri, and fsaw) of P. novaezealandiae (◊) 

calculated using trophic discrimination values of 3.2 ‰ for 
13

C and 2.4 ‰ for 
15

N. The 

lines show the move from the measured isotopic values of P. novaezealandiae (◊) to the 

estimated values of scallops (♦) using trophic discrimination values. The scallops shown 

represent individuals from four different locations within Paterson Inlet, Stewart Island. Pap= 

Papatiki Bay, Pau = Pāua Beach, Pri = Prices Inlet and Saw= Sawdust Bay. Inner refers to 

collection from Sawdust Bay and outer refers to collection from Papatiki Bay.  
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Table 3.1: The mean δ
13

C and δ
15

N values for the four different locations of Pecten 

novaezealandiae across Paterson Inlet, Stewart Island. SE = standard error. Letters indicate 

where significant difference (at α=0.05 level) in values lie, determined by post hoc tests. 

Corrected isotopic signatures of scallops were calculated using fractionation values of 3.2 ‰ 

for 
13

C and 2.4 ‰ for 
15

N. 

 

Target group 

δ
13

C  

p<0 .05 

 δ
15

N  

p<0.05 Mean SE  Mean SE 

Location within Inlet
        

Papatiki Bay  -18.06 0.07 A  8.45 0.14 A 

Pāua Beach  -17.40 0.09 B  9.44 0.07 B 

Prices Inlet  -17.31 0.17 B  10.02 0.12 C 

Sawdust Bay -17.45 0.22 B  10.08 0.11 C 

Corrected isotopic signatures of scallops 

fPap (estimated values Papatiki Bay) -21.26 0.07   6.05 0.14  

fPau (estimated values Pāua Beach) -20.60 0.09   7.04 0.07  

fPri (estimated values Prices Inlet) -20.51 0.17   7.62 0.12  

fSaw (estimated values Sawdust Bay) -20.65 0.22   7.68 0.11  

 

 

Table 3.2: The possible solutions for the potential food sources of Pecten novaezealandiae for 

different sites within Paterson Inlet estimated from the Isosource mixing model based on 

mean values of 
13

C and 
15

N. The 1
st
 and 99

th
 percentile are shown with the median in 

parentheses. 

 M. pyrifera A. armata Z. muelleri Phytoplankton 

fPap 0 - 5 (2.3) 4 – 7 (5.8) 0 – 4 (1.7) 88 – 93 (90.3) 

fPau 0 – 35 (16.7) 12 – 35 (23.9) 0 – 34 (17.5) 29 – 53 (41.8) 

fPri 0 – 46 (23.1) 12 – 45 (38.2) 0 – 34 (16.6) 20 – 43 (32.1) 

fSaw 0 – 45 (22.7) 14 – 47 (30.6) 0 – 34 (17.1) 17 – 41 (29.6) 
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3.4 Discussion  

3.4.1 Isotopic signature of scallops between locations 

Pecten novaezealandiae sampled at the four different sites in Paterson Inlet had different 

isotopic signatures for 
13

C and 
15

N. The major difference occurred between the outer most 

inlet site at Papatiki Bay and all other sites further up the inlet, with 
13

C and 
15

N 

significantly depleted in 
13

C and 
15

N scallops at Papatiki Bay. Several other studies have 

shown similar differences in isotope signatures for scallop species between differing habitats 

(Shumway et al. 1987; Jennings and Warr 2003; Aya and Kudo 2007). A study on the 

Japanese scallop showed more enriched 
13

C and 
15

N in tissue values in the more brackish 

waters of Saloma Lake compared to the surrounding open coastal area of Tokoro in the 

Okhotsk Sea (Aya and Kudo 2007). Differences in the 
15

N of queen scallops were also 

observed to vary between habitats (Jennings and Warr 2003). These differences in isotopic 

values for both the Japanese and queen scallop species were attributed to varying 

environmental conditions (e.g. temperature, depth and salinity), size of the scallop and/or food 

availability (Jennings and Warr 2003; Aya and Kudo 2007).   

Varying environmental conditions are unlikely to be the direct cause of differences in isotopic 

values observed in P. novaezealandiae across Paterson Inlet. Temperatures can affect the 

tissue turn over time of organisms, with higher temperatures resulting in quicker turnover 

times (Harvey et al. 2002). Therefore, the isotopic signature of scallops living in different 

temperatures could reflect diets from different time periods. Small variations in temperature 

are, however, unlikely to affect estimates of both 
13

C and 
15

N obtained in this current study 

due to the type of tissue analysed. Muscle tissue represents the food assimilated over a long 

time period and hence small differences in tissue turnover rates are unlikely to significantly 

change observed isotopic values (Lorrain et al. 2002). It is not clear why the depth that a 

scallop inhabits would affect its isotopic signature other than resulting in differences in food 

availability. Nonetheless, all scallops were collected from the same narrow depth range (~6-

10 metres) at all four sites. Variation in isotopic signature caused by a difference in ages can 

also be ruled out as a factor influencing isotopic values seen within this study. All the 

individual scallops analysed were approximately 100mm in width indicating the same age 

group. Finally, the salinity is presumably lower in the upper reaches of Paterson Inlet which 

receives various freshwater inputs, but is unlikely to directly influence 
13

C and 
15

N values 

of the scallop. The study by Jennings and Warr (2003) found that differences in 
15

N related 

to salinity were actually attributed to the nutrients obtained via riverine input affecting 
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primary producers‟ isotopic composition. Aya and Kudo (2007) also attributed the difference 

in both 
13

C and 
15

N in low salinity environments in the Japanese scallop to the effect of 

riverine input, which imported terrestrial organic matter and affected isotopic values of in situ 

phytoplankton production.   

The diet of an organism has been shown to be the primary determinate of animal isotopic 

composition (DeNiro and Epstein 1978; Peterson and Fry 1987; Lorrain et al. 2002; Post 

2002). Differences in the source of available food for P. novaezealandiae are presumably the 

reason for the observed differences in 
13

C and 
15

N values across Paterson Inlet. Scallops are 

considered to be opportunistic feeders, feeding on the material most readily accessible to them 

within the surrounding water column (Shumway et al. 1987; Cranford and Grant 1990). 

Although scallops have some selectivity in which particles they take up, the concentrations 

and different food particles within the water column can affect this selection process 

(Cranford and Grant 1990; Li et al. 2009). The differences in isotope signatures are, therefore, 

likely to be due to differences in the source and quantity of available food within the water 

column between the more exposed site at Papatiki Bay and the more sheltered sites within the 

upper reaches of the inlet.  

 

3.4.2 Potential food source 

There is considerable evidence that P. novaezealandiae relies on phytoplankton as one of its 

primary food sources in Paterson Inlet. The mixing model suggests that 17 to 90% of its diet 

is comprised of phytoplankton depending on location. A gut content analysis of the scallop 

Placopecten magellanicus revealed that phytoplankton was the major food source (Shumway 

et al. 1987). Other studies have also indicated the importance of phytoplankton within the diet 

of scallops (Cranford and Grant 1990; MacDonald and Ward 1994; Aya and Kudo 2007). 

Phytoplankton is thought to provide greater nutritional value compared to other sources of 

organic matter and is likely to be actively selected for during the filter feeding process 

(Cranford and Grant 1990; Farías and Uriarte 2006).  

As stated above, the difference isotopic signatures of P. novaezealandiae between sites in the 

inner and outer inlet is likely to result from differences in quantities of available food sources. 

The mixing model suggests that phytoplankton is limited within the upper reaches of the inlet 

and therefore the scallops are relying more on other sources such as detrital organic matter. 

According to the mixing model, phytoplankton contributes towards 88-93% of P. 
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novaezealandiae diet at the outer inlet site at Papatiki Bay compared to the 17-53% for the 

sites further up the inlet. Alternatively, large quantities of detrital matter and/or other food 

sources could be overwhelming the ability of the scallop to select for phytoplankton in the 

upper reaches of the inlet. In uptake experiments for the scallop Argopecten irradians it was 

shown that phytoplankton was selectively preferred over other organic matter (Li et al. 2009). 

However, the selective ability of the scallop was compromised when large quantities of 

detrital matter were present compared to phytoplankton, resulting in a greater uptake of 

detrital matter (Li et al. 2009). Therefore, either limitations in availability of phytoplankton 

from the open coast or large quantities of other sources of organic matter overwhelming the 

selectivity of P. novaezealandiae could be resulting in the observed differences between 

locations in the inlet. Alternatively, the phytoplankton signature obtained is from near the 

inlet entrance and might only be appropriate for use in the outer inlet site which is discussed 

in more detail below. 

The mixing model points to the local red alga Asparagopsis armata as accounting for some of 

the difference in the isotopic signatures of P. novaezealandiae between locations in the inlet. 

At Papatiki Bay, A. armata contributes towards 4-7% of the scallop diet in comparison to 12-

47% at the three inner inlet sites. The breakdown process of decaying macroalgae and tissue 

turnover from living macroalgae can contribute to the particulate organic matter (POM) 

available to filter feeding organisms (Duggins et al. 1989; Duggins and Eckman 1994). The 

isotopic signature of A. armata is, however, highly depleted in 
13

C. Therefore scallops at the 

inner inlet sites that rely more heavily on this detrital material, would be expected to be 

depleted in 
13

C compared to outer inlet sites. The scallops from the inner inlet sites are, 

however, enriched in 
13

C. Some other food source is therefore likely to be playing an 

important part in contributing towards the diet of P. novaezealandiae and causing the 

enrichment of 
13

C in the inner inlet sites.  

The mixing model might not be appropriately determining the contributions of each source 

included in the model. The model shows greater contribution of A. armata in the inner inlet, 

whereas the enriched carbon signatures of Macrocystis pyrifera and Zostera muelleri suggest 

they are more likely candidates. Isosource focuses on identifying the range and frequency of 

possible source solutions that solve the mixing model within a specific tolerance (Phillips and 

Gregg 2003). It is not designed to determine the exact contribution of each source and can 

make it difficult to interpret output parameters (Layman et al. 2012). This study, however, 

uses the range of feasible source solutions to interpret results and this therefore allows 
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interpretations to be made appropriately. Layman et al. (2012) also noted that Isosource does 

not incorporate parameter errors into the model (Layman et al. 2012). This is unlikely to 

greatly affect the estimated source distributions as all sources in this study have similar 

magnitude errors, shown by similar magnitude of standard errors for all sources included. The 

errors of the sources can be accounted for by adjusting the tolerance setting within the 

Isosource program (Phillips and Gregg 2003). The design of the model itself could be causing 

the apparent greater contribution of A. armata compared to more likely candidates of M. 

pyrifera and Z. muelleri. Further investigation into the fit of the Isosource model is therefore 

needed.  

Terrestrial organic input is unlikely to be greatly influencing the isotopic signatures of 

scallops in Paterson Inlet. Isotope values of terrestrial nitrogen and carbon are generally quite 

depleted due to the use of the C3 photosynthetic pathway in most temperate terrestrial plants 

(Richard et al. 1997). Studies on terrestrial organic matter (TOM) from New Zealand native 

forest in Fiordland have shown isotopic values of -29.01‰ and -1.35‰ for 
13

C and 
15

N 

respectively (McLeod and Wing 2007). It would therefore be expected that the isotopic values 

for scallops in the inner inlet, which receive greater riverine input, would be more depleted in 

carbon and nitrogen than the outer inlet site at Papatiki Bay. This is, however, not the case as 

the isotope values are more enriched in both 
13

C and 
15

N. Other studies in filter feeding 

clams have shown the preference towards marine POM even in the presence of high amounts 

of TOM (Kasai et al. 2004; Dang et al. 2009). P. novaezealandiae could therefore be 

selecting against TOM even if high quantities exist in the water column within the upper 

reaches of the inlet. 

Other potential food sources including microalgae, which were not examined in this study due 

to the difficulty in obtaining samples, could be contributing to the diet of P. novaezealandiae. 

Microalgae (alternatively named microphytobenthos) is usually found on or within the upper 

layers of the sediment and when re-suspended can be incorporated into the diet of filter 

feeding organisms (Cranford and Grant 1990; Miller et al. 1996). Shumway et al. (1987) 

showed that benthic microalgae, especially benthic diatoms, can make up a small proportion 

of a scallop‟s diet. The isotopic values of 
13

C and 
15

N for soft bottom benthic microalgae 

vary according to region, but is generally around      and 5‰ respectively (Riera et al. 

1999; Kharlamenko et al. 2008; Dang et al. 2009). Benthic microalgae could therefore be 

contributing towards the diet of P. novaezealandiae across the inlet. Higher proportions of 

benthic microalgae could be utilised in the upper reaches of the inlet resulting in more 
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enriched 
13

C seen in this study. Other studies have shown greater utilisation of benthic 

microalgae for filter feeding organisms in differing habitats, mainly correlated with a deeper 

depth (Shumway et al. 1987; Page and Lastra 2003; Dang et al. 2009). The sites sampled in 

this study were all of similar depth and therefore the utilisation of more benthic food sources 

for individuals found at deeper depth is unlikely to be a cause of variation between sites. 

Greater resuspension of benthic microalgae due to strong tidal currents within the inner inlet 

sites, or other factors such as limited food available in the water column, could account for 

differences in utilisation between the inner and outer inlet sites. Further investigation is 

needed to determine if benthic microalgae is accounting for some of the differences in diet 

and why this difference in utilisation may occur. 

Different phytoplankton signatures across Paterson Inlet could also be causing enrichment in 


13

C values within the inner inlet. The phytoplankton values for this study were measured 100 

metres off the inlet entrance in the coastal environment. Phytoplankton blooms can occur near 

river sources due to the input of various nutrients from riverine discharge (Nakatsuka et al. 

2004). In the Amur River in Japan, phytoplankton blooms were considered to make up a large 

proportion of the POM in the area near the river discharge (Nakatsuka et al. 2004). Previous 

studies have shown enrichment of 
13

C and 
15

N values for phytoplankton close to river 

discharges compared to the more open coast due to changes in species composition or 

increased growth rates (Kasai et al. 2004; Aya and Kudo 2007; Dang et al. 2009). More 

enriched 
13

C values of in situ phytoplankton in the upper inlet could account for the 

enrichment of 
13

C seen in scallops in the upper inlet. 

 

3.4.3 Future research 

It is likely that a combination of different food sources could be contributing to the diet of P. 

novaezealandiae in the upper reaches of Paterson Inlet. The mixing model points to increased 

use of the local red alga A. armata in accounting for some of the enrichment in 
15

N seen in 

the upper inlet scallops. Other sources of detrital matter (e.g. Z. muelleri and M. pyrifera) 

were found to be indeterminate in terms of contribution to the diet of scallops in the three 

inner inlet sites according to the mixing model. Z. muelleri and M. pyrifera can therefore not 

be ruled out as potential food sources and further examination is needed. Other potential food 

sources need to be examined to determine if they contribute significantly towards the diet of 

P. novaezealandiae in the inner inlet sites. A detailed study is required to determine if in situ 



 

59 

phytoplankton production is occurring within the upper inlet and if it has more enriched 

isotopic values than the observed coastal phytoplankton. Also an investigation is required to 

determine the contribution of benthic microalgae to the observed isotopic signature of P. 

novaezealandiae and how this differs between inner and outer inlet sites. Differences across 

seasons also need to be examined. The isotopic signature of the scallop could differ seasonally 

due to a change in diet, especially when phytoplankton becomes limited. Several studies have 

shown changes in diets of filter feeding bivalves between seasons, usually due to 

phytoplankton limitation over the winter months (Shumway et al. 1987; Cranford and Grant 

1990; Lorrain et al. 2002; Machás et al. 2003). Analysis of the muscle tissue provides an 

estimate of the sources of food assimilated over a time period of several months (Lorrain et al. 

2002). This study is therefore representative of food assimilated by P. novaezealandiae over 

the summer months. An additional analysis of muscle tissue near the end of the winter would 

be required to determine if there is seasonal variation in the food sources assimilated, and if 

this difference in isotopic signature still exists between the outer and inner inlet sites. 
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3.5 Conclusion 

In conclusion, there is a difference in isotopic values (
13

C and 
15

N) of Pecten 

novaezealandiae between the inner and outer inlet sites within Paterson Inlet, Stewart Island. 

This variation is unlikely to be caused by physical processes such as differences in 

temperature, salinity or size of the scallop. The likely explanation is a difference in diet 

between the locations within the inlet. The primary food source is likely to be phytoplankton, 

with scallops in the outer inlet relying more heavily on this food source. The inner inlet 

scallops are more enriched in both 
13

C and 
15

N and these scallops are probably relying on a 

range of different food sources. The mixing model suggests detrital matter from the local red 

macroalga Asparagopsis armata has a greater contribution towards the diet of the scallop in 

the three sites further up the inlet compared to the outer most site at Papatiki Bay. This source, 

however, does not account for the enrichment in 
13

C seen in the inner inlet sites. The mixing 

model is indeterminate on the importance of Zostera muelleri and Macrocystis pyrifera as 

food sources. These sources cannot therefore be excluded as potential food sources for 

scallops in the inner inlet. This enrichment in 
13

C could, however, be due to greater 

utilisation of resuspended benthic microalgae or use of in situ phytoplankton production in the 

upper inlet. Further investigation is needed into local phytoplankton production, the utilisation 

of benthic microalgae, and a study to see if differences in diet exist between seasons.  
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Chapter 4 Growth of Pecten novaezealandiae within Paterson Inlet 

4.1 Introduction 

4.1.1 Factors affecting growth rates 

Growth rates of scallops are strongly related to food availability and temperature (Kirby-

Smith and Barber 1974; MacDonald and Thompson 1985; Wolf and White 1995). Depletions 

in phytoplankton concentrations have been shown to negatively affect growth rates (Kirby-

Smith and Barber 1974; Bacher et al. 2003). Increases in concentrations above natural levels, 

however, do not always correspond to an increase in growth (Kirby-Smith and Barber 1974). 

Growth has also been shown to slow or stop in colder water temperatures, especially over the 

winter months (MacDonald and Thompson 1985; Yang et al. 1999; Heilmayer et al. 2005). 

The optimum growth temperature can range greatly between different scallop species (Dow 

1964; Sastry 1968; Sicard et al. 1999; Heilmayer et al. 2004). Other factors that can influence 

growth are reproductive events, water depth and limitations in food due to high densities of 

scallops or current flow (Barber and Blake 1983; MacDonald and Thompson 1985; Wildish et 

al. 1987; Bacher et al. 2003). Scallops in deeper water have access to different food resources 

and are exposed to lower temperatures and thus often exhibit low growth rates (MacDonald 

and Thompson 1985; Shumway et al. 1987; Schick et al. 1988). Reproductive events require 

significant investment in the production of gametes and can reduce growth (Barber and Blake 

1983). High densities of scallops can increase competition for food resources and when food 

becomes limited can have a strong influence on growth rates (Román et al. 1999; Bacher et 

al. 2003). Finally, current flow velocity can affect feeding directly by interference with the 

gills, or by reducing the amount of food supplied to the scallop (Wildish et al. 1987; Irlandi et 

al. 1999; Bacher et al. 2003). Due to a range of environmental factors, differences in growth 

rates can vary temporally and spatially. For example, Irlandi et al. (1999) showed differences 

in growth rates of the bay scallop (Argopecten irradians) between bays located approximately 

100 km apart and between seasons. This study even documented small within site differences 

in growth between seagrass patches of varying sizes (Irlandi et al. 1999). The range of growth 

rates observed was attributed to multiple environmental factors (Irlandi et al. 1999). 

 



 

62 

4.1.2 Methods for measuring growth 

Broadly speaking, three techniques have been employed to describe the growth of a range of 

different scallops (Brand 2006). The first way to calculate growth is by determining the age of 

a certain length individual, usually by measuring growth rings either on the shell or the shell 

hinge ligament of the scallop. Banding on the shell of temperate scallop species usually shows 

two distinct annually occurring bands of light and dark colour resulting from periods of rapid 

and slow growth linked to seasonal fluctuations in water temperature (Krantz et al. 1984; 

Wolf and White 1995; Hart and Chute 2009b). This technique has proven to be effective for 

some species of scallops (Stevenson and Dickie 1954; Mason 1957; Conan and Shafee 1978; 

Joll 1988; Hart and Chute 2009b) but not for others (Bull 1976; Chauvaud et al. 1998; Owen 

et al. 2002). Growth rings can prove hard to read and can be unreliable due to rings not 

forming some years (Chauvaud et al. 1998; Owen et al. 2002). An alternative to the use of 

growth rings is time series of size frequencies, which can provide growth information for 

distinct cohorts. If the size structure of a population is followed through time individual 

cohorts can be tracked as they grow (Conan and Shafee 1978; Wolf and White 1995; Hart and 

Chute 2009b). This approach, however, relies on distinct recruitment periods and is best 

suited for rapidly growing species. Finally, a tag and recapture approach can be used to 

determine growth. In this case the size of each scallop is recorded at the time of tagging and 

then the size at recapture is recorded after a certain period at liberty (Williams and Dredge 

1981; Gwyther and McShane 1988; Wolf and White 1995; Carbines and Michael 2007). 

 

4.1.3 Growth of Pecten novaezealandiae 

Growth rate estimates vary widely for P. novaezealandiae for differing populations around 

New Zealand (Cryer 1999; Morrison 1999; Carbines and Michael 2007). Most estimates 

determine that it takes from between one and a half to three years to reach 100mm in size, for 

populations from Northland to Stewart Island (Cryer 1999; Marsden 2006; Carbines and 

Michael 2007). Scallops in Stewart Island are, however, thought to grow larger (lengths up to 

175mm) and be longer lived than the northern stocks (McKinnon 1992). Many different 

methods of measuring the growth of P. novaezealandiae have been performed on different 

populations around New Zealand. Several studies have looked into growth from tag recapture 

data, although most of these studies usually have limited sample sizes below 100 individuals 

(Cryer 1999; Morrison 1999; Carbines and Michael 2007). Morrison (1999) determined 

growth using cohort information based on repeated size frequency measurements. The 
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infrequency of spawning and the possibility of long spawning periods for P. novaezealandiae 

can make tracking cohorts difficult and unreliable (Morrison 1999; Marsden 2006). No 

studies using annual growth bands have been conducted on P. novaezealandiae. This is 

probably due to the fact that P. novaezealandiae shells do not appear to show annual growth 

rings (Bull 1976). These rings have been demonstrated to be associated with other factors, 

such as “shock rings” from dredging and other disturbances (Bull 1976). “Shock rings” occur 

when abrupt physical or environmental disturbances, such as being disturbed by dredges or 

severe storms, cause scallops to cease calcification along the shell mantle causing concentric 

rings (Merrill et al. 1965). These rings can be mistaken for annualised growth rings, which 

can cause the scallops‟ age to be misinterpreted. 

 

4.1.4 Modelling growth rates 

There are several different ways to quantify growth rates of an individual. The most common 

approach is the von Bertalanffy growth model (VBGM) developed by von Bertalanffy (1934) 

(Cailliet et al. 2006). There are many different versions of this model but the most common is 

a modified version of the original VBGM proposed by Beverton (1954) and Beverton and 

Holt (1957) (Cailliet et al. 2006). The model explains the length (L) as a function of the age 

of the individual (t): 

 ( )     (   
  (    )) 

where L∞ is the asymptotic average length, k is the Brody growth rate coefficient (unit yr
-1

) 

and t0 represents the theoretical age when the average length is zero. The Brody growth rate 

coefficient (k) describes how fast the organism approaches L∞, which can be interpreted as the 

mean length of a very old (strictly: infinitely old) individual (Fabens 1965). A combination of 

these two variables (L∞ and k) describes the growth of an organism and how fast it reaches a 

certain size. 

The traditional version of the von Bertalanffy growth equation cannot be used for tag 

recapture studies as there is no age data associated. Information on the size at the time of 

marking, the size at the time of recapture and the length of time at liberty can be used as an 

alternative. Various modifications of the von Bertalanffy equation have been introduced to 

deal with this type of data. The first of these was developed by Fabens (1965), in which L∞ 

and k are estimated (but not t0). Francis (1988b), however, noted problems with Fabens‟ 

(1965) growth model (here after referred to as the Fabens model) and therefore proposed an 
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entirely new parameterisation of the von Bertalanffy growth equation (here after referred to as 

the Francis model). 

 

4.1.5 Aims and hypothesis 

In this chapter the objective was to resolve differences the growth rate of Pecten 

novaezealandiae across Paterson Inlet, Stewart Island. It was hypothesised that there would 

be a difference in growth rates between regions of Paterson Inlet due to differences in 

environmental conditions such as food supply and various abiotic factors. Secondly it was 

hypothesised that the individuals in Stewart Island would be slower growing than more 

northern populations of P. novaezealandiae, due to lower water temperatures. 

 

 

4.2 Methods 

4.2.1 Experimental setup 

Scallops were collected by divers using SCUBA from four locations within Paterson Inlet in 

the week of 4-8 November 2013 (see Figure 3.1). A total of 821 scallops were collected and 

tagged; 281 at Sawdust Bay, 156 at Prices Inlet, 114 at Pāua Beach and 270 at Papatiki Bay. 

The scallops were brought to the surface and aboard the boat where they were dried using 

compressed air. Locktight 401 cyanoacrylate gel was used to attach Hallprint tags (Type FPN 

8mm x 16mm Glue-on Tags) within the shell groove of the scallop 1cm back from the 

growing edge on the upper valve (Figure 4.1). The length across the widest part of the shell 

was recorded to the nearest millimetre for each tagged scallop. The scallops were left at the 

surface for 10 minutes to ensure tags were appropriately glued. The scallops were then 

scattered within the area of collection from aboard the boat. In addition to the 821 initially 

tagged, 160 scallops from the movement study in the following chapter were used in this 

growth study. Tagged scallops were collected by divers using SCUBA in the week of 3-9 

November 2014. The measurements of the widest point, along with the tag number were 

recorded. The growth increment was considered to be the difference between the 

measurement at recapture and the measurement at tagging. 
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Figure 4.1: Picture showing the position of the Hallprint tags (Type FPN 8mm x 4mm Glue-

on Tags) on Pecten novaezealandiae. 

 

 

4.2.2 Estimating growth 

Growth increment data obtained from the tag recapture information on Pecten 

novaezealandiae within Paterson Inlet were used to fit growth models. Growth models were 

built using the entire data set and then subsequently split into two groups of the inner and 

outer inlet. The data was split into these groups to investigate differences in growth across 

Paterson Inlet. The outer inlet consisted of individuals from Papatiki Bay and Pāua Beach, 

where as the inner inlet consisted of individuals from Prices Inlet and Sawdust Bay. Two 

different types of growth models were fitted to these three groups of data. 
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The Fabens model: The simple growth model proposed by Fabens (1965) was first used to 

estimate von Bertalanffy growth parameters using the R (R Development Core Team 2012) 

program FSA (Ogle 2014). The non-linear growth model proposed by Fabens (1965) is 

described by 

       (     )(   
   (  )) 

Where Lm is the length of the scallop at the time of marking (dm), Lr is the length at time of 

recapture (dr),     is the number of days at liberty (dr –  dm) and the other parameters are the 

traditional von Bertalanffy growth model parameters (L∞ and k) as defined above. 

The Francis model: The more complex growth model, proposed by Francis (1988b) was 

fitted using the package fishmethods (Nelson 2014) in the Program R (R Development Core 

Team 2012). This function estimates parameters of the Francis model by fitting the data using 

the maximum likelihood optimization performed using the L-BFGS-B algorithm (an 

adaptation of the quasi-Newton algorithm). The Francis model has been implemented by 

Francis (1988b) and Francis et al. (1999) in the study of marked fish species (Sarda chiliensi 

and Polyprion oxygeneios, respectively) that were at liberty for various different periods. This 

growth model has also been used successfully on various shellfish species, including surf 

clams (Cranfield et al. 1996) and P. novaezealandiae (Carbines and Michael 2007). The 

Francis model replaces the traditional parameters L∞ and k with gα and gβ. These parameters 

(gα and gβ) are considered to be better predictors of growth in growth increment tagging data 

than the conventional von Bertalanffy parameters (Francis 1988a, 1988b). The values of gα 

and gβ are the mean annual growth rates of α and β respectively, which are arbitrarily chosen 

to cover the size range of the species at tagging. The expected length increment (  ) for a 

scallop of initial length    at liberty for time    is given by 

   [

 
        

     
   ] [  (  

     

   
)
  

] 

Additional parameters were incorporated into the GROTAG model. These parameters were w 

and u (time of year when seasonal growth is maximum and the extent of seasonality, 

respectively), v (the co-efficient of variation of the growth variable), m and s (mean and 

standard deviation of measurement errors) and p (the proportion of outliers) (see Francis 

1988b). These parameters were added to determine if there was a better fit of the model when 

they were included (Table 4.1).  
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Table 4.1: Model scenarios (model 1 to 5) applied to tag- recapture data on the growth of 

Pecten novaezealandiae in Paterson Inlet, Stewart Island. The models are used to evaluate 

optimal model parameterisation, using incremental combinations of parameters estimated by 

Francis‟ (1988b) growth model. 

Model Estimated Parameters 

1 gα, gβ, s 

2 gα, gβ, s, v 

3 gα, gβ, s, v, m 

4 gα, gβ, s, v, m, u 

5 gα, gβ, s, p 

 

 

A simple model of the Francis model (gα, gβ and s) using the data from all of the sites with 

few parameters was initially analysed. The complexity of the model was then gradually 

increased by adding additional parameters (e.g. seasonal variability) into the model (Table 

4.1). The fit of the model containing these parameters was evaluated using the standard 

likelihood ratio test (LRT) for significant improvement (Francis 1988b). An increase in log 

likelihood of 1.92 for one parameter added and 3.00 for two parameters added, indicate a 

significant (at p=0.05 level of significance) increase in fit of the model (Francis 1988b). 

The Francis model that was identified as the best fitting model was then run for data from the 

inner and outer locations within Paterson Inlet. The algorithm for optimising the data was 

switched to the Nelder and Mead (1965) algorithm due to the Francis model failing to fit for 

the outer inlet site. This meant that the limits on the parameters were removed, as this 

optimisation algorithm does not allow for limits on the parameters like the L-BFGS-B 

method. 

The two growth rate parameters (gα and gβ) derived from the Francis model were used to 

estimate the von Bertalanffy growth model parameters for the mean asymptotic length (L∞ ) 

and the Brody growth coefficient (k): 

   
(       )

(     )
 

       [  
(     )

(   )
] 

These parameters were then used to graph the von- Bertalanffy growth curve for each of the 

regions analysed within Paterson Inlet. 
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Bootstrapping: Non-parametric bootstrapping simulations for both the Fabens model and the 

top Francis‟ (1988b) growth model were run for the three groups of data, enabling the 

calculation of 95% confidence intervals. Raw data for each of the three groups of data (with n 

samples) were resampled with replacement to generate bootstrap data sets. The number of 

bootstrap data sets generated was 1000 for the Fabens model and 1500 for the top Francis‟ 

growth model for each of the three groups of data. Both growth models were then applied to 

the bootstrap generated sample sets to calculate bootstrapped-derived parameter estimates. 

Ninety-five percent confidence intervals were calculated from the 2.5 and 97.5 percentiles 

from the resulting parameter distribution. The Francis model used a higher number of 

bootstrap iterations (1500) due to a large number of the fits failing (3.73-26.25%).  

 

 

4.3 Results 

4.3.1 Tag returns 

A total of 118 tagged scallops were collected from depths shallower than 12 metres across 

Paterson Inlet (Figure 4.2). Out of this total number, 18 tagged scallops were found to be dead 

and 13 had negative growth rates. These negative growth rates were attributed to transcription 

errors, measurement errors, shell breakages, recording recaptured scallops against the wrong 

tag number or possible shell dissolution. This resulted in 87 scallops to be used in the growth 

analysis. A total of 60 of these tagged scallop returns were from Papatiki Bay, 18 from Prices 

Inlet, nine from Sawdust Bay and zero from Pāua Beach. The recollected scallops were 

between initial sizes of 49-144mm (Figure 4.2). Periods at liberty ranged from 187 to 366 

days (0.51-1.00 years) but over half of the scallops collected were at liberty for one year. 

 

4.3.2 The Fabens model 

The model of the entire data set produced an estimated k value of 0.41/year and a L∞ value of 

140.81mm (Table 4.2 and Figure 4.3). Estimates of the von Bertalanffy growth parameters 

were similar for the Brody growth coefficient parameter (k) however varied for the asymptotic 

average length (L∞) between the inner and outer inlet (Table 4.2). Overlapping 95% 

confidence intervals suggest that there is no significant difference in estimated k values 

between sites. The inner sites, however, had a lower L∞ value, estimated at 121.87mm, 

compared to the outer inlet site estimate of 141.04mm.  
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Figure 4.2: Size frequency distribution of the initial size of the Pecten novaezealandiae 

tagged in Paterson Inlet, Stewart Island.  The recaptured scallops are those recovered alive 

and with positive growth rates from within the inlet. 

 

Table 4.2: Estimates of the von Bertalanffy growth parameters for Pecten novaezealandiae 

within Paterson Inlet, Stewart Island, using Fabens‟ (1965) model. The inner inlet sites 

include scallops collected from Price‟s Inlet and Sawdust Bay. The outer inlet site is scallops 

collect from Papatiki Bay. L∞ & k are the von Bertalanffy growth model parameter estimates. 

Parenthesis show 95% confidence intervals estimated by non-parametric bootstrapping.  

 L∞ (mm) k (per year) 

All sites 140.81 

(133.87 – 150.67) 

0.41 

(0.32 – 0.51) 

Inner inlet sites 121.87 

(117.01 – 128.38) 

0.46 

(0.37 – 0.57) 

Outer inlet sites 141.04 

(134.73 – 149.88) 

0.50 

(0.39 – 0.62) 
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Figure 4.3: Estimated von Bertalanffy growth curve using Fabens‟ (1965) growth model for 

the three different groups of Pecten novaezealandiae within Paterson Inlet, Stewart Island.  

The inner inlet sites represents scallops collected from Price‟s Inlet and Sawdust Bay. The 

outer inlet site is scallops collect from Papatiki Bay. The curves are derived from von 

Bertalanffy parameter estimates (k and L∞). 

 

4.3.3 The Francis model 

The arbitrary lengths chosen for α and β for the GROTAG model were 70 and 120 mm 

respectively. These values covered a large range of the initial lengths of scallops at tagging. A 

simple model produced g70 and g120 values of 23.97 and 7.03 respectively (model 1; Table 

4.3). This model was considered plausible as g70 values were greater than those of g120. The 

addition of the growth variability parameter to the simple model provided significant 

improvement in fit reducing the log likelihood value by 7.5 (model 2; Table 4.3). However, 

the addition of more parameters to the model, including measurements of seasonal variability 

in growth rates, mean measurement errors, and the outlier parameter did not significantly 

improve the model fit (models 3 – 5; Table 4.3). The model that contained g70, g120, growth 

rate variability (v) and measurement error (s) was considered to be the best model (model 2; 

Table 4.3). This model was therefore used for evaluating growth of Pecten novaezealandiae 

between the two different sites within Paterson Inlet. 
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The switching of the model algorithm produced no difference in parameter estimates, as the 

parameter values were identical between the same model run using the different algorithms 

(model 2; Table 4.3 and all sites; Table 4.4). Data from all sites produced an estimated growth 

rate of 21.03mm/year for scallops of 70mm in size (g70) and 7.03mm/year for scallops of size 

120mm (g120). This resulted in von Bertalanffy growth parameter estimates of 0.31 for k and 

149.15 for L∞ (Table 4.4). Differences in estimates of growth parameters occurred between 

the inner and outer inlet sites. Graphing estimated von Bertalanffy growth parameters showed 

that the inner inlet sites had faster growth but to a smaller mean asymptotic length compared 

to the outer inlet site (Table 4.4 and Figure 4.4). The estimated 95% confidence intervals, 

however, showed that there was no significant difference in k values between the sites (Table 

4.4). The inner inlet site had a significantly lower L∞ value at 122.72 compared to the larger 

value of 147.96 for the outer site (Table 4.4).  

The Francis models did not appear to fit appropriately. When the von Bertalanffy growth 

parameters were graphed for all of the bootstrap-derived parameter estimates, it showed a 

number of models with reduced growth rates for both the inner sites and all sites combined (A 

& B; Appendix 5) These reduced growth models were similar to what is seen for the 

estimated outer inlet site model (Table 4.4 and Figure 4.4). In contrast, the graphed bootstrap-

derived parameter estimates for the outer inlet showed a small number of models with 

increased growth rates, similar to the inner inlet sites growth curve (C; Appendix 5). On 

closer inspection of the residuals for the outer inlet site it showed mainly positive residual 

values (C; Appendix 6). This indicates that the fit of the model is poor. After extensive 

troubleshooting, the reasons behind this poor model fit could not be determined. The residuals 

appeared to be random for all of the sites combined and the inner inlet sites (A & B; 

Appendix 6). This indicates these models with fast growth rates could be fitting appropriately. 

However, for some unknown reason a small proportion of the bootstrap derived models drop 

to a lower growth rate. In the case of the outer inlet site the majority of the bootstrap derived 

curves were at this lower growth rate, with only a few models showing increased growth 

similar to the other sites. The dropping of some of the bootstrapped derived models down to 

these lower growth rate models (increase in the case of the outer sites model) greatly 

increased the size of the confidences intervals around the parameter estimates.  
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Table 4.3: Parameter estimates and log likelihood values for models 1 to 5 from the Francis‟ 

(1988b) growth model for Pecten novaezealandiae for all sites within Paterson Inlet, Stewart 

Island (n=87).  Seasonal phase (w) is given in years since 4 November, – = parameter not 

estimated. 

Parameter  1 2 3 4 5 

Log likelihood 2λ 265.20 257.80 256.60 255.80 265.10 

Mean growth rates g70 23.93 21.03 23.65 25.20 23.55 

 g120 7.03 7.75 10.10 10.57 7.03 

Seasonal variation u – – – 1.00 – 

 w (yr) – – – 0.01 – 

Growth variability v – 0.42 0.37 0.37 – 

Measurement error s (cm) 5.00 2.62 2.13 2.06 5.00 

 m (cm) – – -2.00 -1.98 – 

Outlier contamination p – – – – 0.02 

 

 

Table 4.4: Growth parameter estimates of the top Francis‟ (1988b) growth model (gα, gβ and 

s) for the three groups of Pecten novaezealandiae within Paterson Inlet, Stewart Island . L∞ & 

k are the von Bertalanffy growth model parameter estimates. The 95% confidence intervals 

calculated from bootstrapping are shown in parentheses 

Parameter All Sites Inner sites Outer Sites 

g70 (mm/year) 21.03 

(6.42 – 24.13) 

18.76 

(14.84 – 21.37) 

6.90 

(6.05 – 26.42) 

g120 (mm/year) 7.75 

(2.35 – 8.94) 

0.97 

(-1.14 – 1.85) 

2.48 

(2.25 – 9.35) 

v 0.42 

(-0.51 – 2.36) 

-0.22 

(-0.38 – 0.39) 

2.48 

(0.26 – 2.65) 

s 2.62 

(0.8 – 6.36) 

1.05 

(-0.45 – 1.97) 

6.90 

(2.06 – 7.81) 

k (per year) 0.31 

(0.085 – 0.41) 

0.44 

(0.32 – 0.58) 

0.09 

(0.07 – 0.43) 

L∞ (mm) 149.15 

(140.1 – 163.4) 

122.72 

(117.4 – 126.5) 

147.96 

(140.7 – 157.0) 
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Figure 4.4: Estimated von Bertalanffy growth curve of the top Francis‟ (1988b) growth model 

(gα, gβ and s) for the three different groups of Pecten novaezealandiae within Paterson Inlet, 

Stewart Island.  The inner inlet sites represents scallops collected from Price‟s Inlet and 

Sawdust Bay. The outer inlet site is scallops collect from Papatiki Bay. The curves are derived 

from von Bertalanffy parameter estimates (k and L∞). 

 

 

4.4 Discussion  

4.4.1 Comparison of growth models 

The von Bertalanffy growth model (VBGM) has been used in various forms to estimate the 

growth of many species of scallops (Williams and Dredge 1981; Wolf and White 1995; 

Chiantore et al. 2003; Carbines and Michael 2007; Hart and Chute 2009a). Francis‟ (1988b) 

adaptation to the VBGM has successfully been used in estimating the growth rate of Pecten 

novaezealandiae in different populations around New Zealand (Carbines 1998; Cryer 1999). 

However, in this study the growth rate estimates derived from the Francis model appear to be 

unreliable due to the fit of the models varying between a relatively slow and a fast growth 

curve. A combination of a small sample size, lack of individuals under 70mm and low 

variation in the period at liberty could be causing the poor fit of the Francis models. The 

Francis model is said to work better with data sets that contain a wide range of initial sizes 
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with a good variation in the days at liberty and a large sample size (Francis 1988b). The 

suggested sample size is at about 500 individuals (Francis 1988b; Carbines and Michael 

2007). Low sample sizes by themselves are, however, unlikely to cause problems with model 

fitting but are likely to affect the precision of the estimates derived from the model.  

The Fabens model had slightly higher Brody growth rate coefficient (k) and a lower mean 

asymptotic length (L∞) compared to the Francis model for the whole data set. In contrast, little 

difference was observed in the growth parameters for the inner inlet sites between the models. 

The major difference between the two models was apparent when comparing the estimates for 

the outer inlet site. The Francis model shows a much lower k value and a slightly higher mean 

asymptotic length (L∞) compared to the Fabens model. The Francis model predicts that 

scallops take up to 30 years to reach their asymptotic size.  

Due to problems fitting the Francis (1988) model, the Fabens model seems more appropriate 

for looking at growth rate estimates in this study. It has advantages due to its simplicity and 

has been successfully implemented to determine the growth rate of several scallop species 

(Gwyther and McShane 1988; Wolf and White 1995; Chiantore et al. 2003). There are, 

however, some problems associated with the Fabens model. For example, it assumes that all 

individuals follow the same growth curve and it can have problems with correlation of the 

estimated von Bertalanffy growth parameters (Francis 1988b; Wang 1998).  

 

4.4.2 Growth rate estimates 

The Fabens model suggests that the growth parameters for P. novaezealandiae within 

Paterson Inlet are 0.41 and 140.81 for k and L∞ respectively. Using these estimates it is 

calculated that it takes P. novaezealandiae 3.02 years to reach 100mm in size. This model, 

however, suggest that the scallops maximum size is around 140mm, based on the mean 

asymptotic length. In realty individuals up to 150mm were observed in this study and multiple 

individuals of this size have been recorded from the current population within Paterson Inlet 

(Russell et al. 2014). The Francis model produces a better estimate of mean asymptotic 

length; however, due to the poor fit of some of the models using this method, the estimated 

parameters could be unreliable. However, this model‟s estimate of time to reach 100mm in 

length is 3.59 years, which is similar to the estimate using the Fabens model. These derived 

growth estimates from both the Fabens model and the Francis model suggest much slower 

growth of P. novaezealandiae within Paterson Inlet than previously thought. Carbines and 
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Michael (2007) re-analysed growth rates from tag recapture data using Francis‟ (1988b) 

method and produced estimated k values of 0.74-0.85 and L∞ values of 135-141. From these 

values they estimated that it took 18 months for scallops in Paterson Inlet to grow to 100mm 

in length. The estimates obtained in this current study are more likely to accurately represent 

the growth of scallops in Paterson Inlet than the estimates produced by Carbines and Michael 

(2007). Although their study used a similar number scallops (n=89), they reanalysed data 

from Olsen (1994) which contained uncertainty in some of the release times, and the majority 

of scallops were at liberty for less than a year. In Olsen‟s (1994) study scallops were released 

at two different time periods six months apart, however, the time at liberty was assumed to be 

from this later release time point. This could therefore result in over estimation of the growth 

rate in the study by Carbines and Michael (2007). The growth rate estimates obtained from 

this current study are also low compared estimates for Northland and Coromandel populations 

of P. novaezealandiae (Cryer 1999). These populations were estimated to have lower mean 

asymptotic length, but larger k values, indicating rapid growth. Calculations using the L∞ and 

k values revealed estimates of 1.5 years to reach 100mm in length for these northern 

populations. Marsden (2006), however, stated that P. novaezealandiae took three years to 

reach 100mm in the Coromandel, but it was unclear how this growth rate was derived. 

Scallops from the challenger fishery in the Marlborough Sounds region were estimated to 

reach 100mm in 2.5 years (Bull 1976; Marsden 2006). With typical longevity of 6-7 years, 

Stewart Island scallops are thought to be longer lived than other populations around New 

Zealand (McKinnon 1992). Although this study did not have the ability to determine the 

longevity of this species, it has been demonstrated that organisms with slower growth rates 

typically have longer life spans (Lee et al. 2013). 

Estimates of growth of P. novaezealandiae from Paterson Inlet are slower than other regions 

around New Zealand, taking between 3-3.5 years to reach 100mm in length. Slow growth 

rates can stem from a multitude of factors such as food supply, temperature and 

hydrodynamics (Kirby-Smith and Barber 1974; MacDonald and Thompson 1985; Wildish et 

al. 1987). Much lower water temperatures occur within Paterson Inlet compared to other 

regions such as the Coromandel and Northland, where faster growth occurs. Several studies 

have linked reductions in growth of scallops to colder water temperatures (MacDonald and 

Thompson 1985; Yang et al. 1999; Heilmayer et al. 2004). A study by Yang et al. (1999) 

showed lower growth rates with decreasing water temperatures for the scallop species 

Chlamys farreri. Heilmayer et al. (2004) were able to demonstrate a decrease in overall 
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growth performance with decreasing temperature when comparing 25 different species of 

scallops. Other studies have, however, shown no difference in growth between temperatures 

(Pilditch and Grant 1999; Navarro et al. 2000). In these studies they determined that 

temperature was correlated with the amount of food available and therefore food supply is 

more important in determining growth rates. Other differences between Paterson Inlet and 

more northern populations of P. novaezealandiae may therefore be causing differences in 

growth rates.  

 

4.4.3 Differences across the inlet 

The Fabens model suggests there is slightly faster growth of P. novaezealandiae in the outer 

inlet site compared to the inner inlet sites. This is indicated by a 0.04 increase in k. and a 

larger L∞ value of 141.04 compared to 121.87 of the inner inlet sites. This resulted in 

individuals from the outer inlet taking 2.5 years to reach a size of 100mm, compared to 3.7 

years for inner inlet scallops. Overlapping 95% confidence intervals, however, revealed there 

were no significant differences in k values between the two sites. When comparing the mean 

asymptotic lengths (L∞), the inner inlet sites had significantly smaller values. Scallops in the 

inner inlet sites are therefore likely to grow to smaller sizes. These scallops could therefore 

have lower yield per recruit than the outer inlet scallops. This in turn could have implications 

for future fisheries within the region. The Francis model shows opposing results to these, even 

though a similar difference in asymptotic length (L∞) was observed between the two sites, a 

much lower Brody growth rate coefficient (k) was seen in the outer inlet site. This results in a 

much slower growth rate compared to the inner inlet site. The model for the outer inlet site 

suggests it takes 12.51 years to reach 100mmm in length. This estimate is unrealistic when 

comparing it to growth rates from other populations of P. novaezealandiae or to other shallow 

water scallop species from the same family (Williams and Dredge 1981; Wolf and White 

1995; Cryer 1999; Morrison 1999; Carbines and Michael 2007; Hart and Chute 2009a). As 

mentioned above, the poor fit of the model suggests these estimates for the outer inlet site are 

likely to be unreliable.  

Difference in growth rates across a small spatial scale can be attributed to numerous 

environmental factors (MacDonald and Thompson 1985; Wildish et al. 1987; Román et al. 

1999). In a study by Smith et al. (2001) differences in growth rates were shown for the 

scallop Placopecten magellanicus across the Bay of Fundy in Alaska. These changes in 
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growth rates were attributed to differences in environmental conditions such as food supply, 

local hydrodynamics and temperature. Cryer (1999) also demonstrated small differences in 

growth rates of P. novaezealandiae between different bays in the Coromandel region. In this 

present study differences in growth rates did not appear to be significant. This study was, 

however, unlikely to pick up small scale differences due to small sample sizes. A significant 

difference suggested by this growth study is that scallops within the inner inlet sites are likely 

to have a lower mean asymptotic length. These scallops are therefore likely to have a smaller 

maximum size. During the course of this study scallops found in the outer inlet site at Papatiki 

appeared to have individuals of larger size than other locations within the inlet. Some studies 

have suggested that shellfish with similar growth coefficients (k) rates but larger asymptotic 

lengths can be attributed to increased food supplies (Griffiths 1981; MacDonald and 

Thompson 1985).  

 

4.4.4 Accuracy and precision of estimates 

The precision of the estimates obtained from both growth models is low, potentially due to the 

small sample sizes used in this study. This low precision can be seen by the wide ranges of 

the 95% confidence intervals. The inner inlet sites only had a sample size of 27 and the outer 

inlet had slightly higher number of 60, resulting in a sample size of 87 for the inlet as a whole. 

The number of samples in this study are well below the 500 recommended samples to ensure 

precise parameter estimates (Francis 1988b; Carbines and Michael 2007). The accuracy of 

these estimates is related to how well these models represent true growth of P. 

novaezealandiae. Lack of representation of scallops less than 70mm in initial size in this 

study is likely to reduce the accuracy of the model. Inclusion of more growth increment data 

for these smaller sizes is likely to change estimates of the growth parameter variables. It is 

recommended that a wide range of initial sizes representing all age classes are included in 

these von Bertalanffy models to ensure accurate estimation of parameters (Fabens 1965; 

Francis 1988b) 

The low number of returns resulting in a small sample size, and the lack of scallops below 

70mm in length might be due to the field methods employed. After scallops were tagged they 

were scattered back over a large area into the water from the surface. This combined with 

currents and the angle the scallops fell through the water column would result in the tagged 

scallops being highly dispersed. Therefore, when recovery of tagged scallops was undertaken 
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it required extensive searching to find only a few individuals. Restrictions due to dive times 

limited the amount of scallops that were able to be recovered. The location where a large 

number of scallops were found in Papatiki Bay was probably due to a large proportion of 

scallops being returned to the water over a small area. In some areas such as Prices Inlet and 

Pāua Beach the area were the scallops were scattered was small compared to the other sites. 

These sites were extensively searched and very few scallops were returned, zero in the case of 

Pāua Beach. This is indicative that other factors could be affecting the recovery of tagged 

scallops. These factors could include predation, tag loss or the scallops moving outside the 

area. Various different methods have been utilised by other studies to ensure high tag returns 

(Williams and Dredge 1981; Wolf and White 1995; Chiantore et al. 2003). Wolf and White 

(1995) and Gwyther and McShane (1988) used divers to return the scallops to the seafloor at a 

marked location so tags could easily be recovered. A tagging program was employed by 

Williams and Dredge (1981) where they asked for tagged scallops returned from fishermen, 

which yielded high return rates.  

 

 

4.5 Conclusion 

In conclusion, the growth rate of P. novaezealandiae in Paterson Inlet is slower than 

previously thought, taking between three and three and a half years to reach 100mm in length. 

The Francis model used in this study produced poor fitting models in some instance and was 

considered less reliable than the estimated parameters from the Fabens model. No significant 

difference in growth rates occurred between the inner inlet sites at Sawdust Bay and Prices 

Inlet compared to the outer inlet site at Papatiki Bay. Small differences in growth were 

unlikely to be detected due to low precision of the estimates, probably due to the small sample 

sizes achieved. Growth is therefore unlikely to be driving differences in densities of P. 

novaezealandiae across Paterson Inlet. It was, however, shown that the outer inlet site has a 

higher mean asymptotic length compared to the inner inlet sites. This could be attributed to 

difference in food concentrations and quality as suggested by isotope information in chapter 

3. The accuracy of these estimated growth parameters is likely to be affected by the lack of 

scallop below the initial size of 70mm in length represented in this study. 
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Chapter 5 Movement of Pecten novaezealandiae within Paterson Inlet 

5.1 Introduction 

5.1.1 Scallop swimming ability 

Most species of adult scallops are able to move using a jet propulsion mechanism which 

enables them to swim through the water by rapidly opening and closing their shells via 

powerful adductor muscles (Dadswell and Weihs 1990; Cheng and DeMont 1996; Brand 

2006). This mechanism was originally thought to have developed as a physiological 

mechanism for cleaning itself but has been documented for many other responses such as 

escaping predators and movement between locations (Caddy 1968; Winter and Hamilton 

1985; Minchin 1989; Dadswell and Weihs 1990). Multiple factors can affect the swimming 

ability of scallops. For example, the angle of propulsion can affect the energy requirements by 

the scallop and hence the distance travelled (Cheng and DeMont 1996; Beukers-Stewart et al. 

2005). The escape response for some scallop species has been demonstrated to be different to 

the normal swimming ability (Moore and Trueman 1971; Manuel and Dadswell 1991). The 

escape response method is not usually tailored towards maximising swimming distance and 

therefore tends to be at a more vertical angle, requiring a greater amount of energy input 

(Moore and Trueman 1971; Manuel and Dadswell 1991). This escape response is, however, 

more likely to dislodge a predator and reduce the exposure of the most sensitive parts of the 

scallop to the predator (Moore and Trueman 1971).  

The significant energy requirement and long rest periods needed between swimming events 

makes large scale “migrational” movements unlikely (Thompson et al. 1980; Posgay 1981; 

Joll 1989; Brand 2006). Although large scale movements are unlikely, small scale movements 

of tens to hundreds of metres between habitats are still plausible through successive 

swimming events. 

 

5.1.2 Small scale scallop movements 

Scallops have been documented to move anywhere from 0.3-23 metres in a single swimming 

event depending on the species (Joll 1989; Brand 2006). Multiple studies have demonstrated 

random movement of scallop species resulting in dispersal in the direction of the prevailing 

current or randomly dispersing in areas of low current flow (Hartnoll 1967; Posgay 1981; Joll 

1989; Thouzeau et al. 1991; Stokesbury and Himmelman 1996). However, more recently 
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there have been documented cases of directional movement of scallop species between 

different habitats (Hatcher et al. 1996; Wolf and White 1997; Bologna and Heck Jr 1999; 

Arsenault et al. 2000). A study on the bay scallop (Argopecten irradians) showed movement 

away from unfavourable open sandy habitat into seagrass habitat (Bologna and Heck Jr 1999). 

Other studies have shown movements between habitats at different depths, either upslope or 

downslope (Wolf and White 1997; Arsenault et al. 2000). These movements have been 

attributed to moving to areas of better quality food, movement away from nursery areas as 

scallops mature, or movement to areas with reduced predation (Wolf and White 1997; 

Bologna and Heck Jr 1999; Arsenault et al. 2000). Some scallop species have also been 

shown to exhibit different rates of movement on particular habitat types (Stokesbury and 

Himmelman 1996; Bologna and Heck Jr 1999; Arsenault et al. 2000). For example, 

Placopecten magellanicus was shown to exhibit greater movement on sand substrate than all 

other habitat types due to greater risk of predation (Stokesbury and Himmelman 1996). 

The size of the scallop can have an effect on the swimming ability and hence the distances 

scallops are able to move (Caddy 1968; Joll 1989; Dadswell and Weihs 1990; Guderley and 

Tremblay 2013). In most species the swimming ability decreases as the scallop increases in 

size (Caddy 1968; Dadswell and Weihs 1990; Manuel and Dadswell 1993; Guderley and 

Tremblay 2013). These larger scallops are generally less mobile due to a combination of a 

heavier shell and reduced hydrodynamic efficiency, resulting in greater energy requirements 

for swimming (Guderley and Tremblay 2013). One scallop species has, however, been shown 

to have increased swimming capability with size (Joll 1989). The larger scallops of the 

species Amusium balloti increase their swimming ability with size, allowing some larger 

individuals to move up to 23 metres in a single swimming event (Joll 1989). The mechanisms 

causing an increase in swimming distance are not fully understood but it is thought to be due 

to increased lift and faster swimming speeds (Joll 1989). 

The size of the scallop could therefore play an important role in determining movement 

patterns. Some studies have demonstrated directional movement or differences in habitat for 

juvenile scallops (Kenchington et al. 1991; Thouzeau et al. 1991; Arsenault et al. 2000). This 

is linked to a difference in habitat preferences by juvenile scallops compared to adults 

(Kenchington et al. 1991; Thouzeau et al. 1991; Arsenault and Himmelman 1996a; Arsenault 

et al. 2000). As the scallops mature they may therefore exhibit directional movement away 

from unfavourable juvenile habitat. Arsenault et al. (2000) showed movement of the juvenile 

scallop Chlamys islandica into deeper depths, demonstrating the movement away from 
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unfavourable juvenile nursery habitat as it matured. Therefore, scallops of different size 

classes may show a variation in movements due to differences in habitat preferences. 

 

5.1.3 Pecten novaezealandiae movement 

Little information exists on the movement of Pecten novaezealandiae. An early study by Bull 

(1976) monitored scallops using a tag and release method, where scallops were tagged using a 

wire tag and released to the seafloor. The scallops were recovered using dredges and the 

displacement from initial release point calculated. The study indicated that scallops moved 

less than 300 metres from their release point over a 21 month period. This study design is, 

however, an inaccurate way of measuring scallop movement as these dredges can be dragged 

for up to a kilometre at a time along the sea floor. This makes it hard to determine the precise 

location of where a scallop was situated on the sea floor. A more recent study on P. 

novaezealandiae by Morrison (1999) indicated small scale movements of a maximum of ten 

metres over a 14 month period. The study was, however, only able to detect movements of a 

maximum of 14 metres and could not determine if directional movement occurred. A few 

studies have reported anecdotal evidence of juvenile P. novaezealandiae (approximately 

30mm in length) moving considerable distances (Morrison 1999; Marsden 2006). 

 

5.1.4 Aims and hypothesis 

This chapter contains an examination into whether there is directional movement of P. 

novaezealandiae and if this movement differs between scallops of different size. This was 

examined by tracking the distance and direction of monthly movements of tagged scallops 

away from a central release point on the seafloor. The first aim was to determine if directional 

movement exists and if this is correlated with a difference in habitat, slope and current flow. 

This was examined by measuring the direction of movement of scallops and seeing if 

differences between sites, with differing habitat characteristics occurred. Movement rates 

were also examined between different sized scallops situated in the same habitat. The second 

aim was to determine if there was upslope movement into more shallow depths of adult 

scallops. This aim was developed in response to suggestions by managers of the Te Whaka ā 

Te Wera Mātaitai that the scallop fishery in Paterson Inlet should be open to snorkelling only. 

It was suggested that scallops at greater depths would provide recruitment to shallow waters 

via upslope movement of adults. 
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5.2 Methods 

5.2.1 Experimental setup 

Five locations within Te Whaka ā Te Wera Mātaitai were chosen based on different habitat 

characteristics. The sites included a shallow and deep location at both Papatiki Bay and 

Sawdust Bay, and one shallow location within Prices Inlet (Figure 5.1). Scallops were 

collected from the surrounding area at each location by divers using SCUBA and brought to 

the surface. A total of 30 scallops were collected at each site. These scallops were divided into 

two sizes classes; less than or greater than 100mm, with equal sample sizes (i.e. 15 per class). 

The scallops were then dried using compressed air at the surface aboard the boat and tagged 

using Hallprint tags (Type FPN 8mm x 4mm Glue-on Tags). Locktight 401 cyanoacrylate gel 

was used to attach the tags within the shell groove of the scallop 1cm back from the growing 

edge on the upper valve (see Figure 4.1). The glue was left to dry for ten minutes to ensure the 

tags were appropriately glued to the shells surface. SCUBA divers then placed the tagged 

scallops within a 40cm radius of a waratah (1.5m metal stake) driven into the ground (Figure 

5.2). The location of the waratah was either marked at the surface by an attached buoy or the 

GPS position recorded. The first experiment at the deeper location in Papatiki Bay was set up 

on the 9 December 2013. The following four experiments were set up on the week of the 1-4 

April 2014. The shallow site at Papatiki Bay had to be restarted on the 30 April 2014 due to 

the waratah being found removed from its original position. Ten of the scallops used in the 

shallow Papatiki Bay experiment were double tagged in order to asses tag loss. These scallops 

were checked after one month and on the week of 3-9 of November to determine if both tags 

still remained.  
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Figure 5.1: Map of Paterson Inlet showing the locations of the movement experiments (each 

location marked by an x). Two movement experiments were placed in Papatiki Bay, one in 

Prices Inlet and two in Sawdust Bay. 

 

 

Figure 5.2: The experimental setup for the movement of Pecten novaezealandiae within 

Paterson Inlet, Stewart Island.  Tagged scallops were placed around a waratah driven into the 

sediment, where 15 scallops were between the shell width of 30-100mm and 15 between 100-

150mm. 
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5.2.2 Experimental check 

The movement experiments were checked 24 hours, one month and two months after the 

initial setup. SCUBA divers were dropped at the buoy or GPS position for each experiment 

and descended to the waratah. A 30m long tape measure was attached to the waratah using a 

circular piece of fencing wire to allow it to rotate. Concentric circles were swum around the 

waratah at 2-3 metre radius intervals depending on the visibility and the resident scallop 

density. When a tagged scallop was located the number was recorded along with the distance 

and compass bearing out from the waratah. The search was stopped when no scallops were 

found within a six metre radius of the last concentric circle where a tagged scallop was found. 

In some instances when less than ten tagged scallops were found the search was extended out 

to 16 metres.  

On the week of 4-6 June 2014 habitat characteristics were recorded for each site. Fifteen 

metre transects were run out from the waratah towards the direction of the upwards slope. The 

depth was recorded at two metre intervals to determine the gradient of the slope. A photo was 

also taken at five random points along the transect. This process was repeated at 90 degree 

intervals around the waratah, to give a total of four transects per site. The number of scallops 

without tags was also recorded within a 15 metre radius to give a resident scallop density in 

the surrounding area. On the week of 3-9 November 2014 direction and magnitude of the 

prevailing currents over two tidal cycles at each site was also recorded using an S4 current (E. 

J. F. Kearney, unpublished data). Due to time constraints, measurements were only taken at 

the deep locations at Sawdust Bay and Papatiki Bay, along with a measurement at the Prices 

Inlet site. 

 

5.2.3 Analysis 

The movement of the scallops was analysed using circular statistics (Batschelet 1981; Zar 

1996). A Rayleigh‟s test was performed to determine if the mean vector of movement differed 

from random (Batschelet 1981). If the mean movement direction was different from random 

(i.e. significant Rayleigh‟s test), a V-test was performed (Zar 1996). The V-test was used to 

determine if the mean vector of movement was clustered around a certain direction such as 

upslope/downslope, or the dominant current direction (see Arsenault et al. 2000). Three 

separate Rayleigh‟s tests were performed; (1) on scallops measuring below 100mm, (2) on 

those measuring above 100mm and (3) on all sizes of scallops. This resulted in 39 separate 
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Rayleigh‟s tests. All significant levels (p values) were adjusted for multiple comparison 

testing using the False Detection Rate (FDR) approach (Benjamini and Hochberg 1995). 

Traditional Bonferroni-type approaches to adjust for multiple comparison testing were not 

used due to their highly conservative nature, which have a tendency to have a larger rate of 

incorrect rejections of the true hypothesis as the number of tests increase (Verhoeven et al. 

2005). 

The net movement for each individual scallop was also calculated over one and two month 

periods, using recorded locations and trigonometry to track movement. . It was assumed that 

movement of the scallop was in a straight line from the previously recorded position to the 

current position of the scallop. The distance moved after 24 hours was excluded from the net 

movement calculations, however the location of the scallops after 24 hours was used to track 

subsequent movements. This exclusion of movements prior to the 24 hour mark was due to 

the likely exaggeration of scallop movements due to the initial high densities, these movement 

are, however, unlikely to affect the direction of movement (Arsenault et al. 2000). A series of 

two factor ANOVAs were performed to determine if there was a difference in net movement 

between site (5 sites) and scallop size (30-100mm and 100-150mm), after both a one and two 

month period. A log plus one transformation was performed on the net movement variable to 

fix issues arising from non-normality of the data. 

Characteristics of each site were determined by analysis of photoquadrats and recording 

various variables at the given site. Photoquadrats for each site were analysed using the 

program Coral Point Count (CPCe) to determine the dominant sediment type and the 

percentage of macroalgae cover. A total of 25 points were randomly applied to each image 

and the type of substrate or macroalgae each point landed on was recorded. The number of 25 

points was chosen as a study by Drummond and Connell (2005) indicated that using this 

number gave similar estimates of percentage cover to using a greater number of points. The 

sites were classified as either sand, mud or shelly-sand, based on the dominant sediment 

found in the area. All the species of macroalgae were pooled to give an estimated percentage 

of the site covered in macroalgae. This information along with resident scallop densities, 

depth and current data (E. J. F. Kearney, unpublished data) are shown in Table 5.1. 
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Detection rate of tagged scallops (D) was estimated for each site using the mark-recapture 

data as follows: 

D = N1/N2 

Where N1 = number of tagged scallops detected in both month one and month two, and N2 = 

number of tagged scallops detected in month two. This estimate assumes that if tagged 

scallops were alive and detected in month two, they were also in the study area and available 

for detection in month one. Detection rate was not calculated for the Papatiki Bay site as no 

surveys were attempted in month two. 

 

 

Table 5.1: Site characteristics of the movement studies of the scallop Pecten novaezealandiae 

within Paterson Inlet, Stewart Island. The depth is that above chart datum, the sediment is the 

dominate sediment type found at that site determined from visual analysis of photoquadrats, 

the current direction is the predominant direction of flow, and the flow is the maximum flow 

rate in the particular direction observed at each site. 

Site Depth 

(m) 

Upslope 

direction 

Upslope 

gradient 

Density 

(#/m
2
) 

Habitat Current 

Sediment Algae 

cover (%) 

Direc

-tion 

Flow 

(cm/s) 

Papatiki 

Shallow 

2.2 90 deg 3.88% 0
 

Sand 1.0 NE 6.52 

Papatiki 

Deep 

9.4 90 deg 4.23% 0.085
 

Sand 25.1 - - 

Prices 

Inlet 

2.9 80 deg 3.3% 0.0297
 

Sand 0 WN

W 

1.54 

Sawdust 

Shallow 

4 70-180 

deg 

0.2% 0.277
 

Mud 7.1 - - 

Sawdust 

Channel 

10.5 40 deg 0.73% 0.035
 

Shelly-

Sand 

17.5 W 14.77 
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5.3 Results 

5.3.1 Size ranges, recovery and detection rates of movement experiments 

Scallops used in this study ranged in size from 30-148mm. Juvenile scallops under 60mm 

were not well represented in this study due to the difficulty in finding them and subsequently 

relocating them after a given time period. Only 11 scallops less than 60mm were used in this 

study. The recovery rate of scallops after the initial tagging in relation to the number of 

scallops released was 66% after 24hours, 45% after one month and 40% after two months. 

The recovery rate was extremely low at the Sawdust Channel site which has high current flow 

(maximum of 14.77 cm/s). Only 30% of the scallops were recovered after 24 hours, 10% after 

one month and no scallops were found after a two month period. The average detection rate of 

the scallops by the divers across all of the sites over the study was 70.0% with the lowest 

detection rate of 43.8% occurring within Prices Inlet (Appendix 7). Detection rates could not 

be calculated for the Sawdust Channel site due to no scallops being found at the two month 

time point. Detectable predation rates across the study were low with only four tagged 

scallops being found dead across all sites. All dead scallops were found after two months at 

either the deep Papatiki Bay or shallow Sawdust Bay sites. No tag loss was observed in this 

study, as six initially double tagged scallops recovered at the Sawdust Bay shallow site after 

six months all had both tags still attached. 

 

5.3.2 Movement data 

The movements of tagged scallops at each site over the course of the study are shown in 

Figure 5.3. The mean net distance moved calculated from the position of unique scallops 

located after one and two months (excluding movements after 24 hours) across all sites was 

1.82 metres per month. Scallops were found out as far as 10.4 metres from the release point, 

with a maximum observed net movement of 16.75 metres, excluding movements up to 24 

hours after setup. No significant difference in net movement rates were seen between the sites 

or between small (30-100mm) or large (100-150mm) size classes of scallops across the two 

month time period of the study (Table 5.2). ). No significant directional movements were also 

observed at any time over the course of this study for any of the size classes examined across 

all sites (Figure 5.3). 
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5.3.3 Site characteristics 

Sites examined in the study ranged from fine muddy substrate to shelly-sand courser sediment 

and all contained below 30% macroalgae cover (Table 5.1). The resident densities of scallops 

ranged from zero at the shallow site at Papatiki Bay to 0.277 per m
2
 at the shallow site at 

Sawdust Bay. A range of different current velocities were observed across the sites from a 

maximum 14.77 cm/s at Sawdust Bay to 1.54 cm/s at Prices Inlet. It was assumed that the 

shallow sites at both Papatiki and Sawdust Bays received a lower current intensity and a 

similar current direction to the deeper sites where current measurements were recorded.  

 

 

Table 5.2: Summary of ANOVA examining the effects of scallop size and site on the net 

distance moved by tagged Pecten novaezealandiae from their release point after one and two 

months at Paterson Inlet, Stewart Island. There are two different size classes; 30-100mm and 

>100mm. There are 5 different sites distributed across Paterson Inlet. df= degrees of freedom, 

F= F-test statistic and p= significance level. 

 Source of variation df F p 

     

1 Month Scallop size 1 0.268 0.606 

 Site 4 1.579 0.191 

 Scallop size x site 4 1.179 0.329 

     

2 Month Scallop size 1 0.619 0.435 

 Site 3 0.289 0.750 

 Scallop size x site 3 0.829 0.443 
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Figure 5.3: Movement of scallops after 24hrs, one month and two months at five sites within 

Paterson Inlet, Stewart Island. The solid black diamonds (♦) represent scallops above the size 

of 100mm, and the hollow diamonds (◊) represent scallops between the sizes of 30-100mm. 

The centre indicated by the dotted lines represents the release point for the movement 

experiment, with the upwards direction corresponding to north. A= Papatiki Bay shallow, B = 

Papatiki Bay deep, C= Prices Inlet, D = Sawdust Bay channel and E= Sawdust Bay shallow. 

No data is due to the waratah marking the centre of the movement experiment being removed 

after one month at site A. 
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5.4 Discussion 

5.4.1 Directional movement 

No significant directional movements were detected over the course of the study. The lack of 

directional movement of scallops in our study is consistent with many others, where scallops 

have been shown to disperse randomly or in the direction of the prevailing current and 

provides some support towards the idea that adult scallops do not move between habitats 

(Posgay 1981; Joll 1989; Thouzeau et al. 1991; Stokesbury and Himmelman 1996; Brand 

2006). Although, this study did not attempt to measure movement in locations where scallops 

were not found, such as in areas of high macroalgae cover. Due to the lack of directional 

movement exhibited in this study, scallops at greater depths are unlikely to provide 

recruitment into shallower areas through the movement of adult scallops. 

No directional movements were observed in relation to size classes. This is unlike what was 

suggested by Thouzeau et al. (1991) and demonstrated in the study by Arsenault et al. (2000), 

where juvenile scallops showed directional movement due to movement away from specific 

habitats. The sample size of small scallops was, however, limited within the present study due 

to the difficulty in finding them initially, and subsequently relocating tagged individuals. For 

example, only three scallops under 45mm were tagged, and none were recaptured. The 

present study is therefore not representative of smaller scallops and directional movement of 

juvenile scallops cannot be completely ruled out. This test was also not designed to determine 

if there was directional movement of juvenile scallops away from their initial site of 

attachment.  

The random movement of scallops described in the present study might be attributed to 

movement in response to disturbances such as predation (Thomas and Gruffydd 1971; Wolf 

and White 1997). When scallops are disturbed they exhibit either one of two responses. The 

scallop can exhibit a “valve close” response which is typically attributed to rapid water 

movements or disturbances by non-predatory species (Thomas and Gruffydd 1971; Brand 

2006). Alternatively, scallops can exhibit a swimming response to escape and dislodge 

predators, which is mainly associated with starfish predation (Thomas and Gruffydd 1971; 

Pitcher and Butler 1987). The movement associated with the predator escape response is 

typically in a random direction (Thomas and Gruffydd 1971; Pitcher and Butler 1987; Brand 

2006). During the course of the present study, the escape response was observed on many 
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occasions when Pecten novaezealandiae was lightly disturbed by the diver. This type of 

response to disturbance could result in the random pattern of dispersal seen in the present 

study. 

 

5.4.2 Net movement 

P. novaezealandiae underwent little movement over the study period in comparison to 

movements observed in studies on other scallop species (Brand 2006). A mean movement of 

1.82 metres per month and a maximum net distance of 16.75 metres were observed over the 

two month period from those tagged scallops recovered. Movement rates were similar to the 

closely related scallop Placopecten magellanicus, which moved on average of 3.04 metres 

over a longer time period of four months (Parsons et al. 1992). These results were also 

comparable to that described for P. novaezealandiae in the Marlborough Sounds by Morrison 

(1999). In Morrison (1999) study the scallops moved on the scale of ten metres over a 14 

month period. The movements of the scallops in the present study were possibly exaggerated 

by the artificially high density of scallops at the time of release, which would stimulate 

scallops to swim (Howell and Fraser 1984; Hatcher et al. 1996).  

The maximum distance a scallop was observed to have dispersed out from the release point 

across the entire study was 10.4 metres. It was assumed that scallops did not move beyond 16 

metres as no scallops were found between 11-16 metres. This assumption was made as a 

diffusion of scallops would likely occur with increasing distance from the release point, i.e. 

the number of tagged scallops found would gradually decrease in numbers with increasing 

distance out from the release point. For example, a study on movements of the tagged scallop 

Equichlamys bifrons showed a gradual decrease in the number of tagged scallops with 

increasing distance from the release point (Wolf and White 1997). In the Wolf and White 

(1997) study, no tagged scallops were located in the outer reaches of the search and, therefore, 

it was concluded that scallops must not move past this distance. However, a bimodal 

distribution of movements cannot be ruled out in the present study, where a number of 

scallops underwent very little movement and others underwent large scale movements. In the 

Sawdust Channel, where strong currents exist, the lack of scallops within the area could 

indicate high scallop movement in the direction of the prevailing current. However, a line 

search out to 30 metres in the direction of the prevailing current after 24 hours found no 

tagged scallops. Other explanations for the lack of scallops found within this site include high 

predation rates or tag loss due to strong currents. Few scallops without tags were found within 
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the study area. No mortality of tagged scallops were observed within the study area in the 

Sawdust Channel. This indicates the more likely explanations that more mobile predators 

removed scallops from the area or the strong currents caused the scallops to move large 

distance when they undertook swimming. 

No differences in movement rates were seen among any of the sites examined in this study. 

There were differences between all sites in terms of the sediment type present, percentage of 

macroalgae cover, current speeds, depth and the resident scallop density. In studies by Wolf 

and White (1997) and Stokesbury and Himmelman (1996) scallops were shown to move more 

on barren sandy substrate types than any other habitat. The higher movement rates were 

linked to high predation on the sandy environment or greater sediment suspension that affect 

filter feeding. By exhibiting greater movement in unfavourable habitats, it can increase the 

chances of scallops moving into favourable habitats even if the direction of movement is 

random. This principle was demonstrated by Wolf and White (1997), where greater 

movement of Equichlamys bifrons on sandy substrate resulted in scallops being more 

concentrated in seagrass habitat. In this seagrass habitat, predation was less likely to occur, 

therefore the scallop was unlikely to be disturbed as often and randomly swim away from this 

habitat. P. novaezealandiae has a greater ability to bury itself beneath the sediment unlike the 

two species in the studies described above (Caddy 1968; Bull 1976; Mendo et al. 2014). The 

ability to camouflage itself from visual predators may reduce the requirement for the 

swimming escape response. In all areas studied scallops were seen to be buried beneath the 

sediment even if differences in sediment type existed (see Figure 2.6). It is therefore likely 

once settled P. novaezealandiae under-goes very little movement due to the behaviour of 

burying itself beneath the sediment.  

There was no difference in size related movements across this study. Multiple scallop species 

have been shown to decrease movements as they grow in size (Caddy 1968; Dadswell and 

Weihs 1990; Manuel and Dadswell 1993; Guderley and Tremblay 2013). This is attributed to 

the higher energy demands due to heavier shells and reduced hydrodynamic efficiency 

(Guderley and Tremblay 2013). As mentioned above it is difficult to rule out greater 

movement of smaller sized scallops due to the lack of representation of scallops below 60mm. 

It can, however, be concluded that there is no difference in movement rates between 60-

100mm and 100mm plus sizes classes of P. novaezealandiae on the range of habitats tested. 
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5.4.3 Mortality and detection rates 

The average recovery rate across the study was 50% of the initial scallops tagged. Similar 

recovery rates were seen in a study by Wolf and White (1997) where 42-51% of tagged 

scallops were not recovered. The reasons for the low recovery rate were attributed to tag loss 

and removal from the area by predators (Wolf and White 1997). Observed mortality rates 

were low across the present study with only four tagged scallops being found dead. These 

mortality rates were, however, likely to be underestimated as it does not take into account the 

scallops that were removed from the area by predation from highly mobile predators such as 

bony fish, skates and octopus. Tag loss was likely to be minimal as there was no observed tag 

loss for six scallops double tagged within the shallow Papatiki Bay site after six months. 

These scallops were in an area with lower current flow than Sawdust Bay and therefore tag 

loss in areas of high current flow cannot be ruled out. A proportion of the low recovery rates 

within this study can be attributed to a lack of detection of scallops, with an average of 70.0% 

of the scallops being detected. Lack of detection can be attributed to several reasons. Firstly, 

poor visibility by stirring up of the sediment by the diver, or poor conditions within the inlet, 

could result in a lack of detection. Secondly, the circular search pattern could result in certain 

areas being overlooked, especially as the search radius increased. This is due to the difficulty 

of keeping the line tight to make an accurate circular sweep. Thirdly, when the resident 

density of scallops is high it is easy to mistake a scallop for one that has already been checked 

for a tag. Finally, the experience of the diver preforming the search can greatly affect the 

detection rate. These reasons contributing to lack of detection, removal of scallops by 

predation, strong currents causing swimming scallops to be swept out of the study region and 

potential tag loss in areas of high current flow, could all contribute to the low recovery rates 

seen in this study. 

 

5.4.4 Future recommendations 

The majority of the present study was conducted over the autumn months, with the exception 

of work at the deep site at Papatiki Bay. Decreasing water temperatures over this time could 

result in a decrease in activity by P. novaezealandiae. Studies on other scallop species have 

shown different movement rates in different seasons, with greater movements occurring in the 

warmer months (Joll 1989; Hatcher et al. 1996; Stokesbury and Himmelman 1996). Carsen et 

al. (1995), however, showed greater movement of Placopecten magellanicus in the months of 

autumn. Further investigation is therefore needed to see if there are differences in movement 
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rates between seasons for P. novaezealandiae. At all study sites macroalgae covered less than 

30% of the area. During the course of the present study scallops were rarely observed on 

macroalgae and none were ever found beneath macroalgae. A study in an area of high 

macroalgae cover is needed to see if there is greater movement within, or away from such 

sites. In doing so it would be possible to investigate whether scallops have a preference for 

burying themselves beneath exposed sediment. Studies are also required on scallops under the 

size of 60mm. The lack of representation of scallops under this size in this present study 

makes it difficult to determine if there is greater movement by individuals in the smaller size 

ranges.  

 

 

5.5 Conclusion 

In conclusion Pecten novaezealandiae exhibited random movement across this study, which 

could be attributed to a response to predation. However, movements generally were limited, 

with scallops moving on average 1.82 metres per month, calculated from those tagged 

scallops recovered`. These movements did not differ between sites, all of which had different 

habitat characteristics. This lack of movement on the habitat examined in the present study 

could be attributed to the behaviour of P. novaezealandiae, which tends to bury itself beneath 

the sediment. No differences in movements between sizes classes were seen. However, this 

study is representative of scallops above 60mm, as few scallops under this length were 

included. Results indicate P. novaezealandiae found in deep waters are not likely to sustain 

numbers in shallow habitats through movement of adults. Further investigation is needed to 

determine if juvenile scallops exhibit different movement patterns. Investigations are also 

needed to determine if movement is seasonal and if movement away from areas of high 

macroalgae cover occurs.  
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Chapter 6 General discussion and conclusions 

6.1 Introduction 

The objective put forth in this study was to investigate the factors controlling the distribution 

of Pecten novaezealandiae and to determine if aspects of the species‟ ecology can help 

explain this distribution within Paterson Inlet, Stewart Island. The current distribution of P. 

novaezealandiae was recorded through extensive surveys within Paterson Inlet. Statistical 

modelling techniques were then used to determine what factors were associated with these 

distributions. The factors tested included various abiotic and biotic aspects of the habitat, 

along with the effect of current management regimes within Paterson Inlet. Aspects of P. 

novaezealandiae ecology relating to food supply, growth and movement were also examined 

to help explain the scallop distribution within Paterson Inlet. The goal of this research was to 

provide vital information on the dynamics of this population and fill gaps in the knowledge 

about P. novaezealandiae. It is hoped that this information will help better inform managers 

to regulate the fishery within Te Whaka ā Te Wera Mātaitai and more widely in Paterson 

Inlet. 

 

 

6.2 Potential factors affecting distributions 

Four factors were found to be correlated with the distribution of P. novaezealandiae across 

Paterson Inlet. The most important of these factors was the distance from the inlet entrance. 

Scallops were more likely to be present and at higher densities as the distance from the 

entrance increased. This variable is, however, likely to be a proxy for other factors. The 

possible explanations put forth were differences in food supply affecting growth and survival, 

hydrodynamics controlling larvae supply, and historical fishing pressure. Management regime 

was also determined to be an important factor in statistically explaining the presence of P. 

novaezealandiae. Scallops were more likely to be present in the Te Whaka ā Te Wera 

Mātaitai compared to Big Glory Bay which is open to harvesting. This difference could be 

attributed to the lack of fishing pressure within the Mātaitai. In contrast, the Ulva Island 

Marine Reserve was less likely to have scallops present compared to the Mātaitai, which has 

been closed for the same amount of time. However, the marine reserve has additional forums 

of protection in place from other forms of fishing and anthropogenic disturbances that could 

benefit scallop populations. There was also no difference in the likelihood of scallops being 
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present between the marine reserve and Big Glory Bay. This lack of response in the marine 

reserve was attributed to poor shallow water scallop habitat. A large proportion of the reserve 

is located close to the inlet entrance and therefore the distance based variable is likely to 

affect the presence of scallops within this area. P. novaezealandiae was less likely to be 

present when there was a high percentage of macroalgae present. This could be explained by 

the behaviour of P. novaezealandiae burying itself beneath the sediment, where it is likely to 

gain refuge from some predators, which can be prevented by macroalgae cover (Minchin 

1992; Mendo et al. 2014). This association could indicate that scallops actively select against 

areas of high macroalgae cover. Finally, P. novaezealandiae was less likely to be present 

when mats of benthic microalgae were present. The likely explanations include; active 

removal of benthic microalgae mats from the surrounding area via filter feeding, the benthic 

microalgae mats acting as a barrier preventing scallop burial, or benthic microalgae could be 

indicative of poor scallop habitat.  

Only one variable, distance from the inlet entrance, was found to be important in explaining 

the density of scallops. Other factors, not included in this study, might contribute significantly 

to scallop distribution in Paterson Inlet. For example, predation on both adults and juveniles 

can severely alter densities of scallop populations (Elner and Jamieson 1979; Arsenault and 

Himmelman 1996a; Peterson et al. 2001). Only one species of predator, the 11 armed starfish 

(Coscinasterias muricata), was included in this study and the survey was not designed 

appropriately to accurately determine its density levels.  

 

 

6.3 Linking food supply and growth of Pecten novaezealandiae 

The present study provides the first insight into the potential food sources for Pecten 

novaezealandiae and indicates that its diet is similar to other closely related scallop species, 

with phytoplankton as a primary food source (MacDonald and Thompson 1985; Cranford and 

Grant 1990; Li et al. 2009). A gradient of isotopic signatures was also seen from the entrance 

of Paterson Inlet to the head of the inlet, indicating a gradual shift in the utilisation of food 

sources by P. novaezealandiae. Scallops from the outer inlet were demonstrated to be feeding 

on a higher proportion of phytoplankton compared to the inner inlet sites, where a higher 

proportion of local detrital matter was likely assimilated. The inner inlet scallops, however, 

could be feeding on in situ phytoplankton production that could be more enriched carbon and 
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nitrogen isotope signature, which was not quantified in the current study. Phytoplankton is 

considered to be a more nutritious food source than detrital matter (Kirby-Smith and Barber 

1974; Cranford and Grant 1990; MacDonald and Ward 1994). These results suggest 

differences in food supply are unlikely to be affecting the observed relationship between the 

likelihood of scallops being present, and the density of P. novaezealandiae, with increasing 

distance from the inlet entrance. Other factors such as larval recruitment into the area, 

historical fishing pressure and/or other environmental parameters not quantified in this study, 

could be more important in controlling the distribution of scallops in relation to distance from 

the inlet entrance. 

In this present study no significant differences in growth rate were detected between scallops 

in the inner and outer inlet sites. This was possibly due to the model not being able to detect 

small changes in growth due to the low sample size. However, comparing estimates from two 

different growth models contradicted each other as to which region within the inlet showed 

faster growth. The more appropriate model did suggest a faster growth rate in the outer inlet, 

with 2.5 years to reach 100mm, compared to the 3.7 years for the inner inlet sites. As 

mentioned above this difference was not significant, which may be indicative of small sample 

size. The outer inlet does, however, show growth to significantly larger sizes. The 

concentration and type of food available has been demonstrated to be one of the most 

important factors influencing the growth of scallops (Kirby-Smith and Barber 1974; 

MacDonald and Thompson 1985; Wolf and White 1995). Some studies have even linked 

larger sizes in shellfish to greater quality and quantity of food available (Griffiths 1981; 

MacDonald and Thompson 1985). Therefore, the gradient in isotopic signatures across the 

inlet could explain the differences in growth observed. As suggested by the isotope study, 

individuals in the outer inlet are likely utilising a higher percentage of phytoplankton. Various 

studies have suggested that phytoplankton is a more nutritious food source than other food 

sources (Shumway et al. 1987; Cranford and Grant 1990; MacDonald and Ward 1994; 

Lorrain et al. 2002). This therefore, may result in the significantly larger sized scallops (larger 

mean asymptotic length, L∞) in the outer inlet, as suggested by results from the growth 

models. 

Results obtained from the present study suggest growth rates are much slower than previously 

thought for the scallop population within Paterson Inlet. P. novaezealandiae was calculated to 

take between three to three and a half years to reach 100mm in length within the inlet. This 

slow growth rate could be a contributing factor behind the limited recovery of P. 
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novaezealandiae within the Te Whaka ā Te Wera Mātaitai. Harvesting of scallops has been 

banned within the Mātaitai for 13 years and recent surveys suggest slow recovery since the 

closure (Russell et al. 2014). In the mid-Atlantic Bight scallop fishery Hart and Rago (2006) 

showed high growth rates combined with good recruitment years were the reasons behind the 

fast recovery in biomass of Placopecten magellanicus after a harvesting closure. A nine year 

closure resulted in an eight fold increase in biomass for the P. magellanicus population 

studied (Hart and Rago 2006). Therefore, slow growth rates could limit the recovery of the P. 

novaezealandiae population within Paterson Inlet. However, results from the present study 

points to recruitment limitation as being a major factor contributing towards limited recovery 

of this population. 

 

 

6.4 Effects of movements 

Movement of adult scallops is unlikely to alter the distributions of Pecten novaezealandiae 

within Paterson Inlet. Scallops underwent very little movement, moving on average of 1.82 

metres per month. Movements were considered to be random across this study as no 

significant directional movement was observed. Areas of high current flow could, however, 

severely affect the distribution of scallops when they undergo movement. In the Sawdust 

Channel, where currents reach speeds of 14.77 cm/s, there were very few scallops recovered. 

The low recovery rate was potentially due to the strong current moving scallops large 

distances when they undertook swimming and/or high predation rates from more mobile 

predators.  

The sites where the movement experiments were conducted all contained less than 30% 

macroalgae cover. The lack of movement at these sites could be attributed to the behaviour of 

the scallop burying itself beneath the sediment. Therefore, this lack of movement and burying 

behaviour could support the idea that P. novaezealandiae has a preference for more open 

habitats as opposed to areas with high macroalgae cover. Other studies have demonstrated 

high movement rates of scallop species on more unfavourable habitat (Wolf and White 1997; 

Bologna and Heck Jr 1999). Wolf and White (1997) showed movement of Equichlamys 

bifrons away from unfavourable open sandy habitat by exhibiting greater non-directional 

movements on this substrate. In contrast, the closely related species Pecten fumatus was 

demonstrated to have a preference for open habitat compared to areas with high macroalgae 
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cover (Mendo et al. 2014). This preference for open habitat was linked to the behaviour of the 

scallop burying itself beneath the sediment (Mendo et al. 2014). It is therefore likely to be the 

case for P. novaezealandiae, where scallops bury themselves beneath the sediment and only 

move when disturbed by predators. The lack of movement on sandy substrates, and the 

negative association with high levels of macroalgae cover, could demonstrate a preference for 

open soft-sediment habitats by adult P. novaezealandiae. 

The present study did not investigate if there was a different habitat preference for juvenile 

scallops, and if there was gradual movement away from this habitat as they mature. Scallop 

larvae require appropriate settlement substrate such as filamentous structures like macroalgae 

when they settle out of the water column to the seafloor (Stokesbury and Himmelman 1995; 

Arsenault and Himmelman 1996a; Cragg 2006). This suggests that juvenile scallops may be 

situated in areas of high macroalgae cover. As juvenile scallops mature they may actively 

move away from these areas into more open habitat which may be favoured by adult scallops. 

A study on P. novaezealandiae less than 40mm in length showed a positive association with 

an complex habitat elements such as sponges, horse mussels and ascidians in the surrounding 

area (Talman et al. 2004). 

 

 

6.5 Management recommendations and implications 

The movement study detected no net movement of Pecten novaezealandiae between deep and 

shallow habitats. Closure of the fishery to SCUBA would provide a refuge for deeper 

populations of P. novaezealandiae beyond the depth of breath hold divers but these deep 

populations are unlikely to replenish shallow beds through movement of adults. These refuges 

may however, allow for a build-up of local spawning stock due to limited „spillover‟ of adult 

scallops from the limited mobility observed for this species (Carr and Reed 1993; 

Stockhausen and Lipcius 2001; Botsford et al. 2009; Cudney-Bueno et al. 2009; Moffitt et al. 

2009). This could in turn result in increased larval export to adjacent shallow water habitats 

due to increased fecundity from enhanced local densities of adult scallops (Kramer and 

Chapman 1999; Bogazzi et al. 2005; Botsford et al. 2009; Le Quesne and Codling 2009; 

Grüss et al. 2011; Nicolle et al. 2013).  

This study showed that higher densities of scallops occurred in the inner inlet, although the 

reasons for this are not clear. If the intention is to re-open the scallop fishery in Paterson Inlet, 
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it would be necessary to better understand why this variation in density occurs. Otherwise, 

opening the fishery, even on a rotational basis, risks serial depletion of the scallop population. 

The predictions from this study are that scallops take at least three years to reach 100mm, the 

legal size for harvesting. This suggests that any form of closures (e.g. rotational closures) 

should be implemented for at least that long, if the scallop fishery is to be enhanced. Further 

investigation is needed to determine the effectiveness of different management types, 

especially research on recruitment levels and connectivity of the population across Paterson 

Inlet. 

 

 

6.6 Future research 

This study demonstrated some of the important factors correlated with the distribution of 

Pecten novaezealandiae and some of the potential reasons behind these. However, further 

research is required to fully understand the population of P. novaezealandiae with Paterson 

Inlet and therefore provide better information to managers. Results from this study suggest a 

negative association of P. novaezealandiae with macroalgae cover. These results combined 

with the lack of movement on sandy habitat and the burying behaviour, suggest a preference 

for these more open soft-sediment habitats. Further studies into the movement of P. 

novaezealandiae in habitat containing high levels of macroalgae cover are needed to 

determine if there is greater movement rates and hence avoidance of these habitats. Studies on 

other scallop species suggest that juvenile scallops may have a preference for areas that 

contain complex habitat structures such as macroalgae, seagrass and sponges (Brand et al. 

1980; Stokesbury and Himmelman 1995; Arsenault et al. 2000; Cragg 2006). Investigations 

on movements of both adult and juvenile scallops would be needed to determine if negative 

relationship exists within differencing habitat types.  

Extensive predator surveys are needed within the area, especially on more mobile predators 

such as skates, octopus and bony fish. These surveys are needed to fully understand the effect 

predators are having on the scallop populations within Paterson Inlet. A continued 

investigation is needed into the reason why scallops are more likely to be present and at 

higher densities in the inner compared to the outer inlet. Studies are required on larval supply 

and recruitment patterns within the inlet. The hydrodynamics within the inlet could be 

affecting the recruitment to these outer inlet sites thus making scallops less likely to be 
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present and at lower densities. The connectivity of populations between shallow and deep 

habitats also needs to be investigated in terms of recruitment. 

 

 

6.7 Conclusions 

 Pecten novaezealandiae was more likely to be present and occur at a higher density as 

distance increased from the entrance of Paterson Inlet, and this could be linked to 

larval supply and/or historical fishing pressure. 

 P. novaezealandiae is less likely to be present when there is a high percentage of 

macroalgae cover on the seafloor, and this could indicate a preference for open soft-

sediment habitat. 

 The closure to scallop harvesting appears to have a positive impact on the likelihood 

of scallops being present within a region, with scallops more likely to be present in the 

Te Whaka ā Te Wera Mātaitai. 

 A negative correlation was found between P. novaezealandiae and benthic microalgae 

mats, and this could suggest the active removal by feeding or an unfavourable scallop 

habitat as a result of these mats. 

 A gradient in isotopic signatures was demonstrated with increasing distance from the 

inlet entrance, and this could be attributed to decreasing utilisation of coastal 

phytoplankton. 

 As a result of living on soft sediment habitats and the behaviour of burial beneath the 

sediment, scallop movement was limited with a mean movement of 1.82 metres per 

month calculated using those scallops recovered. 

 No movement of scallops between shallow and deep habitat was detected in this study. 

 Growth rates of P. novaezealandiae within Paterson Inlet suggest a period of 3-3.5 

years to reach 100mm in size, a slower growth rate than previously thought. 
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 Appendices 

 

 

Appendix 1: The Variance Inflation Factor (VIF) values for each of the predictor variables 

included in the models for modelling Pecten novaezealandiae density and presence within 

Paterson Inlet.  DF refers to the degrees of freedom. GVIF^(1/(2*Df)) values are used for 

evaluating predictor variables with more than one level. 

Variable Generalized Variance  

Inflation Factors (VIF) 

DF GVIF^(1/(2*Df)) 

Management regime 1.44 2 1.10 

Distance.km 1.75 1 1.32 

Coscinasterias muricata (11arm) 2.26 1 1.50 

Depth 1.36 1 1.17 

Microalgae 1.24 1 1.11 

Sediment type 4.01 4 1.19 

Macroalgae 1.34 1 1.16 
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Appendix 2: Graphs testing the linear regression assumptions for the full model on the density 

of Pecten novaezealandiae within Paterson Inlet.  Graph A shows the standardised residual 

plot for testing patterns in the data. Graph B shows a histogram of standardised residuals 

testing normality of the data. Graph C is a qq Plot also for testing normality of the data. 
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Appendix 3: Receiver Operator Curve (ROC) for averaged model of logistics regression on 

the presence of Pecten novaezealandiae within Paterson Inlet. The area under the ROC curve 

is 0.78 with the 95% confident interval of 0.705 to 0.855. 

 

 

Appendix 4: Mean δ
13

C and δ
15

N for phytoplankton and detrital sources obtained from 

Paterson Inlet, Stewart Island. SE = standard error; n = sample size. Outer inlet sites refer to 

samples collected from Papatiki Bay and Inner inlet sites refer to samples collected from 

Sawdust Bay. 

 

Species 

δ
13

C  δ
15

N  

n Mean SE Mean SE 

Detritail sources       

Outer Inlet       

  Macrocystis pyrifera -16.38 0.34  8.65 0.17 5 

  Asparagopsis armata -30.94 0.20  7.52 0.12 5 

Inner Inlet       

  Macrocystis pyrifera -17.93 0.32  9.03 0.20 5 

  Asparagopsis armata -28.53 0.77  8.45 0.20 3 

  Zostera muelleri -9.61 0.25  7.64 0.22 6 

Phytoplankton -20.97 0.64  5.87 0.24 4 
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Appendix 5: von Bertalanffy growth curves derived from non-parametric bootstrap parameter 

estimates for three groups of Pecten novaezealandiae within Paterson Inlet.  Graph A shows 

all sites combined within Paterson Inlet. Graph B shows the inner inlet sites. Graph C shows 

the outer inlet site 
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Appendix 6: Residuals from Francis‟ (1988b) growth model for Pecten novaezealandiae from 

three different locations within Paterson Inlet, Stewart Island. Graph A is the residuals for all 

locations (n=87). Graph B is the residuals for the inner inlet sites (n=27). Graph C is the 

residuals for the outer inlet site (n=60).  
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Appendix 7: The detection rate of Pecten novaezealandiae across the five sites within 

Paterson Inlet, Stewart Island.  Detection rate is shown for the one month time period. A 

detection rate for the Sawdust Bay channel could not be calculated due to no scallops being 

found at the two month time point. Similarly, the detection rate for the Papatiki Bay site could 

not be calculated due to no data being collected for the two month time point. 

Site Detection rate Sample size (n) 

Papatiki Bay shallow   

Papatiki Bay deep 0.765 17 

Price Inlet 0.4375 16 

Sawdust Bay channel   

Sawdust Bay shallow 0.895 19 

Average 0.700  

 


