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Abstract 

Fisheries and aquaculture are major contributors of nutrition and animal protein worldwide. 

Understanding the genetic variation and differentiation within and between wild 

populations is important for both sustainable fisheries management and selection of 

aquaculture broodstock. This study determined the genetic variation and differentiation of 

New Zealand Pagrus auratus based on mitochondrial DNA control region sequencing and 

microsatellite DNA genotyping. Low but significant differentiation was measured between 

several sample sites, but otherwise the population was genetically panmictic. The M-ratio 

test and Fu’s Fs statistics indicate that there may have been historical bottlenecks at all 

sample sites and a more recent bottleneck in the Tasman Bay. Two South Island sites were 

identified that had not been through recent bottlenecks and were not significantly 

differentiated from the Tasman Bay, which may provide a source of gene flow to aid its 

genetic recovery. Comparison of the broodstock and wild genetic variation indicate that the 

broodstock represented most of the genetic variation found in high frequency in wild 

populations, but further wild-caught individuals may be needed, based on the criteria used 

in several previous studies. Simulations indicate that adding approximately 20 and 48 wild-

caught individuals from multiple populations to the current broodstock was needed to 

represent all genetic variation above a target frequency of 0.05 in the Tasman Bay and all 

sample sites, respectively. 
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Chapter 1: General Introduction 

 

1:1 Fisheries and Aquaculture Overview 

Fisheries and aquaculture are major contributors of nutrition and animal protein worldwide. 

Globally 148 million tonnes of fish was produced in 2010 and production is projected to 

exceed that of beef, pork, and poultry in the next decade (FAO 2012). Wild-capture fisheries 

production has remain relatively stable since the late 1990’s, but increased production from 

the aquaculture sector has driven the growth of global fisheries production at an average of 

3.2% per year (FAO 2012). The static production of the wild-capture fisheries is primarily 

because stocks are at, or close to, their maximum yields. Increases in aquaculture 

production will be crucial for meeting the needs of human population size growth.      

Commercial and recreational fisheries are an important source of food and income in New 

Zealand. The total allowable commercial catch (TACC) for all of New Zealand fisheries is 

approximately 600 thousand tonnes per year. Total export value for fisheries and 

aquaculture is between $1.2-1.8 billion dollars; of which aquaculture produces about $200 

million dollars or $279 million dollars in 2009 (MFish 2012). A significant amount of growth 

in the aquaculture sector is predicted over the next few years and a target of a $1 billion 

dollar industry by 2025 has been set by the aquaculture industry. 

Fish is unique among the major human food items because it is still largely harvested 

directly from wild populations. Sustainable use of this natural resource relies on careful 

management and maintenance of fisheries stocks. The importance of careful stock 

assessment and management has been highlighted by the crash of several major fisheries 

including the Newfoundland cod and Peruvian anchovy fisheries (Walters & Maquire 1996; 

Idyll 1973). The quota management system (QMS) was introduced in 1980’s amidst 

concerns about the state of New Zealand fisheries. The QMS structures the exclusive 

economic zone (EEZ) into different quota management areas (QMA) for each fishery 

species. Each QMA has a total allowable catch (TAC) which is set to the specific 

management requirements of the stock (Lock & Leslie 2007).  
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The effective use of the QMS relies on correlation of the management areas with biological 

stocks, and setting the TAC at a level, which maintains the biological sustainability of the 

fisheries. Population genetic markers are an important tool for determining the boundaries 

and structure of a fishery stocks (Connor 2001; Reiss et al. 2009). Genetic differentiation 

between stocks arises largely due to a combination of restriction of migration, the spatial 

distances between stocks.  

 

1.2: Genetic Population Structure 

1.2.1: Factors That Influence Genetic Population Structure 

The genetic structure of a population is determined by a combination of biological and 

environmental factors; including species mobility during and after the larval stage, distance 

between populations, breeding habits, required environmental conditions for growth and 

survival, and environmental barriers to migration (Shanks 2009; Larson & Julian 1999; 

Wright 1943; Olsson et al. 2011; Thorrold et al. 2000; Ruzzante et al. 2005). The relative 

importance of each of these parameters will vary among species and the range over which 

the populations are distributed. The interaction of some factors may also be involved or 

required in the formation of population structure. For example passive dispersal during the 

pelagic larval stage is influenced in part by pelagic larval duration (PLD), but also the 

particular water currents that occur at that location and time (Shanks 2009); so a species 

with long PLD may not travel very far if there are limited water currents to disperse it (Siegel 

et al. 2003; Siegel et al. 2008; Selkoe & Toonen 2011; Weersing & Toonen 2009).  

1.2.2: Types of Population Structures 

Laikre et al. (2005) identified three general types of genetic population structure; panmixia, 

isolation by distance (IBD), and distinct stocks (Figure 1.1.0). Firstly, a panmictic population 

is when there is no genetic differentiation across the distribution range of a species. 

Secondly, isolation by distance describes a population where the level of differentiation 

increases as a function of the geographic distance among the locations. Thirdly, distinct 

stocks describe populations that are different because of barriers to gene flow.  
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Wild populations can be comprised of a mixture of these three types of structure (Laikre et 

al. 2005). A population might exhibit isolation by distance across most of the population’s 

geographic range, but also have some distinct populations in areas where barriers to gene 

flow occur. Indeed, even the distinct stocks structure is a combination of panmictic 

subpopulations with distinct barriers to gene flow at the end of each subpopulation’s 

distribution.   

1.2.3: Genetics and Fisheries Management 

One of the primary goals of population genetic studies is to estimate the genetically 

effective population size and the rate of gene flow between fishery stocks. Understanding 

the genetic structure and variation within a fishery is important for management because 

maintaining the genetic diversity of a population affects the long-term persistence and 

adaptability of a species when confronted with environmental challenges (Franklin 1980). If 

a population is highly structured with very little or no gene flow between fishery stocks but 

is managed as a single stock, then each distinct stock is susceptible to over-exploitation 

because fishing pressures are typically unevenly distributed and concentrated in particular 

areas (Carvalho & Hauser 1994). The intense exploitation of a small discrete stock that is 

considered to be part of a larger stock can cause it to be depleted, because the expectation 

was that it would be replenished. On the other hand, if a species has no or low levels of 

population structure (e.g. panmixia, or weak IBD) but is managed as a group of separate 

Figure 1.1.0: Three General Types of Genetic Population Structure (Laikre et al. 2005). 
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stock, then if one management stock is over-exploited it will most likely be replenished, 

because it is part of a larger reproductive group.  

There are a number of direct and indirect methods that can be used to estimate migration 

rates and stock structure; including individual tagging, otolith microchemistry, and genetic 

markers (Willis et al. 2001; Morrison 2008; Bernal-Ramı´rez et al. 2003). Each of these has 

particular areas of strength when used as tools for fisheries management. Tagging studies 

are able to directly measure the movement of adults. Otolith microchemistry is able to 

directly measure the movement of larvae and developing adults. Genetic markers can be 

used as an indirect population marker to estimate population connectivity. In addition 

genetic markers are important tools for fisheries management because maintaining the 

genetic diversity of a population is important for the adaptability of a population when it 

experiences an environmental challenge (Franklin 1980). 

1.2.4: The Genetic Effects of Industrial Scale Fishing 

Industrial fishing can affect both the structure and levels of genetic variation of fishery 

stocks. Significant changes can occur in the stock structure if fishing pressure interrupts 

gene flow between areas or when subpopulations are displaced from their natural location 

(Allendorf et al. 2008). Overfishing can cause a reduction in population size, which increases 

the strength of genetic drift and causes a loss of genetic variation. The loss of genetic 

variation in populations with a small population size can result in inbreeding depression 

(which may depress the reproductive output of the population) and a reduction in 

evolutionary potential. The loss of evolutionary potential might not be important in the 

short-term, but will inevitably limit the adaptive response of the population when faced 

with a new environmental challenge (Jamieson & Allendorf 2012). Fishing techniques may 

also introduce artificial selection pressures such as selecting for fish that are small and breed 

early because the larger breeders are typically targeted; eventually resulting in a smaller 

biomass (Allendorf & Hard 2009).  

1.2.5: Temporal Changes in Population Structure 

A number of studies have highlighted the importance of determining whether population 

structure is stable over time (Larson & Julian 1999; Planes & Lenfant 2002; Lacson & Morizot 
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1991). Temporal changes in population genetic structure can be caused by several factors 

include “sweepstake” recruitment, natal homing, and rapid environmental changes (David 

et al. 1997; Smith & Johnston 1985; Thorrold et al. 2000; Lacson & Morizot 1991). 

Some marine fish populations are thought to have effective population sizes that are orders 

of magnitude smaller than their census population (Frankham 1994). The idea of a 

“sweepstake” recruitment process has been used to explain the large differences that are 

reported between census and effective population size (Larson & Julian 1999). A pattern of 

“sweepstake” recruitment most likely occurs because of large variance in the reproductive 

success of adults (Hedgecock 1994), which could in part be due to high mortality of larvae 

before settlement (Johnson & Black 1982). Large fluctuations in the number of 

reproductively successful individuals in a population can cause rapid changes in genetic 

variation within and between populations because of strong genetic drift (David et al. 1997). 

Lacson & Morizot (1991) proposed that a bottleneck in one population had caused it to 

become differentiated from a second population, but that the differentiation was lost within 

three years due to migration. This migration was most likely occurring before, during, and 

after the bottleneck, but for a short time was not fast enough to keep up with the rate of 

differentiation caused by genetic drift. 

1.2.6: Recent Demographic History 

Genetic makers are useful tools for measuring historical population demographics, which in 

turn can be useful for understanding how populations persist over longer periods of time. 

Coupled with the knowledge that many environments experience significant changes over a 

long time period this allows a better appreciation of the response the species will make to 

future perturbations. Recent demographic changes, such as population bottlenecks, may 

also influence genetic measurements of population structure (Lacson & Morizot 1991). 

Consequently, understanding a species recent demographic history should help when 

interpreting the results of genetic measures of population structure and whether these 

genetic measures indicate a temporally stable population structure. 
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1.3: Genetics and Broodstock Selection  

1.3.1: Broodstock Selection 

Genetic markers can be very informative when constructing a broodstock from wild 

populations. Broodstock should contain a sufficient amount of the wild source genetic 

variation because those first individuals will contain the genetic potential that underpins a 

selective breeding program and limits the problems that can result from inbreeding 

(Allendorf & Phelpsa 1980; Charlesworth & Willis 2009). A genetic population study is useful 

when constructing a broodstock as it can be used to determine how much of the wild source 

genetic variation is present in the broodstock and the number of individuals that are needed 

to effectively represent that variation. If a large number of markers are used (e.g. 100) it is 

sometimes possible to identify genetic variation associated with useful production traits 

(Nielsen et al. 2009). Once genetic variation associated with useful production traits has 

been identified it can be used to selectively breed individuals to increase the frequency of 

these useful traits. One of the advantages of this type of genotyping-based selection is that 

it allows the measurement of traits in breeding candidates that would otherwise require 

destructive sampling (Meuwissen & Goddard 1996); for example selecting for tissue quality 

in aquaculture broodstock. 

1.3.2: Number of Broodstock 

When founding a broodstock it is important to consider the number of reproducing 

individuals that are needed to maintain genetic diversity within a captive group. As a rule-of-

thumb Franklin (1980) proposed that 50 individuals are needed to prevent excessive 

amounts of inbreeding and the loss of genetic diversity from strong genetic drift. For a 

recent discussion of this rule see Jamieson & Allendorf (2012). The development of minimal 

kinship breeding methods to reduce inbreeding and the slightly pronounced inbreeding rate 

used by Franklin (1980) may allow the target to be slightly lower than 50 individuals 

(Jamieson & Allendorf 2012; Doyle et al. 2001); however, the target of 50 individuals should 

apply accurately to most small populations. While the 50 individuals may be a suitable 

population size for preventing inbreeding depression it might not be adequate for capturing 

all the genetic variation that might be useful in a selective breeding program. It is difficult to 

determine the level of genetic variation required for a selective breeding program because 
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gene variants cannot be easily matched to specific phenotypic traits. In general, the best 

approach when establishing a broodstock is to maximize the level of genetic variation from 

the wild source populations. A population genetic study can be used to determine if the 

cultured population has sufficient wild genetic variation by comparing the levels of genetic 

variation and differentiation within and between the wild and cultured populations (e.g. Ha 

et al. 2009, Song et al. 2011). 

 

1.4: Genetic Markers for Fishery Management and Broodstock Selection 

1.4.1: Selecting Genetic Markers 

Choosing the type of genetic marker to use for a project is determined by the project scope 

and whether the project is measuring population demographics, connectivity, or adaptive 

variation (Selkoe & Toonen 2006). Statistical power and cost are two of the main factors 

governing the selection of neutral markers for a project, as well as a few factors unique to 

each marker type (Schlotterer 2004). Neutral genetic markers are most often used to 

describe the levels of genetic variation and differentiation within and among populations. 

DNA markers that detect loci under selection can also be used, but they are often 

technically difficult and expensive to develop (Conover et al. 2006). 

1.4.2: Mitochondrial Sequencing 

Mitochondrial (mtDNA) sequencing is commonly used to measure population genetic 

variation and differentiation (e.g. Alves et al. 2001; Bernal-Ramı´rez et al. 2003; Liu et al. 

2012). The fast mutation rate, maternal inheritance, and lack of recombination make 

mtDNA unique for use in determining population structure and demographic history.  

The mitochondrial genome has a 5-10 times faster mutation rate than the nuclear genome 

(Brown et al. 1979; Vawter & Brown 1986). In particular, the control region, a neutral 

sequence located between the tRNA-Pro and tRNA-Phe genes, mutates faster than other 

areas of the mitochondrial sequence (Brown 1985; Hoelzel et al. 1991). Some estimates of 

mutations rate for the mtDNA control region in fishes range from 1.3x10-7 to 0.7x10-8 

mutations per base per year (Brown et al. 1993; Bowen et al. 2006; Mccusker & Bentzen 

2010; Padhi 2011).  
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A unique feature of the mitochondrial genome is that it is typically maternally inherited; 

resulting in an effective population size one-fourth the size of nuclear genes in the same 

population (Carvalho & Hauser 1994). The smaller effective population size increases the 

sensitivity of mitochondrial sequences as a marker for detecting population subdivisions and 

demographic changes (Birky et al. 1989). The lack of recombination is also unique to the 

mitochondrial genome and has important implications for how it is used in data analysis 

(Harrison 1989). Because no reshuffling of the genes occurs between generations a 

mitochondrial sequence will reflect the mutations that have occurred in a single lineage.  

1.4.3: Microsatellite Genotyping  

Microsatellites are another commonly used marker for measuring population variation and 

differentiation (e.g. Berry et al. 2012; Bernal-Ramı´rez et al. 2003; Larsson et al. 2007). 

Microsatellites are short tandemly repeated sequences of DNA and are highly informative 

due to being diploid, having a fast mutation rate, and recombination between loci (Ellegren 

2000). 

Figure 1.1.1: Typical Vertebrate Mitochondrial Genome 

and Control Region (Courtesy of Hayden Smith). 
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The microsatellite mutation rate for a number of terrestrial and aquatic species ranges from 

1.0x10-3 to 1.0x10-4 mutations per locus per generation; versus 1.0x10-9 mutations per base 

per generation for other sequences (Ellegren 2000). The proposed mutation models for 

microsatellites are the stepwise mutation model (SMM) or two-phase mutation model 

(TPM) (Liu & Cordes 2004). The TPM model is a combination of the SMM model and the 

infinity allele model (IAM), which is the mutation model for many other sequences 

(Sainudiin et al. 2004).  

Each position on the nuclear genome represents a slightly different genealogy due to 

recombination of genes between each generation, causing a sample from a single point on 

the genome to have a high rate of sampling error (Selkoe & Toonen 2006). A data set using 

multiple microsatellite loci represents multiple points on the genome and decreases the 

sampling error rate. Comparatively, due to the lack of recombination mitochondrial 

sequencing represents a single point on the genome. Measuring genetic variation with 

nuclear markers also allows the measurement of the heterozygosity statistic, which can be 

used to determine population connectivity and demographics (Wright 1951; Cornuet & 

Luikart 1997).  

 

 

1.5: Target Species: New Zealand Snapper (Pagrus auratus)  

1.5.1: Biology and Distribution 

Pagrus auratus (Silver sea bream; Snapper) is an inshore teleost species commonly found 

around the coasts of New Zealand, Australia and a number of Pacific Islands. They are 

closely related to Japanese Pagrus major (Red sea bream) (Smith et al. 1978), and these 

species are thought to have diverged 2-6 million years ago (Tabata & Taniguchi 2000). The 

New Zealand P. auratus is distributed from the top of the North Island to the northwest 

coast of the South Island (Smith et al. 1978). Some fish are caught further south, but there 

are no known breeding populations below the top of the South Island; most likely because 

of the low survival rates of larvae at low temperatures (Cassie 2005). P. auratus is commonly 

found inshore in depths ranging from 20 to 60 meters; they do however range down as far 
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as 200 meters (Smith et al. 1978). Tagging studies indicate that although they can travel long 

distances adults typically travel less than 100km from their tag site (Crossland 1976; Gauldie 

and Wood 2002). Other studies have shown extreme site fidelity of adults to within 500 

meters (Willis et al. 2001). In contrast to the site fidelity shown by tagging studies, chemical 

studies of P. auratus otoliths have shown that 98% of P. auratus on the west coast of the 

North Island originate from the Kaipara Harbor (Morrison 2008). The relatively short pelagic 

life stage of P. auratus should limit the amount of passive dispersal directly after hatching. 

Cassie (1956) found that P. auratus settle after several days. The Tasman Bay population is 

located at the most southern limit of the P. auratus distribution and is known to be 

negatively affected by a minimum spawning temperature. It has been suggested that in 

some seasons this could result in a complete lack of recruitment (Annala et al. 2000).  

1.5.2: The Wild-Capture Fishery 

New Zealand P. auratus was a source of food for Maori, and has since become an iconic 

recreational and commercial fish. The 1999 to 2000 Ministry of Fisheries report on P. 

auratus stated that it is one of the largest and most valuable coastal fisheries in New 

Zealand (Gilbert and Phillips 2002). In 2009 the New Zealand P. auratus fishery made up 7% 

of the total value of New Zealand’s commercial fish resource (Statistics NZ 2012), which 

makes it one of the most valuable inshore New Zealand teleost fish species. The recorded 

catches have remained relatively stable from 1996 to 2009, with the total allowable catch 

(TAC) currently set at 6,357 tonnes (Statistics NZ 2012 MFish 2012).  Historically, the annual 

commercial catch was 6,224 tonnes in 1950 and increased to 16,362 tonnes by 1979, but 

concerns about over-exploitation in the mid 1980’s resulted in a decrease to the annual 

catch levels (Fishery Summary 2012; Gilbert and Phillips 2002). The total allowable catch for 

both recreational and commercial P. auratus fishing is 10,132 of which 3,776 tonnes has 

been allocated to the recreational catch (Seafood Industry Council 2011).  

The New Zealand P. auratus fishery is divided into six management areas East 

Northland/Hauraki Gulf/Bay of Plenty (SNA1), East Coast of the North Island (SNA2), South-

East Coast of the North Island (SNA 3), Marlborough/Tasman (SNA7), West Coast of the 

North Island (SNA8) and Kermadec (SNA 10) (Figure 1.1.2). 
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1.5.3: Aquaculture Developments 

There is currently no commercial aquaculture of P. auratus in New Zealand, but techniques 

for growing this species in captivity have been well developed and these developments are 

being used in other research projects at Plant and Food Research (PFR) in Nelson. The PFR P. 

auratus broodstock were comprised of 26 randomly collected individuals from Tasman Bay 

with an approximate 1:1 ratio of male and females. Comparison of the broodstock and wild 

populations has not been carried out to determine how well they represent the genetic 

variation in the wild population. 

 

 

Figure 1.1.3: New Zealand P. auratus Management 

Areas (Courtesy of Sebastian Hernandez). 
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1.5.4: Allozymes, Mitochondrial DNA, and Microsatellite DNA analysis 

The first genetic studies of New Zealand P. auratus used allozyme variation and identified 

low but significant levels of differentiation between sample sites (Smith et al. 1978). Overall, 

this study found a north to south genetic differentiation of populations, which was 

attributed to differences in water temperature causing selective difference to arise at the 

esterase locus. This suggestion was supported by another study that found a correlation of 

the frequency of alleles at the esterase locus in the Hauraki Gulf larvae with seasonal 

fluctuations in water temperatures (Smith 1979).  

A second study, in 2003 using mitochondrial and microsatellite DNA markers, found a 

reasonable level of congruency between the results of the allozyme and microsatellite loci; 

with low but significant levels of differentiation present between the same sample sites 

(Bernal-Ramı´rez et al. 2003). This study identified three genetically distinct populations; 

north-eastern North Island, southern North Island, and northern South Island. The authors 

concluded that genetic differentiation between populations is most likely due to water 

currents acting as barriers to gene flow and genetic drift driving the genetic difference 

between isolated stocks (Bernal-Ramı´rez et al. 2003). The mitochondrial analysis in this 

study was unable to find this same pattern of significant differentiation (Bernal-Ramı´rez et 

al. 2003).  

Hauser et al. (2002) investigated the possible effects of overfishing on the genetic diversity 

of Hauraki Gulf and Tasman Bay populations by sampling the temporal variation of 

microsatellite DNA loci. The authors reported that the Tasman Bay population had 

undergone a significant reduction in genetic diversity over the past 50 years, which would 

most likely have been caused by a reduction in the population size by commercial and 

recreational fishing pressures.   

1.5.5: Tagging and Otolith Chemistry Analysis  

Studies of tagged P. auratus and otolith microchemistry have provided some seemingly 

conflicting results about the movement of individual New Zealand P. auratus (Willis et al. 

2001; Morrison 2008). The results of tagging studies suggested a high level of site fidelity, 

while the results of otolith microchemistry suggested long distance dispersal of individuals 
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around the western North Island (Crossland 1976; Gauldie and Wood 2002; Willis et al. 

2001; Morrison 2008). The different findings of these studies could be due to the different 

types of population connectivity and geographical location measured in each of the studies. 

Tagging studies detect the movement of adults, while otolith microchemistry detects the 

movement of larvae, developing adults, and adults. In places affected by strong water 

currents this may cause increased movement during the larval stage and possibly even with 

developing adults. 
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1.6: Thesis Aims 

This research had two overall goals; #1: Use mitochondrial and microsatellite DNA markers 

to determine the levels of genetic variation and differentiation within and between wild 

New Zealand P. auratus populations, #2: Use mitochondrial and microsatellite DNA markers 

to determine the level of genetic variation present in the Plant and Food Research (PFR) 

broodstock, and how well they represent wild population variation. 

Chapter two is a presentation of the genetic results obtained from the wild populations. 

More sampling effort was given to the southern populations of New Zealand because there 

is particular interest in gene flow around this area that might be involved in the recovery of 

the Tasman Bay from a bottleneck and it is also the source of the current Broodstock. 

Samples were collected from a number of North Island sample sites to be used as a 

comparison for the South Island sites and the cultured population. In particular, this chapter 

addressed the question of whether there are differentiated populations south of the Cook 

Strait, if so have they undergone the same bottleneck observed in the Tasman Bay, and how 

might they influence its genetic recovery. This chapter also takes a look at the demographic 

history of this species in New Zealand using new Bayesian methods. 

Chapter three is a presentation of the genetic variation found in the Broodstock samples 

and how well this variation represents the wild genetic variation. A basic Python modeling 

script was developed and used to investigate the best sampling plan for adequately 

sampling the genetic variation in the wild populations. 

Chapter four is a discussion of the overall results of this genetic study, how the findings fit in 

with the results of previous studies, and what implications all of these studies have for the 

management of the P. auratus fishery and the development of P. auratus as an aquaculture 

species. 
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Chapter 2: The Population Genetic Structure of New Zealand 

Snapper (Pagrus auratus) based on Mitochondrial and 

Microsatellite DNA Markers 

 

2.1: Introduction 

Pagrus auratus (Silver sea bream; Australasian Snapper) is an inshore teleost species 

commonly found around the coast of New Zealand, Australia and a number of Pacific 

Islands. P. auratus supports an important recreational and commercial fishery in New 

Zealand (Gilbert and Phillips 2002) and the 6,357 tonnes of fish that are typically caught 

each year represent 7% of New Zealand fisheries catch (Statistics NZ 2012). In New Zealand, 

P. auratus are distributed from the top of the North Island to the north-west coast of the 

South Island (Smith et al. 1978). They are commonly found inshore in depths ranging from 

20 to 60 meters, but do range as far down as 200 meters (Smith et al. 1978). There has been 

some research into the stock structure of P. auratus and movement of individuals using 

tagging and otolith microchemistry. The studies utilizing these two methods have found 

different results; with tagging studies indicating site fidelity over a three year period, and 

otolith studies showing large scale migrations over a 700 km stretch of coastline (Willis et al. 

2001; Morrison 2008). However, these studies were applied to P. auratus in different areas 

of the New Zealand coast and it is unsure whether this species has different site specific 

migratory patterns or levels of passive dispersal. 

Several genetic studies of New Zealand P. auratus have been carried out using 

mitochondrial DNA (mtDNA) control region analysis and microsatellite DNA genotyping 

(Adcock et al. 2000; Bernal-Ramı´rez et al. 2003; Hauser et al. 2002). No significant levels of 

population differentiation have been reported using the mtDNA markers (Adcock et al. 

2000; Bernal-Ramı´rez et al. 2003), but studies using five microsatellite DNA markers have 

found low but significant levels of differentiation between populations and evidence of a 

very recent bottleneck in the Tasman Bay (Bernal-Ramı´rez et al. 2003; Hauser et al. 2002).  

Hauser et al. (2002) suggested a recent genetic bottleneck might have occurred within the 

last 60 years within the Tasman Bay due to excessive fishing pressure. An analysis of the 

population genetic structure of P. auratus indicated that the Tasman Bay population was 
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most likely separated from other New Zealand P. auratus populations (Bernal-Ramı´rez et al. 

2003). If the Tasman Bay is a genetically distinct population it may not recover its historic 

levels of genetic variation since no other populations would be able to replenish the genetic 

diversity by gene flow. However, there has been limited sampling around the bottlenecked 

Tasman Bay population so it was possible that there may be other South Island populations 

that could provide a source of gene flow for the Tasman Bay population. The possibility that 

there may be other sources of gene flow into the Tasman Bay and that it may have started 

to regain some of its previous genetic variation needs to be tested with another genetic 

study of P. auratus populations.  

The aim of the research reported in this chapter was to sample the New Zealand P. auratus 

populations ten years after the previous genetic studies and determine the level of genetic 

variation and differentiation within and between a number of sample sites. Temporal 

sampling in the Tasman Bay was able to investigate whether this population has recovered 

any of its previous genetic diversity in the last ten years. Further sampling was also carried 

out at several South Island sample sites other than the Tasman Bay to determine if there 

were any populations in the South Island, which may provide a source of genetic variation to 

aid in the bottlenecked population’s recovery. Samples from a number of other sites around 

New Zealand were also collected, including from the North Island. These samples provided 

estimates of genetic variation against which the South Island populations could be 

compared and were also used to construct a more detailed demographic history of this 

species in New Zealand. The use of sequencing rather than the previously used single 

stranded conformation polymorphism (SCCP) for analyzing the mtDNA control region 

allowed the use of new Bayesian methods for the determining the demographic history of 

this species (Bernal-Ramı´rez et al. 2003). The samples from all sample sites were also used 

in chapter 3 of this thesis, as a reference against which to compare the Plant and Food 

Research (PFR) P. auratus aquaculture broodstock. A few of the results for the PFR 

broodstock have been shown in this chapter, but they are predominantly shown and 

discussed in chapter 3. Mitochondrial DNA control region sequencing and microsatellite 

DNA genotyping were used because that were similar markers to those used in previous 

studies and were currently the best markers available to provide a general overview of 

genetic variation in P. auratus populations.  
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2.2: Materials and Methods 

2.2.1: Primer Development 

Mitochondrial DNA (mtDNA) control region primers were designed using the whole 

mitochondrial genome sequence for P. major (Genbank Accession NC_003196.1). Initially, a 

pair of primers was developed to amplify and sequence the entire control region (tRNA-Pro 

5'-CACCATTGGCTCCCAAAGC-3' and tRNA-Phe 5’-GCTTTCTAGGGCCCATC-3’), but a centrally 

located Poly-A sequence caused problems with amplification and sequencing. Therefore 

another primer (CR-CCD 5'-GGCACTGTGAGATGTCAACTG-3') was designed to a sequence in 

the Central Conserved Domain (CCD) of the control region, which was paired with the tRNA-

Pro primer to amplify the 641 base pair (bp) sequence from the 5’-end of the control.  

The microsatellite DNA primers previously reported in studies on P. auratus (Adcock et al. 

2000) and P. major (Hatanaka & Yamada 2006) were used in the present study (see Table 

2.1.1). Each forward microsatellite primer had an additional M13 sequence added to the 5’-

end and this was used to add a fluorescent label for detecting the fragment on an ABI 3730 

Genetic Analyzer (Schuelke 2000).  

Table 2.1.1: Microsatellite Primers (M13 primer 5’-TGTAAAACGACGGCCAGT-3’) 
Locus Forward 5’-3’ Reverse 5’-3’ 

Pma1 M13 + CATGCCAGTATTCCATGTGC AGGACAAATTCCCAAGGTCATCC 
Pma2 M13 + TGCCAAGGAGAGGTGAGGAG TATTCTTGCAAGGGTCCAAACG 
Pma3 M13 + CTAAACAAATAATTCTGGTTTAGC CATGACAAACTGAGGTGAATGC 

Pma4-32 M13 + CCTGCCACCTACTGTTTCCT CGGTGATTACAGTCGGGTTT 
Pma5 M13 + CCAATCGGATTGAGTATCTGTGG GAGAGGTTCTCCGTCACTGTCC 
GA2A M13 + ACGGACAGAGAGGGAGTGG CATCATCATCAGTCAGAGCTG 
GT2 M13 + TAGGGGTCTTGCTGCCTGCTC ACAGATACAGACTGACAGACG 
GT4 M13 + CTTTACACTGTTGAAGCTTTGG CGCACAGATAAACAAATCAAT 

 

2.2.2: Sample Collection and DNA Preparation 

Samples were collected from eight sites around the New Zealand coast and one cultured P. 

auratus population. North Island sample sites included Doubtless Bay (DB), East Coast (EC), 

Foxton Beach (FB), Hawkes Bay (HB), and North Taranaki Bight (NTB). South Island sample 

sites included Tasman Bay (TB), Marlborough Sounds (MS), and North Farewell Spit (NFS), 

(Figure 2.1.0). Sample collecting was conducted by staff at Plant and Food Research 

(Nelson), as they were able to access fish caught on commercial trawlers and from 
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recreational fishers. A fin clip was removed from each fish and stored in 85% ethanol at 4oC. 

Total genomic DNA was extracted using a standard phenol-chloroform protocol (Sambrook 

et al. 1989). The small sample of tissue was individually placed in 400 μL of extraction buffer 

(10 mM Tris pH 8.0, 50 mM NaCl, 10 mM EDTA, and 0.2% SDS) with 0.5 μg/µL proteinase-K 

and incubated overnight at 50°C. Following the tissue digestion, DNA was extracted with 

phenol, followed by chloroform/isoamyl alcohol, and precipitated with 1 mL of ethanol at -

20°C for 1 hour. The DNA was pelleted, washed with 70% ethanol, dried and then re-

suspended in a Tris-EDTA buffer. The DNA was stored at 4oC. The purified DNA was 

quantified using a Nanodrop spectrophotometer and the concentration was adjusted to 200 

ng/µL using distilled water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.1.0: New Zealand P. auratus Samples Sites. 
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2.2.3: Mitochondrial DNA Amplification and Sequencing 

A 641 bp portion of the control region was amplified using the Polymerase Chain Reaction 

(PCR) and the primers tRNA-Pro and CR-CCD. All PCRs consisted of 10.4 mM Tris-HCl pH 8.8, 

52 mM KCl, 1.5 mM MgCl2, 200 µM of each dNTP, 0.4 μM of each primer, 0.6 μg/μL Bovine 

Serum Albumin (BSA), 0.5 units of Taq DNA Polymerase (Fisher Scientific), and 200 ng of 

template DNA. The conditions for thermal cycling were: 33 cycles of 94oC for 30 seconds, 

58oC for 30 seconds, and 74oC for 60 seconds, followed by an extension step of 74oC for 10 

minutes. The resultant PCR products were purified with ExoSAP-IT (Amersham Parmacia 

Biotech) and their DNA sequence was determined using the reverse primer and an ABI 3730 

Genetic Analyzer (Macrogen, Korea). 

2.2.4: Microsatellite DNA Genotyping 

Microsatellite loci were amplified by PCR and the allele sizes were determined using an 

ABI3730 DNA Genetic Analyzer (Massey Genome Services). All PCRs were carried out in 10µL 

volumes containing 10mM Tris-HCl, 50mM KCl, 200 µM of each dNTP, 0.1µM forward 

primer, 0.4µM reverse primer, 0.1µM M13 primer, 0.6 μg/μL BSA, 1 unit Fisher taq 

polymerase, and 1 µl of the template DNA. The MgCl2 concentrations for each locus are 

shown in Table 2.3. The thermal cycling conditions used: were 33 cycles of 94oC for 20 

seconds, annealing temperature (see Table 2.1.2 for each locus) for 30 seconds, and 74oC 

for 60 seconds, followed by 8 cycles of 94oC for 20 seconds, 53oC for 30 seconds, and 74oC 

for 60 seconds, followed by a final extension step of 74oC for 10 minutes. FAM, VIC, or PET 

fluorescent labels were incorporated into the PCR products in the amplification step using 

the M13 labeling method (Schuelke, 2000). Each microsatellite locus was amplified 

separated and then combined with other amplified loci (‘poolplexed’) for genotyping; there 

were either two or three loci in each well on a 96-well plate format (Table 2.1.2). 

2.2.5: Mitochondrial DNA Sequence Analysis 

 DNA sequences were aligned in MEGA 5.0 using a ClustalW alignment with default settings 

(Tamura et al. 2011). Variable sites were checked for possible base calling errors. The final 

alignment was exported in a FASTA format. The number of segregating sites (S), haplotypes 

(H), private haplotypes (HP), haplotype (h) and nucleotide (π) diversity, and average number 

of pairwise differences (k) were estimated using DNASP 5.0 (Rozas et al. 2003). ARLEQUIN  
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Table 2.1.2: Microsatellite PCR Concentrations and Temperatures. 

Poolplex Locus T-DNA (ng) MgCl2 (mM) T-Ann (oC) 
1 Pma1 100 2.0 60 
1 GA2A 150 2.0 60 
1 GT2 150 1.5 57 
2 Pma2 150 1.5 64 
2 Pma4-32 150 2.0 58 
2 GT4 150 1.5 59 
3 Pma3 150 1.5 57 
3 Pma5 150 1.5 59 

T-DNA = Template DNA, T-Ann = Annealing Temperature 

 

3.5 was used to calculate the fixation index (ΦST) for pairwise comparisons between sample 

sites and 1000 permutations of the data set were used to determine statistical significance 

(Excoffier et al. 2005).  

HP-RARE 1.1 was used to construct rarefaction curves for numbers of haplotypes sampled at 

all sites (Kalinowski 2005). This analysis enabled a comparison of the haplotypes numbers in 

each population that was unbiased by variation of sample sizes. Two maximum likelihood 

(ML) haplotype trees were calculated using the PHYML 3.0 (Guindon et al. 2010) and viewed 

with HAPLOVIEWER (Ewing 2012). The best model for constructing the trees was 

determined using the J-MODEL-TEST 0.1.1 (Posada 2008). The ML tree constructed using the 

641bp sequence data set was calculated using the K80 model + G and a fixed proportion of 

invariable sites of 0.5820; all other settings were left on default. The ML tree constructed 

using the 460bp sequence data set of both P. auratus and P. major was calculated using the 

K80 model + G and default settings for all other settings.  

A hierarchical analysis of molecular variance (AMOVA) was conducted between regions 

using ARLEQUIN 3.5. Five different regional groupings were tested with each region being 

composed of two or more populations. First, the populations were grouped into North 

Island and South Island regions. Secondly, the populations were grouped into South Island, 

mid North Island, and upper North Island; based on the suggested populations in Bernal-

Ramı´rez 2003. Thirdly, the populations were grouped into three regions based on the 

branching on the microsatellite Nei’s DA neighbor joining tree (Figure 2.2.3); region 1: North 

Farewell Spit, Marlborough Sounds, and Foxton Beach, region 2: Hawkes Bay, Tasman Bay, 

and Broodstock, region 3: North Taranaki Bight, East Coast, and Doubtless Bay. For the 

fourth and fifth analysis the populations were grouped into regions of 3 or 2 populations, 
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respectively; these groupings were constructed to reduce the overall ΦST for each region, 

based on the ΦST values in table 2.1.4. 

A test for a pattern of isolation-by-distance was conducted using a regression plot of ΦST(1-

ΦST)-1 and shortest marine geographic distance was constructed in EXCEL and tested in 

ARLEQUIN 3.5 using a Mantel’s test with 10,000 repetitions. The shortest marine geographic 

distance between sample sites was measured using Google Earth 6.2.2 (Google Inc.). 

Fu’s Fs and Tajima’s D statistics were calculated using ARLEQUIN 3.5; 1000 permutations 

were used to determine the statistical significance.  A mismatch distribution of the DNA 

sequences from all populations (excluding the sample from the cultured fish) was 

constructed using DNASP 5.0, a sudden expansion model for the expected distribution was 

fitted to the data using 1000 repetitions. Theta initial, Theta final, and Tau for the expected 

distribution were calculated in ARLEQUIN 3.5 and set to 3.60, 21.95, and 344.0 respectively. 

The significance of deviation from the expected distribution was calculated in Arlequin 3.5 

for the total data set and individual populations. 

BEAST 1.7.4 was used to calculate two skyline plots for the total pooled data set (Ho & 

Shapiro 2011; Drummond & Rambaut 2007); the mutation rate of 2.0x10-7 and 2.0x10-8 

were used (Brown et al. 1993; Bowen et al. 2006; Mccusker & Bentzen 2010; Padhi 2011). A 

Marko Chain Monte Carlo simulation was run for 10-7 iterations using a strict molecular 

clock, the HKY mutation model, and the stepwise skyline model. TRACER 1.5 was used to 

construct skyline plots from the Beast output files (Drummond & Rambaut 2007). 

2.2.6: Microsatellite DNA Genotype Analysis  

Allele peaks were viewed and analyzed using PEAKSCANNER 1.0. The allele size data was 

exported to an EXCEL worksheet and the raw peak values were manually placed in to size 

‘bins’ that were set for each allele size. The size data was arranged into a GENPOP file 

format. MICROCHECKER 2.2.3 was used to check for null alleles, allele size shifts and scoring 

errors (Oosterhout et al. 2004).  

Allele frequencies for each locus and population were plotted using the Excel addon 

GENALEX 6.41 (Peakall & Smouse 2006, 2012). The allele frequency plots were also used to 

construct graphs of allele frequency distribution. Rarefaction curves were plotted for all loci 
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and then presented as an average for each population using the “PopGenKit” package in R 

2.15 (Rioux Paquette 2011). 

The number of alleles (A), observed heterozygosity (HO), and expected heterozygosity (HE) 

for all sampled sites were determined using ARLEQUIN 3.5. Deviations from Hardy-

Weinberg by population for each locus were detected using the Markov chain Exact test 

with 105 dememorization steps and 106 forecast chain length in ARLEQUIN 3.5. A test for 

pairwise Linkage Disequilibrium (LD) between loci within and among all populations was 

calculated in ARLEQUIN 3.5 using 10,000 permutations. 

Wright’s fixation index (FST) for pairwise comparison between all sites was estimated using 

ARLEQUIN 3.5. Significance at the 5%-level was determined using 20,000 permutations 

(Wright 1951). Weir and Cockerham’s fixation index (Theta) was measured for all pairwise 

comparisons between sites in FSTAT 2.9.3.2 (Goudet 2005; Weir & Cockerham 1984). 

Regression plots were constructed of Theta and FST versus shortest marine distance 

between sites (in kilometers) and tested in ARLEQUIN 3.5 using a Mantel’s test with 10,000 

replicates. Two neighbor-joining (NJ) trees were constructed using 1000 bootstrap replicates 

in the program POPULATIONS 1.2.31 and viewed with the program TREEVIEW (Langella 

2012). Nei’s Da and Reynolds weighted distance was used to construct the NJ tree (Nei et al. 

1983; Takezaki & Nei 1996; Reynolds et al. 1983).  

A Bayesian inference of population structure and assign individuals to expected populations 

was made using STRUCTURE 2.3.3 (Pritchard et al. 2000). The expected number of 

populations (K) was allowed to range from 1-8, with 10 repetitions, and the Markov chain 

Monte Carlo (MCMC) simulations were run for 107 iterations with a burn-in time to 45 step. 

STRUCTURE HARVESTER 0.6.92 was used to determine the most likely value for K (Dent & 

Bridgett 2012) by applying the Delta K estimator approach (Evanno et al. 2005). CLUMPP 

1.1.2 was used to concatenate the results of 10 runs at the suggested K value (3) and 

determine each individual’s proportion of membership to each K (Jakobsson & Rosenberg 

2007). 

A Principle Component Analysis (PCA) was conducted using PCAGEN 1.2.1 (Goudet 1999) 

and used to investigate the possible clustering and separation of populations. GENETIX 4.05 

was used to conduct a Factorial Correspondence Analysis (FCA) of individuals and 
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populations (Belkhir 1999). Two graphs were constructed for the FCA based on combined 

individual and population data to look at the three main axes. 

GENECLASS2 (Piry et al. 2004) was used to conduct individual assignment tests to determine 

which population individuals were best assigned, with a percentage measure used to 

determine the likelihood of population assignment. A plot of heterozygosity against FST was 

constructed in LOSITAN for each microsatellite locus (Beaumont & Nichols 1996; Antao et al. 

2008) using 100,000 simulations, 99.5% confidence interval, and both the infinite allele 

model (IAM) and the stepwise mutation model (SMM). 

To test for a genetic bottleneck significant deviation of heterozygosity from the expected 

values was tested by population and locus using Hardy-Weinberg Exact test implemented in 

GENEPOP 4.0.10 with 1000 dememorizations, 100 batches, and 1000 iterations per batch 

were used (Raymond & Rousset 1995). Hardy-Weinberg Exact tests for significant 

heterozygosity deficiency were run with and without the Pma4-32 locus present. Population 

plots of allele frequency distribution were constructed for all microsatellite alleles using the 

output from the Excel add-on GENALEX 6.41. M_P_VAl was used to calculate the M-ratio for 

all loci and populations and whether the M-ratios were significantly below the expected 

value (Garza and Williamson 2001). Statistical significance was determined by 1000 

iterations of the expected value. The program BOTTLENECK 1.2.02 was used to compare of 

the observed heterozygosity and expected heterozygosity based on the observed allele 

numbers (Maruyama & Fuerst 1985; Cornuet & Luikart 1997). Significant deviation under 

the Stepwise Mutation Model (SMM) and the Two Phase Mutation model (TPM) were 

tested with the Wilcoxon’s test based on 1000 replications. 95% single-step mutations and 

5% multiple-step mutations were used for the TPM model (Piry et al. 1999). BOTTLENECK 

1.2.02 was run with and without the Pma4-32 locus in the data set. 
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2.3: Results 

2.3.1: Mitochondrial DNA Control Region Sequencing  

The DNA sequence of the control region was determined from 364 fish, sampled from eight 

sample sites and one population in captive culture. The aligned DNA sequence data set was 

641 base pairs and the average nucleotide composition was πA = 0.315, πT = 0.308, πG = 

0.205, πC = 0.171. There were 85 polymorphic sites and two indels in the data set. Overall 

nucleotide diversity (π) was 0.0310 (Table 2.1.3). There were 88 haplotypes and the average 

haplotypic diversity (h) was 0.858 (Table 2.1.3). A range of haplotype frequencies were 

found and the three most frequent haplotypes were at 0.33, 0.15, and 0.10. The number of 

mutational steps between the two most frequent haplotypes was 44, while the largest 

number of mutational steps between haplotype was 55 differences.  

Table 2.1.3: Mitochondrial Sequence Summary Statistics for all Sample Sites 

Sample Site n S H Hp k h π 

Doubtless Bay 49 58 21 10 20.23 0.867 0.0317 
East Coast 45 54 19 7 21.24 0.882 0.0333 

Foxton Beach 27 54 13 5 18.96 0.815 0.0297 
Hawkes Bay 51 60 23 13 19.66 0.910 0.0308 

Marlborough Sounds 25 54 14 5 21.28 0.883 0.0334 
North Farewell Spit 49 57 20 10 20.90 0.889 0.0328 

North Taranaki Bight 44 50 18 10 19.21 0.829 0.0301 
Tasman Bay 50 52 15 6 19.19 0.828 0.0301 

Total 364 85 88 68 19.73 0.858 0.0310 
n = number of samples, S = variable sites, H = number of haplotypes, HP = number of private haplotypes, h = haplotype 
diversity, k = average number of pairwise nucleotide differences, π = nucleotide diversity 

 

The rarefaction plot of haplotype numbers showed that when corrected for the differences 

in sample size, the haplotype numbers fall within a relatively narrow range (Figure 2.1.1). 

One exception to this trend was the Tasman Bay, which had lower haplotype numbers 

relative to other sample sites (Figure 2.1.1).  
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At the 5%-level there was only one significant ΦST comparison (PFR broodstock to East 

Coast), but none were significant after a sequential Bonferroni correction (Table 2.1.4). The 

uncorrected significance could be due to the small sample size of the PFR broodstock data 

set (n = 24). The AMOVA analysis of the grouped sites showed no significant difference 

between all five regional comparisons (Table 2.1.5) and over 99% of the variation was found 

within sample sites. Only a very small amount of variation was found between regions with 

the fourth and fifth regional groupings, however this was not significant. 

 

 

 

Table 2.1.4:  Pairwise ΦST for all Sample Sites. 

 DB EC FB HB MS NFS NTB TB 

DB - -0.00387 -0.01632 -0.00989 -0.01863 -0.01559 -0.01447 -0.0136 
EC 0.42383 - 0.02056 0.01261 -0.02565 -0.00756 -0.00029 0.00639 
FB 0.64648 0.19141 - -0.01577 -0.00151 -0.0086 -0.00432 -0.01634 
HB 0.61328 0.18164 0.64551 - 0.00108 -0.00598 0.00818 0.0025 
MS 0.69727 0.91211 0.33887 0.30762 - -0.01627 -0.01917 -0.0181 
NFS 0.86133 0.50781 0.45801 0.45703 0.61816 - -0.00884 -0.00515 
NTB 0.75586 0.33008 0.34961 0.23242 0.65234 0.5332 - -0.01426 
TB 0.75488 0.24609 0.63281 0.32031 0.65527 0.47754 0.72559 - 

DB = Doubtless Bay, EC = East Coast, FB = Foxton Beach, HB = Hawkes Bay, MS = Marlborough Sounds, 
NFS = North Farewell Spit, NTB = North Taranaki Bight, TB = Tasman Bay 

Figure 2.1.1: Haplotype Rarefaction Plot for P. auratus 

Sample Sites.  
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Table 2.1.5: AMOVA Within and Between Regional Groupings. 
 Group Regions df Var %Var ΦCT/SC/ST p-value 

Among Regions 

1 NI/SI 1 -0.00089 -0.20 -0.00205 0.38416 

2 SI/mNI/uNI 2 0.00015 0.04 0.00036 0.48583 

3 M-Tree 2 0.00001 0.00 0.00003 0.53079 

4 Reduced ΦST 3 2 0.00079 0.18 0.00183 0.25904 

5 Reduced ΦST 2 3 0.00217 0.50 0.00501 0.06256 

Among Sites  
Within Regions 

1 NI/SI 6 0.00080 0.19 -0.00020 0.31672 

2 SI/mNI/uNI 5 0.00021 0.05 0.00048 0.40958 

3 M-Tree 5 0.00032 0.07 0.00074 0.36950 

4 Reduced ΦST 3 5 -0.00026 -0.06 -0.00060 0.49267 

5 Reduced ΦST 2 4 -0.00153 -0.35 -0.00356 0.71652 

Within Sites 

1 NI/SI 332 0.43253 100.02 0.00185 0.86901 

2 SI/mNI/uNI 332 0.43253 99.92 0.00084 0.36755 

3 M-Tree 332 0.43253 99.92 0.00076 0.38221 

4 Reduced ΦST 3 332 0.43253 99.88 0.00124 0.38416 

5 Reduced ΦST 2 332 0.43253 99.85 0.00147 0.37830 
df = degrees of freedom. Var = Variation between regions or sites, %Var = % variation between regions or sites, 
ΦCT/SC/ST = genetic distance between regions or sites.  

 

The regression plot of ΦST(1-ΦST)-1 versus shortest marine distance (km) between 

populations was not significant when tested with a Mantel’s test (R2= 3.0 x 10-5, p-value = 

0.5316)(Figure 2.1.2). 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.2:  ΦST(1-ΦST)-1 versus Shortest Marine Distance (km). 
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The unrooted maximum likelihood (ML) tree of the 88 haplotypes shows that there are a 

large number of mutational steps between the major haplotypes (Figure 2.1.6); there is 44 

mutations between the two largest haplotype groups. There was no distinct pattern to the 

sample sites on the haplotype tree; rather the sample sites are spread evenly across all the 

different haplotypes. The haplotype frequency plots show similar distributions in all 

populations (Figure 2.1.8). Haplotypes that are found in all sample sites are listed in the 

legend, from highest to lowest frequency. A second unrooted maximum likelihood (ML) tree 

constructed with 460 bp P. auratus and P. major sequences shows how the P. auratus 

species has branched off from P. major into two major haplogroups (Figure 2.1.7). The 

number of mutational steps between the two main P. auratus haplotypes, the farthest P. 

auratus haplotypes, the closest main P. auratus and P. major haplotypes is 27, 41, and 29, 

respectively (Figure 2.1.7).  

The mismatch distribution for all wild snapper sample sites combined had a predominantly 

bimodal distribution and was significantly different from the expected distribution under an 

expansion model (p-value = 0.012) (Figure 2.1.3; Table 2.1.6). 

 

 

 

 

 

 

 

 

 

Fu’s Fs statistic was positive and significant for Tasman Bay and the PFR broodstock, 

indicating that these two samples have gone through recent bottlenecks (Fu 1997) (Table 

2.1.6). The significant Fu’s Fs statistic in the PFR broodstock is probably the result of a 

Figure 2.1.3: Mismatch Distribution for P. auratus Population. 
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founder effect when removed from their original population. Tajima’s D statistic was 

positive and significant for all populations except Foxton Beach and the PFR broodstock 

(Table 2.1.6). This could indicate that these samples have gone through genetic bottlenecks 

(Tajima 1989) or that it this statistic is being affected by secondary contact between two 

historical populations (see Discussion). 

Table 2.1.6: Demographic Statistics, Sum of Squared Deviations for the Mismatch Distribution, 
and Harpending’s Raggedness Index. 

Sample Site  Fs D R RP-value SSD SSDP-value 

Doubtless Bay 2.697 1.935* 0.0340 0.049 0.0508 0.024 
East Coast 3.813 2.532* 0.0244 0.017 0.0391 0.004 

Foxton Beach 3.698 1.347 0.0861 0.002 0.0817 0.017 
Hawkes Bay 1.679 1.649* 0.0243 0.026 0.0265 0.053 

Marlborough Sounds 2.727 1.885* 0.0480 0.011 0.0561 0.004 
North Farewell Spit 3.579 2.213* 0.0327 0.002 0.0534 0.003 

North Taranaki Bight 3.542 2.358* 0.0556 0.001 0.0773 0.006 
Tasman Bay 7.838* 2.259* 0.0344 0.007 0.0614 0.009 

Total  -11.169 1.538 0.0259     0.019 0.0507 0.012 

* = Significant at 95%, Fs = Fu’s Fs, D = Tajima’s D, R = Raggedness index, RP-value = Raggedness index p-value, SSD = sum of 
squared standard deviations, and SSDp-value = sum of squared standard deviations p-value   

 

The bayesian skyline plots indicated that a reduction in population size has occured in the 

New Zealand P. auratus followed by a period of population expansion (Figure 2.1.4 and 

Figure 2.1.5). With the mutation rate of 2.0x10-7 and 2.0x10-8 the reduction in population 

size occurrs at around 3,500 and 35,000 years ago, respectively. In both plots, prior to the 

reduction the population sizes appears to have remained constant for a long period of time. 
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Figure 2.1.4: Bayesian Skyline Plot for 2.0x10-7 Mutation Rate. 

 

Figure 2.1.5: Bayesian Skyline Plot for 2.0x10-8 Mutation Rate. 
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Figure 2.1.6: Maximum Likelihood Haplotype Tree by Sample Site for 641 bp mtDNA Sequence. 
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Figure 2.1.7: Maximum Likelihood Haplotype Tree by Sample Site for 460 bp mtDNA Sequence. 
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Figure 2.1.8: Haplotype Frequency Distributions by Sample Site. 
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2.3.2: Microsatellite DNA genotyping  

The eight microsatellite DNA loci were successfully genotyped for 374 fish samples. The 

Pma4-32 locus probably had null alleles and was significantly deviated from Hardy-Weinberg 

equilibrium in all sample sites. However, when Pma4-32 was excluded from the analyses it 

did not affect the results in most cases, any analyses that did show a difference when this 

locus was included have been reported with and without this locus. The results from the 

LOSITAN outlier analysis showed that all eight microsatellite loci fell within the 99% 

confidence interval range under both the Infinite Allele Model (IAM) and Stepwise Mutation 

Model (SMM), and there was no evidence to reject null hypothesis of neutrality for all loci. 

No linkage dis-equilibrium was observed for any pairs of loci that consistently appeared 

across all sample sites. 

The average number of alleles per locus was 10.11 per sample site, and ranged from 9.00 to 

11.13 (Table 2.1.7). The rarefaction curves for all loci and sample sites had started to flatten 

(Figure 2.1.9), which indicated that the sample sizes used in the study were able to sample 

most of the variation. 
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Figure 2.1.9: Rarefaction Curve for Average Microsatellite Alleles by 

Sample Site. 
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Table 2.1.7: Microsatellite Allelic Diversity and Heterozygosity. 

Sample Site N He Ho AAvg AP 

Doubtless Bay 50 0.747 0.723 11.13 2 
East Coast 49 0.722 0.650 9.00 5 

Foxton Beach 27 0.751 0.690 9.75 2 
Hawkes Bay 49 0.730 0.724 10.75 7 

Marlborough Sounds 26 0.708 0.654 9.38 5 
North Farewell Spit 49 0.718 0.672 9.88 1 

North Taranaki Bight 49 0.736 0.743 10.50 3 
Tasman Bay 49 0.748 0.702 10.50 6 

Total / Average 374 0.733 0.695 10.11 3.6 

 

Weir and Cockerham’s F-statistic (Theta) and Wright’s F-statistic (FST) among sample sites 

showed similarly patterns of genetic differentiation (Table 2.2.2 and Table 2.2.3). 

Marlborough Sounds to Doubtless Bay pairwise comparisons had the highest level of 

differentiation for both FST and Theta (both 0.018); followed by Marlborough Sounds to 

Foxton Beach (0.015 & 0.014). The third highest level of differentiation for both FST and 

Theta was Marlborough Sounds to Hawkes Bay (both 0.013), followed closely by Foxton 

Beach to Hawkes Bay (0.012 & 0.013). The fifth highest level of differentiation for both FST 

and Theta was the North Farewell Spit to Doubtless Bay (0.012 & 0.011). The only FST 

comparisons significant after sequential Bonferroni correction were the Marlborough 

Sounds to Doubtless Bay and North Farewell Spit to Doubtless Bay. The Marlborough 

Sounds to East Coast, North Taranaki Bight to Foxton Beach, Marlborough Sounds to North 

Taranaki Bight, and North Farewell Spit to Tasman Bay comparisons were significant for FST, 

but not for Theta.  

The regression plot of FST(1- FST) against the shortest marine distance (km) between sample 

sites showed no significant correlation (R2 = 0.0075) (Figure 2.2.0) and Mantel’s test showed 

not significant relationship either (p-value = 0.5323). 
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The STRUCTURE 2.3.3 analysis showed that there were either two or three groups (K) in 

given the data set based on the delta k values, but three groups were most likely (Figure 

2.2.1). The three expected genotype groups were present at all sample sites but in different 

frequencies. Overall, the analysis indicated that the New Zealand P. auratus population was 

panmictic (Figure 2.2.2).  

 

 

 

 

 

 

 

 

 

 

Figure 2.2.0: FST(1-FST) Versus Shortest Marine Distance (km). 

 

Figure 2.2.1: Delta K for Each Expected Population (K). 
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The neighbor-joining (NJ) analysis showed a tree with a starburst-like structure and there 

did not appear to be any distinctive structure within the data set (Figure 2.2.3 and Figure 

2.2.4). The trees that were constructed with Reynolds weighted distance and Nei’s DA 

distance showed very different topologies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.2: Results for STRUCTURE Analysis of P. auratus Sample Sites. 

 

Figure 2.2.3: Nei’s Da Distance Neighbor-Joining Tree. 
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The individual assignment test found that on average 65% of individuals were able to be 

assigned to their correct sample site, with the highest rate being 81% (Marlborough Sounds) 

and the lowest 48% (Doubtless Bay) (Table 2.1.8).  

 

 

 

Table 2.1.8:  Percentage of Individuals from each Sample Site (columns) Assigned to each 
Sample Site (rows) with correctly assigned individuals in bold. 
  Individuals 
  DB EC FB HB MS NTB TB WC 

Sa
m

p
le

 S
it

e
 

DB 48 0 0 6 4 6 8 2 

EC 12 77 4 4 0 8 2 4 

FB 6 4 78 4 0 2 4 2 

HB 6 4 0 60 4 4 4 4 

MS 4 4 4 6 81 4 4 4 

NTB 4 2 7 4 0 52 6 10 

TB 8 4 0 6 0 8 66 4 

WC 4 0 4 2 8 8 0 66 

Figure 2.2.4: Reynolds Weighted Distance Neighbor-Joining Tree. 
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No significant differences between populations was found for any of the 8 axis for the 

principle component analysis when tested in GENETIX 4.05. The combined population and 

individual factorial correspondence analysis (FCA) showed that the sample sites were largely 

overlapping with a few individuals in most sample sites spreading out near the edges of the 

distribution (Figure 2.2.5 and Figure 2.2.6). This result fits well with the other analyses, 

which indicate a largely panmictic population. Overall, the three main axes explain 49.68% 

of the variation in the data set. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.5: Plot for Axis 1 and 2 of the FCA. 

 

Figure 2.2.6: Plot for Axis 2 and 3 of the FCA. 
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The Hardy-Weinberg Exact test for heterozygosity deficiency and excess showed that all 

sample sites except North Taranaki Bight had a significant level of heterozygosity deficiency 

(Table 2.1.9). When the Pma4-32 locus was removed PFR broodstock, East Coast, and 

Marlborough Sounds were no longer significant. A locus-by-locus analysis showed that five 

of the eight loci had a significant level of heterozygosity deficiency. The loci with the highest 

numbers of alleles typically had the most significant levels of heterozygosity deficiency. 

 

All the allele frequency distributions had an L-shape distribution (Appendix B). There was no 

evidence from this test that the sample sites have experienced a bottleneck in the last 24 

generations that was strong enough to reduce the number of rare alleles (Luikart et al. 

1998). The Hawkes Bay sample site appeared to have a reduced number of rare alleles, but 

not enough of a reduction to show a significant mode-shift. 

All sample sites except Doubtless Bay, East Coast, and Hawkes Bay had an M-ratio value 

below the established ratio of 0.68 used to indicate a bottleneck (Garza and Williamson 

2001) (Table 2.2.0). However, even the North Island sites with M-ratios just above 0.68 had 

less than 5% of the M_P_Val simulated replicates below the observed value. This suggests 

that these sample sites have experienced a bottleneck within the last 500 generations 

(Garza and Williamson 2001). 

 

 

Table 2.1.9: Significance of Heterozygosity Deficiency by Sample Site (Table A) and Locus 
(Table B). 

Table A  Table B 

Sample Site 
p-value 

(with Pma4-32) 

p-value 
(without Pma4-32) 

 
Locus p-value 

Doubtless Bay 0.0000 0.0015  Pma1 0.5488 
East Coast 0.0000 0.1477  Pma2 0.0000 

Foxton Beach 0.0000 0.0000  Pma3 0.0152 
Hawkes Bay 0.0000 0.0139  Pma4-32 0.0000 

Marlborough Sounds 0.0010 0.1788  Pma5 0.9197 

North Farewell Spit 0.0000 0.0201  GA2A 0.0070 

North Taranaki Bight 0.3264 0.7683  GT2 0.5050 
Tasman Bay 0.0003 0.0600  GT4 0.0046 
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The results from BOTTLENECK 1.2.02 indicated that there was a significant heterozygosity 

deficiency in all sample sites when using the stepwise mutation model (SMM) and two 

phase mutation model (TPM) (Table 2.2.1). Removal of the Pma4-32 locus did not affect the 

number of sample sites with significant level of heterozygosity deficiency. 

 

 

 

 

 

Table 2.2.0: M-ratio and Replicates Below Observed Value. 

Sample Site Value S.D. % 

Doubtless Bay 0.6999 0.126 1.74% 
East Coast 0.6836 0.188 1.06% 

Foxton Beach 0.6606 0.141 0.84% 
Hawkes Bay 0.7092 0.235 2.59% 

Marlborough Sounds 0.5993 0.124 0.12% 

North Farewell Spit 0.6592 0.174 0.51% 
North Taranaki Bight 0.6525 0.193 0.35% 

Tasman Bay 0.6319 0.130 0.22% 

Table 2.2.1: Bottleneck Heterozygosity Deficiency p-value. 

 With Pma4-32 Without Pma4-32 

Sample Site SMM TPM SMM TPM 

Doubtless Bay 0.0039 0.0039 0.0039 0.0039 
East Coast 0.0020 0.0020 0.0039 0.0039 

Foxton Beach 0.0137 0.0371 0.0078 0.0117 
Hawkes Bay 0.0137 0.0195 0.0117 0.0117 

Marlborough Sounds 0.0039 0.0039 0.0039 0.0039 

North Farewell Spit 0.0195 0.0273 0.0078 0.0273 
North Taranaki Bight 0.0039 0.0039 0.0195 0.0273 

Tasman Bay 0.0098 0.0273 0.0039 0.0039 

SMM = Stepwise mutation model, TPM = Two-phase model 
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Table 2.2.2: Wrights Fixation Index (FST) Above the Diagonal with p-value Below the Diagonal. 

 Doubtless Bay East Coast Foxton Beach Hawkes Bay 
Marlborough 

Sounds 
North 

Farewell Spit 
North 

Taranaki Bight 
Tasman Bay 

Doubtless Bay  0.0043 0.0075* 0.0025 0.0181 0.0118 0.0025 0.0025 

East Coast 0.0926  0.0106 0.0032 0.0083 0.0013 0.0004 0.0046 
Foxton Beach 0.0345 0.0230  0.0119 0.0149 0.0056 0.0061* 0.0042 
Hawkes Bay 0.1463 0.1425 0.0039  0.0128 0.0036 0.0004 0.0017 

Marlborough Sounds 0.0005 0.0719* 0.0083 0.0030  0.0064 0.0103 0.0062 
North Farewell Spit 0.0007 0.3828 0.1049 0.0922 0.0933  0.0006 0.0477 

North Taranaki Bight 0.1465 0.4315 0.0602* 0.3462 0.0159 0.3861  0.0015 
Tasman Bay 0.1911 0.0944 0.1705 0.2494 0.0924 0.0055 0.2663 - 

Underlined = Significant with and without Pma4-32, Asterix* = Significant only without Pma4-32 

Table 2.2.3: Weir and Cockerham’s Fixation Index (Theta) Above the Diagonal with Lower 95% CI Below the Diagonal. 

 
Doubtless 

Bay 
East Coast 

Foxton 
Beach 

Hawkes Bay 
Marlborough 

Sounds 
North 

Farewell Spit 
North 

Taranaki Bight 
Tasman Bay 

Doubtless Bay  0.004 0.007 0.003 0.018** 0.011 0.003 0.003 
East Coast 0.002  0.010** 0.003 0.007 0.001 0.000 0.004 

Foxton Beach -0.002 0.001**  0.013 0.014 0.005 0.007 0.003 
Hawkes Bay -0.001 -0.002 0.006  0.013 0.004 0.001 0.002 

Marlborough Sounds 0.006** -0.002 0.003 0.001  0.005 0.011 0.005 
North Farewell Spit 0.005 -0.004 -0.001 -0.001 -0.005  0.001 0.004 

North Taranaki Bight -0.001 -0.005 0.000 -0.002 0.000 -0.004  0.002 
Tasman Bay -0.004 -0.002 -0.001 -0.002 -0.002 -0.003 -0.003  

Underlined = Significant with and without Pma4-32,  Double** = Significant only with Pma4-32 
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2.4: Discussion 

2.4.1: Demographic History  

The demographic analysis and mtDNA haplotype trees indicated that the New Zealand P. 

auratus population has been stable for a long period of time, but may have experienced 

some recent fluctuations in population size. Two major haplogroups were identified, which 

were separated by a large number of mutational steps (steps=44) and present at all sample 

sites (Figure 2.1.6). The distinct haplogroups produced a mismatch distribution that had a 

predominantly bimodal distribution (Figure 2.1.3).  Several possible scenarios which could 

have lead to the formation of these two haplogroups include, separation of the New 

Zealand population into two geographically isolated groups (e.g. East-West split), a recent 

migration event from outside of New Zealand (e.g. Australia), an unusual lineage sorting 

event that occurred by chance, or the New Zealand population could represent two 

geographically panmictic but reproductively distinct groups (e.g. two cryptic species).  

During the Last Glacial Maximum (ca. 19-20k yr. BP) the sea level was about 120m lower 

than the present day, which would have exposed land around the coast and formed a land 

bridge connecting the North and South Island from the Tasman Mountains to Taranaki 

(Proctor & Carter 1989). There was no marine corridor between the west and east coast 

through the Cook Strait, which may have isolated marine populations on each side of New 

Zealand and led to genetically differentiated populations. If the long distance dispersal of P. 

auratus were mainly due to dispersal driven by water currents, as suggested by Bernal-

Ramı´rez et al. (2003), then a land barrier across the Cook Strait would have caused a 

significant amount of disruption to gene flow because the southward moving water currents 

would have isolated populations on either side of the New Zealand coastline. In opposition 

to this idea, the distance among breeding groups at the time of last glacial maximum would 

most likely have been reduced because the southern populations would have been pushed 

further north to more favorable breeding temperatures (Cassie 2005). The submergence of 

the Cook Strait land-barrier at the end of the Last Glacial Maximum would have then 

allowed secondary contact between the two previously isolated populations result in 

intermixing across all sample sites. Whether connectivity between P. auratus populations is solely 
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the result of water currents is still somewhat uncertain, but would be a possible mechanism 

for driving the divergence of population on either side of New Zealand. 

If the New Zealand population has experienced a bottleneck, which increased the loss of 

mtDNA lineages, it may have facilitated the development of the two haplogroups. The large 

number of mutational steps between the two haplogroups suggest they are relatively old, 

but the starburst-like patterns of haplotypes surrounding each of the major haplogroups 

suggests that many of the haplotypes have arisen only recently (Chen et al. 2004). This type 

of pattern could occur if a population remained stable for a long period of time allowing the 

development of distant haplotypes within a single population, followed by a bottleneck 

removing all but a few of these distant haplotypes. Recovery of the population would then 

result in the starburst formation around each of the distant haplotypes. This scenario is 

supported by the results of the Bayesian skyline plots which show that the New Zealand P. 

auratus population has been stable for a long period of time, with a recent reduction 

occurring between 3 to 30 thousand years ago, followed by a population expansion. The 

environmental upheavals caused by the Last Glacial Maximum 19 to 20 thousand years ago 

could have had a significant effect on coastal fish populations (Clark et al. 2009). During the 

Last Glacial Maximum P. auratus most likely had a significant reduction in suitable shoreline 

due to colder sea temperatures and minimum temperature breeding (Cassie 2005) 

requirement, which would have displaced southern populations and reduced the overall 

carry capacity of the New Zealand population. Together with separation around New 

Zealand this reduced populations size during the Last Glacial Maximum may have driven a 

rapid lineage sorting event to form the two haplogroups. 

Another possibility is that the haplotype groups could represent an historic dispersal event 

from a genetically different population outside of New Zealand. The ancestral sequences of 

one haplogroup may have been present around the coast of New Zealand and another in 

populations, such as around the coast of Australia. Contact between the two ancestral 

populations might have occurred and the New Zealand population became a mixture of two 

distinct haplogroups. Comparison of haplotype samples from Australia could be used to 

confirm whether this scenario was or was not responsible for the presence of the two 

distant New Zealand haplogroups. 
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Comparison of the haplotypes from P. auratus and P. major indicated that the two New 

Zealand haplogroups were more distant from each other than a number of P. auratus 

haplotypes were from even P. major haplotypes. Consequently, the question arose as to 

whether the two haplotype groups may be reproductively distinct groups (e.g. two cryptic 

species) within what is considered a single species. To test this idea the microsatellite data 

was divided into two groups based on the two haplogroups and differentiation between the 

two groups determined using Theta. The results of this analysis between the two groups 

showed no evidence of genetic differentiation at nuclear DNA markers (Theta p-value = 

0.526), which indicated that the two haplogroups did not represent two distinct 

reproductive groups. 

Evidence for several possible bottlenecks was detected in the current study with both 

mtDNA and microsatellite DNA markers. The significant Tajima’s D statistics suggested that 

there has been a recent genetic bottleneck in seven of the eight wild sample sites; however, 

significant Fu’s Fs statistic provided evidence for a bottleneck only in the Tasman Bay. The 

differences between these two statistics may be caused by the presence of the two major 

haplogroups and the methods with which each estimate is calculated. The large number of 

mutational steps between the two haplogroups would have increased the number of 

polymorphic sites without equally increasing the mutations. Tajima’s D statistic is calculated 

as the number of mutations relative to the number of polymorphic sites and consequently 

may have been strongly affected by the presence of the two distant haplogroups (Tajima 

1989). In contrast, Fu’s Fs statistic is calculated based solely on the number of mutations 

and therefore should not be affected by the presence of the two haplogroups (Fu 1997). The 

results of the Fu’s Fs statistic test suggested that a recent bottleneck has occurred in the 

Tasman Bay, which was congruent with the finding of Hauser et al. (2002) using 

microsatellite DNA genotyping data from modern and historic samples. The fact that no 

significant Fu’s Fs statistics were observed in any other sample sites, including other South 

Island sites, indicated that the proposed bottleneck may have been localized to a relatively 

small area within the Tasman Bay.  In the microsatellite DNA data, the M-ratio test indicated 

that there has been a bottleneck at all sample sites. This bottleneck was unlike to have been 

a recent event because it was not detected using the Fu’s Fs statistic. This putative 

bottleneck could have occurred anytime within the last 500 generations (Garza and 
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Williamson 2001). It is unlikely that this bottleneck coincides with the Last Glacial Maximum 

(ca. 19-20k yr. BP) as it would require a generation time of 40 years to fit within the 500 

generations, which is longer generation time than expected for P. auratus (Clark et al. 2009; 

Paul and Tarring 1980). 

In contrast to the bottlenecks discussed above, the significant amount of heterozygosity 

deficiency at mitochondrial loci suggests that New Zealand P. auratus has undergone recent 

population expansion following an old bottleneck event (Maruyama & Fuerst 1985; Cornuet 

and Luikart 1996). Heterozygosity deficiency is typical following a reduction in population 

size as mutation replenishes the number of alleles in a population and the distribution of 

allelic sizes returns to normal (Cornuet and Luikart 1996). This population expansion is most 

likely linked to the bottleneck indicated by the microsatellite M-ratio test, as significant M-

ratio tests are the result of disruption of microsatellite allele distributions and significant 

heterozygosity deficiency can be caused as those allele distributions returns to normal. 

2.4.2: Population Structure 

The results of this study indicated that the New Zealand P. auratus population was a largely 

panmictic with was some low level differentiation between sites. This overall pattern of 

panmixia can be observed in the factorial correspondence analysis (FCA) plots (Figure 2.2.5 

and Figure 2.2.6), which showed that most individuals form a single cluster with only a few 

individuals separating at the edges of the clusters.  

No significant genetic differentiation was found between any sample sites using the mtDNA 

control region sequencing, which is consistent with the findings of previous studies of P. 

auratus mtDNA (Adcock et al. 2000; Bernal-Ramı´rez et al. 2003). This was most likely due to 

the relatively low statistical power of mitochondrial DNA markers. While there was no 

significant genetic differentiation between Tasman Bay and other South Island sample sites, 

a significant Fu’s Fs statistic was found solely in the Tasman Bay. Significant Fu’s Fs statistics 

can indicate that a population has been through a recent population bottleneck and would 

support the results of Hauser et al. (2002). If this were the case then the presence of the 

significant Fu’s Fs statistic solely in the Tasman Bay would suggest that limited gene flow has 

occurred between the Tasman Bay and other South Island sample sites within the last 60 

years since the putative bottleneck was suggested to have occurred (Hauser et al. 2002). 
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This is particularly surprising in the case of the North Farewell Spit and Tasman Bay samples 

as the sample sites are located approximately 50 km apart with no obvious barriers to fish 

movement between them.  

The North Farewell Spit (NFS) and Marlborough Sounds (MS) were significantly 

differentiated from Doubtless Bay with both FST and Theta after sequential Bonferroni 

correction (NFS = 0.011 and MS = 0.018). Apart from the significant differentiation observed 

between East Coast and Doubtless Bay this was the only other significant differentiation in 

the data set not involving at least one small sample size. Lacson and Morizot (1991) 

presented results suggesting that measures of population differentiation can be affected by 

demographic changes such as bottlenecks. The presence of the significant Fu’s Fs statistic, 

the putative bottleneck proposed by Hauser et al. (2002), and the differences in results 

between the current study and the results of Bernal-Ramı´rez et al. (2003) indicate that 

genetic differentiation measurements in the Tasman Bay may not be temporally stable and 

could be being influenced by its recent demographic history. 

The break observed by Bernal-Ramı´rez et al. (2003) between the East Coast and Hawkes 

Bay was not present in this data set. Instead, low but significant differentiation was 

observed between the East Coast and Doubtless Bay (Theta = 0.004). Several North Island 

samples including the East Coast were collected from within a set geographical range, but 

the exact sample sites were not known. If the East Coast sample was from the southern side 

of the genetic break proposed by Bernal-Ramı´rez et al. (2003) then this would explain how 

the East Coast has changed from being differentiated from southern sample sites to being 

differentiated from northern sample sites.  

While the methodology used in the calculation of Theta attempts to correct for sample size, 

there were some significant Theta values in the present data set between sites with small 

sample sizes, which were inconsistent with the results of previous studies and the results for 

sample sites with larger sample sizes (Weir & Cockerham 1984). For example, Hawkes Bay 

(sample size = 49) was significantly differentiated from Foxton Beach (sample size = 27, 

Theta = 0.13), but not from North Taranaki Bight (sample size =49, Theta = 0.001). However, 

Foxton Beach and North Taranaki Bight should be comprised of individuals from an 

ecologically panmictic population (Morrison 2008). These three sample sites are also located 
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along the coast, with Foxton Beach located between Hawkes bay and North Taranaki Bight. 

Individuals from North Taranaki bight would have to travel through Foxton Beach to mix 

with Hawkes Bay, however the significant differentiation between Foxton Beach and 

Hawkes Bay indicate that this is not happening. This suggests that the smaller sample sizes 

in the current data set may be susceptible to indicating falsely significant differentiation.  

After sequential Bonferroni correction and removing sample sites with small sample sizes 

(26 and 27 individuals) there was no significant differentiation between South Island and 

lower North Island sample sites with either microsatellite DNA FST or Theta. This result was 

inconsistent with the findings of Bernal-Ramı´rez et al. (2003) who reported a significant 

level of differentiation between Hawkes Bay and Tasman Bay and West Coast of the North 

Island and Tasman Bay. The difference between these two studies could be explained by 

variation in the number of samples and microsatellite loci used and possible effects of using 

Tasman Bay as a representative South Island population. In the current study sample sites 

with smaller sample sizes appear to be susceptible to falsely significant levels of genetic 

differentiation (e.g. Foxton Beach, sample size = 27). However, these smaller sample sizes 

may still have had higher statistical power than the Tasman Bay sample size of 43 in Bernal-

Ramı´rez et al. (2003) due to an increased number of loci and total alleles (loci = 8 versus 6, 

total alleles = 78 versus 56) (Selkoe and Toonen 2006). In addition, if the allele frequencies 

in the Tasman Bay were affected by a recent bottleneck, as proposed by Hauser et al. 

(2002), then the significant amount of genotype differentiation could have been an artifact 

of strong genetic drift.  

In conclusion the genetic differentiation results in this study indicate that the New Zealand 

P. auratus population is largely panmictic with a small amount of genetic differentiation 

between the most distant sample sites. This study also suggests caution should be taken 

with further studies using small sample sizes (< 50 individuals) and low numbers of 

microsatellite markers (e.g. < 10 ). While limited genetic differentiation was observed with 

most estimates of genetic differentiation, some data, such as the presence of Fu’s Fs 

statistic solely in the Tasman Bay, suggest that in some situations movement and gene flow 

among P. auratus may still take decades to travel across relatively small distances (60 kms).  
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Chapter 3: Constructing a Broodstock That Best Represents the 

Genetic Resources of the Wild Population 

3.1: Introduction 

The first step in the developing of new aquaculture species is establishing a broodstock of 

individuals sourced from the wild population. The broodstock should contain a sufficient 

amount of genetic variation because those first individuals will provide the genetic potential 

that underpins a selective breeding program and it will limit the problems that can result 

from inbreeding (Allendorf & Phelpsa 1980; Charlesworth & Willis 2009). A population 

genetic study is needed to determine the levels of genetic variation contained in the wild 

source populations. This study of wild populations can then be used to guide the collection 

of individuals from each genetically distinct population and the number of individuals that 

are needed to sufficiently represent the wild genetic variation. For example, an allele that is 

found at a frequency of 0.05 in a genetically panmictic population will require a larger 

sample of individuals for it to be included in the broodstock compared to an allele that is at 

a frequency of 0.25; or if the source population is found to be genetically subdivided then 

individuals may need to be collected from each area of the population in order to better 

represent the wild genetic variation.  

Inbreeding and loss of traits over successive generations due to strong genetic drift in the 

relatively small breeding groups of a typical aquaculture population needs to be considered 

when establishing the broodstock (Franklin 1980; Jamieson & Allendorf 2012). Franklin 

(1980) used models to show that a minimum population size of 50 breeding individuals was 

needed to mitigate the risk of inbreeding depression in a small population. The 

development of methods to reduce inbreeding, such as minimal kinship crossbreeding and 

the slightly pronounced inbreeding rate used by Franklin (1980) may allow the target of 50 

individuals to be slightly lower; however this minimum population size should be accurate 

for most cultured populations (Jamieson & Allendorf 2012; Doyle et al. 2001; Ortega-

Villaizan et al. 2011).   

In some aquaculture programs it may be possible to regularly supplement the broodstock 

with individuals from a wild source population. However, this could have a negative effect 
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on a selective breeding program because carefully selected fish lines may experience a 

reduction in productivity as wild genetic variation is added to the gene pool. Integration of 

individuals from the wild into selected lines may have the positive effect of reducing 

inbreeding depression, but it could also have the negative effect of causing outbreeding 

depression (Pekkala et al. 2012). Starting a selective breeding program with the high levels 

of genetic variation that will be required at latter stages of the program and maintaining as 

much of that variation as possible throughout the program should prevent inbreeding 

depression and the need to supplement the selected line with wild genetic variation.    

It is difficult to determine the level of genetic variation required for a selective breeding 

program because gene variants cannot be easily matched to specific phenotypic traits. In 

general, the best approach when establishing a broodstock is to maximize the level of 

genetic variation from the wild source populations. The sampling plan needs to consider 

how much variation is in the wild populations and how that variation is structured. Simply 

obtaining an estimate of the level of genetic variation may be of limited value when 

determining whether broodstock sufficiently represent wild genetic variation because it 

does not take into account how the broodstock variation is represented in relation to its 

geographic structuring. In some cases, the broodstock may appear to have similar levels of 

genetic variation to the wild source population, but the allele frequencies and genotypes 

might be significantly differentiated (e.g. Ma et al. 2011). Previous studies typically 

compared cultured and wild populations using both estimates of genetic variation and 

differentiation, which should help take into account the geographic structuring of the 

genetic variation (Ha et al. 2009, Song et al. 2011, Ma et al. 2011). In most of these studies 

the presence or lack of significant genetic differentiation between a cultured and wild 

population is used to imply that the broodstock lack or have sufficient genetic variation, 

respectively. However, some care needs to be taken when interpreting the results of these 

estimates as the presence or lack of significance can be affected in part by the power of the 

marker being used. 

Many studies that have compared the genetic variation in cultured and wild populations 

have used either mitochondrial DNA (mtDNA) markers or microsatellite DNA markers (Ha et 

al. 2009; Song et al. 2011; Lundrigan et al. 2005; Sekino et al. 2002). Microsatellite DNA 

marker sets only sample small amounts of the genome (e.g. 10-20 loci) and therefore only 
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provide a very general overview about the levels of genetic variation and differentiation 

within and among populations. Mitochondrial DNA markers can be even less representative 

of the levels of genetic variation because mtDNA is an extra-nuclear genome and does not 

undergo recombination (Avise 1994). However, the low cost of these markers does make 

them a cost effective option for use in projects such as the current study. 

The aim of the research reported in this chapter was to investigate how well the Plant and 

Food Research (PFR) Pagrus auratus broodstock (henceforth referred to as “PFR 

broodstock” and BS) represent the genetic variation found at the wild sample sites. The 

mtDNA and microsatellite DNA data from the PFR broodstock has been compared to the 

wild population data reported in chapter 2 using the same estimates of genetic variation 

and differentiation as several previous studies (Ha et al. 2009; Song et al. 2011; Lundrigan et 

al. 2005; Sekino et al. 2002). A python scripted simulation was written to investigate the 

proportion of wild alleles at each frequency that were represented within the PFR 

broodstock. This method was developed based on an idea proposed by Tave (1999), in 

which it was suggested that maintaining alleles that were above a frequency of 0.05 in 

cultured populations should prevent the loss of traits that were under positive selection in 

the cultured environment. The script was also used to look at the possible effects of 

increasing the number of the PFR broodstock with individuals from wild sample sites. 

Simulated broodstock groups were also constructed by randomly combining individuals 

from the wild sample sites into a new population without replacement. This process of 

simulating broodstock groups could be useful at the start of broodstock collection to 

determine the likely genetic variation that would be collected with different sampling plans. 
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3.2: Materials and Methods 

3.2.1: DNA extraction and sequencing, and microsatellite DNA genotyping 

The mitochondrial DNA (mtDNA) control-region and microsatellite primers used in Chapter 2 

of this study were also used for this Chapter. The forward and reverse primers for the 

mtDNA control-region were tRNA-Pro (H-tRNA-Pro 5'-CACCATTGGCTCCCAAAGC-3') and 

Central Conserved Domain (CCD) (L-CR-CCD 5'-GGCACTGTGAGATGTCAACTG-3'), 

respectively. The microsatellite primers are shown below in Table 3.1.0. 

Table 3.1.0: Microsatellite Primers (M13 primer 5’-TGTAAAACGACGGCCAGT-3’). 
Locus Forward 5’-3’ Reverse 5’-3’ 

Pma1 M13 + CATGCCAGTATTCCATGTGC AGGACAAATTCCCAAGGTCATCC 
Pma2 M13 + TGCCAAGGAGAGGTGAGGAG TATTCTTGCAAGGGTCCAAACG 
Pma3 M13 + CTAAACAAATAATTCTGGTTTAGC CATGACAAACTGAGGTGAATGC 

Pma4-32 M13 + CCTGCCACCTACTGTTTCCT CGGTGATTACAGTCGGGTTT 
Pma5 M13 + CCAATCGGATTGAGTATCTGTGG GAGAGGTTCTCCGTCACTGTCC 
GA2A M13 + ACGGACAGAGAGGGAGTGG CATCATCATCAGTCAGAGCTG 
GT2 M13 + TAGGGGTCTTGCTGCCTGCTC ACAGATACAGACTGACAGACG 
GT4 M13 + CTTTACACTGTTGAAGCTTTGG CGCACAGATAAACAAATCAAT 

 

Samples from 26 P. auratus broodstock were collected by Plant and Food Research (Nelson). 

Fin clips were removed from each fish and stored in 85% ethanol at 4oC. Total genomic DNA 

was isolated using a standard phenol-chloroform protocol (Sambrook et al. 1989). The small 

sample of tissue was individually placed in 400 μL of extraction buffer (10 mM Tris pH 8.0, 

50 mM NaCl, 10 mM EDTA, and 0.2% SDS) with 0.5 μg/µL proteinase-K and incubated 

overnight at 50°C. Following the tissue digestion, DNA was extracted with phenol, followed 

by chloroform/isoamyl alcohol, and precipitated with 1 mL of ethanol at -20°C for 1 hour. 

The DNA was pelleted, washed with 70% ethanol, dried and then re-suspended in a Tris-

EDTA buffer. The DNA was stored at 4oC. The purified DNA was quantified using a Nanodrop 

spectrophotometer and the concentration was adjusted to 200 ng/µL using distilled water. 

A 641 bp portion of the control region was amplified using the Polymerase Chain Reaction 

(PCR) and the primers H-tRNA-Pro and L-CR-CCD. All PCRs consisted of 10.4 mM Tris-HCl pH 

8.8, 52 mM KCl, 1.5 mM MgCl2, 200 µM of each dNTP, 0.4 μM of each primer, 0.6 μg/μL 

Bovine Serum Albumin (BSA), 0.5 units of Taq DNA Polymerase (Fisher Scientific), and 200 ng 

of template DNA. The conditions for thermal cycling were: 33 cycles of 94oC for 30 seconds, 
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58oC for 30 seconds, and 74oC for 60 seconds, followed by an extension step of 74oC for 10 

minutes. The resultant PCR products were purified with ExoSAP-IT (Amersham Parmacia 

Biotech) and their DNA sequence was determined using the reverse primer and an ABI 3730 

Genetic Analyzer (Macrogen, Korea). 

The microsatellite loci were amplified by PCR using the primers in Table 1.1 and the 

amplified fragments genotyped at Massey Genome Services on an ABI3730 Genetic 

Analyzer. FAM, VIC, or PET fluorescent labels were incorporated into the PCR products in 

the amplification step using the M13 labeling method (Schuelke 2000). The PCR 

amplification was carried out on individual microsatellite loci which were then poolplexed 

for genotyping; with either two or three loci per genotyping well (Table 3.1.1). 

Each 10µL PCR contained 10mM Tris-HCl, 50mM KCl, 0.8mM dNTP, 0.1µM forward primer, 

0.4µM reverse primer, 0.1µM M13 primer, 4.0µg BSA, 1 unit Fisher taq polymerase, and the 

template DNA and MgCl2 shown in Table 2.3. The conditions for thermal cycling were: 33 

cycles of 94oC for 20 seconds, annealing temperature (Table 3.1.1) for 30 seconds, and 74oC 

for 60 seconds, followed by 8 cycles of 94oC for 20 seconds, 53oC for 30 seconds, and 74oC 

for 60 seconds, followed by a final extension step of 74oC for 10 minutes. 

Table 3.1.1: Microsatellite PCR Concentrations and Temperatures. 

Poolplex Locus T-DNA (ng) MgCl2 (mM) T-Ann (oC) 
1 Pma1 100 2.0 60 
1 GA2A 150 2.0 60 
1 GT2 150 1.5 57 
2 Pma2 150 1.5 64 
2 Pma4-32 150 2.0 58 
2 GT4 150 1.5 59 
3 Pma3 150 1.5 57 
3 Pma5 150 1.5 59 

T-DNA = Template DNA, T-Ann = Annealing Temperature 

 

3.2.2: Data Analysis 

DNA sequences were aligned in MEGA 5.0 using a ClustalW alignment with default settings 

(Tamura et al. 2011). Variable sites were checked for base calling errors and the final 

alignment exported in fasta format to be used in further analysis. The haplotype (h) and 

nucleotide (π) diversity, and average number of pairwise differences (k) were estimated 
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using DNASP 5.0 (Rozas et al. 2003). Mitochondrial haplotype richness for 24 individuals and 

average microsatellite allele richness for 26 individuals was calculated in HP-RARE and R 

(Kalinowski 2005; Rioux Paquette 2011). Rarefaction plots for haplotype and average allele 

richness were calculated in HP-RARE and R. Fu’s Fs statistics was calculated using ARLEQUIN 

3.5 with 1000 permutations to determine the statistical significance. The number of alleles 

(A), observed heterozygosity (HO), and expected heterozygosity (HE) for all sampled sites 

were determined using ARLEQUIN 3.5. ARLEQUIN 3.5 was used to calculate the fixation 

index (ΦST) for pairwise comparisons between sample sites and 1000 permutations of the 

data set were used to determine statistical significance (Excoffier et al. 2005). Wright’s 

fixation index (FST) for pairwise comparison between all sites was estimated using ARLEQUIN 

3.5. Significance at the 5%-level was determined using 20,000 permutations (Wright 1951). 

Weir and Cockerham’s fixation index (Theta) was measured for all pairwise comparisons 

between sites in FSTAT 2.9.3.2 (Goudet 2005; Weir & Cockerham 1984). 

3.2.3: Population Genetic Simulations: Python Script Design 

A script was written using Python 2.6, which determined the percentage of alleles at each 

frequency in the wild population that were not represented in the broodstock 

(representation method). The script was also able to test the effect that adding new 

individuals to the broodstock would have on the results and also construct simulated 

broodstock groups to test the effects of different sampling plans on the results. The script 

supported the use of one broodstock group and up to ten wild populations. If multiple 

permutations or populations were used then the script calculated the mean and standard 

deviation of all simulations or comparisons. The Python script ran through eight steps, which 

are described below. 

1. Import populations 

The populations were set out in a Python file (.py) with a nested list for each population. 

When the script was run it automatically imported the populations from the data file 

(Data.py). 

Example: the input setup for two populations with two loci and two individuals: 

Broodstock = [[[ 146, 146], [ 151, 153]], 
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[[ 145, 147], [ 151, 153]] 

Wild Pop      = [[[ 147, 146], [ 149, 151]], 

[[ 145, 149], [ 153, 155]] 

 

2. (Optional) Increasing and constructing broodstock populations 

This step was only used if individuals were being added to the broodstock or the script was 

being used to simulate broodstock groups. In this step individuals were randomly 

transferred with replacement into the broodstock from any of the wild populations. Any 

combination and number of wild populations could be used in this step to source 

broodstock.  

 

3. Alleles at each locus were combined into lists by locus and population. 

Example: from step 1: 

Broodstock = [[146,146,145,147], [151,151,153,153]] 

Wild Total = [[147,146,145,149], [149, 151,153,155]] 

 

4. Comparison of the Broodstock and Wild Total list was used to construct a list that 

contains alleles found only in the wild population. 

Example: from step 3: 

Wild Only = [[149], [149,155]] 

 

5. The allele frequency in Wild Total of alleles found in Wild Only and Wild Total was 

calculated and stored in a Python dictionary. 

Example: locus 1 from step 3 and 4: 

Wild Total locus 1 = {‘147’: 0.25, ‘146’: 0.25, ‘145’:0.25, ‘149’:025}  

Wild Only locus 1 = {‘149’: 0.25} 
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6. The number of alleles at each frequency was then calculated for Wild Only and 

Wild Total 

Example: locus 1 from step 5: 

Wild Total = 4 alleles at 0.25        Wild Only = 1 allele at 0.25 

 

7. The percentage of alleles not found in the Broodstock at each frequency was 

calculated using the number of alleles in the Wild Only and Wild Total 

Example: locus 1 from step 6: 

Wild Total = 4 alleles at 0.25   Wild Only = 1 allele at 0.25     Not Represented = (4/6)*100 

Output: 25% of alleles at 0.25 at locus 1 in the wild population were not found in broodstock  

 

8. Multiple loci, permutations, and population comparisons. 

The results for multiple loci were calculated simultaneously using further nested lists. 

Multiple permutations of the simulation were run by cycling through steps 2 to 7; but were 

only needed if individuals were being added to the broodstock in step 2. This script also 

allowed the broodstock to be compared with between one and ten wild populations from 

the input file. Mean and standard deviation were calculated if multiple permutations were 

used or if the broodstock were compared to more than one population. Finally, the results 

were written to an Excel sheet; the output format was three columns; 1 = Percent allele 

frequency in wild population, 2 = Average alleles not represented at each allele frequency, 3 

= standard deviation for multiple permutations or population comparisons. If only a single 

permutation was used and the broodstock were only compared to one population then only 

column 1 and 2 was written to the results sheet. 

3.2.4: Current Broodstock Allele and Haplotype Representation  

The proportion of haplotypes at each frequency were not represented in the Broodstock 

was calculated for each population individually using the output from GENALEX 6.41 (Peakall 

& Smouse, 2006, 2012). The Python script was used to determine the percentage of alleles 
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at each frequency that were not represented in the PFR broodstock for each wild population 

individually and for the average of all wild populations. The allele representation plot for all 

wild populations was constructed with two standard deviations.  

3.2.5: Increasing the Current Broodstock  

The effect of increasing the broodstock population with individuals sourced from the 

Tasman Bay was tested by comparison with the Tasman Bay and all sample sites. Increasing 

with increments of five individuals was used for both plots up to a total of 50 new 

broodstock. The effect of increasing the broodstock with individuals from all wild sample 

sites was tested by increasing the broodstock with an equal number of individuals from each 

wild population. Increments of eight individuals (one per wild population) were used to 

increase the number of broodstock up to a total of 48. 1000 permutations were used when 

determining the effect of increasing the broodstock. 

3.2.6: Selecting New Broodstock Groups 

The Python script was used to simulate the collection of broodstock groups from the 

Tasman Bay in increments of five individuals up to a total of 50, with 1000 permutations at 

each sample size. Two plots were constructed to compare the current Broodstock and 

simulated broodstock groups from the Tasman Bay against the Tasman Bay and North 

Farewell Spit. The same number of individuals as the current Broodstock and 1000 

permutations was used in the simulated broodstock groups. Two plots were constructed to 

determine the representation of alleles from all sample sites in simulated broodstock groups 

collected from the Tasman Bay and all sample sites; 1000 permutations was used at each 

sample size and an even number of individuals from each sample site was used when 

constructing the broodstock from multiple sample sites. 
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3.3: Results 

3.3.1: Comparison of PFR broodstock and Wild Sample Sites using Standard Measures of 

Genetic Variation and Differentiation 

The comparison of PFR broodstock genetic data with wild sample sites from Chapter Two 

indicated slightly different results with mtDNA and microsatellite DNA markers. The 

broodstock had lower mtDNA haplotype diversity, nucleotide diversity, and average number 

of pairwise nucleotide differences than the wild sample sites (PFR broodstock = 0.736, 

0.0240, and 15.30, respectively; ranges for wild sample sites = 0.815-0.910, 0.0297-0.0334, 

and 18.96-21.28, respectively). However, at microsatellite markers the PFR broodstock had 

similar estimates of variation to those observed in the wild populations. The expected and 

observed heterozygosity were 0.699 and 0.654, respectively, for the PFR broodstock and 

ranged from 0.708-0.748 and 0.650-0.743, respectively, for the wild sample sites. The allele 

richness adjusted for sample size was 8.63 in the PFR broodstock and ranged from 7.80-9.61 

for the wild sample sites. The PFR broodstock also had a significant positive Fu’s Fs statistic 

which is indicative of a reduction in population size (Fu’s Fs = 6.091) 

Table 3.1.2 shows the haplotype and allelic richness for the PFR broodstock and all the wild 

sample sites sampled in Chapter two of this study. The haplotype and allele richness was 

based on resampling of 24 and 26 individuals from each of the sample sites, respectively. 

The results show that the PFR broodstock had the lowest haplotype richness, but were 

similar to wild sample sites with allele richness. 

 

Table 3.1.2: Haplotype and Allele Richness for 24 and 26 Individuals, Respectively. 

 BS DB EC FB HB MS NFS NTB TB 

Haplotype 

Richness (24) 
9.00 12.46 12.37 11.78 13.81 13.56 12.33 11.60 10.26 

Allele 

Richness (26) 
8.63 9.05 7.80 9.61 9.15 9.38 8.28 9.02 8.94 
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There was no significant differentiation between the PFR broodstock and wild sample sites 

with ΦST, FST, or Theta after sequential Bonferroni correction (Table 3.1.3). The only 

significant differentiation was between the PFR broodstock and the East Coast site, before 

sequential Bonferroni correction.    

Table 3.1.3:  P-value for ΦST and FST and Lower 95% Confidence Interval for Theta Between 
PFR broodstock and Wild Sample Sites.  

 Broodstock 
Wild Sample Site ΦST FST Theta 

Doubtless Bay 0.157 0.326 -0.005 
East Coast 0.028 0.550 -0.006 
Foxton Beach 0.598 0.228 -0.003 
Hawkes Bay 0.115 0.507 -0.006 
Marlborough Sounds 0.116 0.291 -0.005 
North Farewell Spit 0.078 0.724 -0.006 
North Taranaki Bight 0.133 0.769 -0.007 
Tasman Bay 0.289 0.808 -0.006 

 

3.3.2: Broodstock Representation of mtDNA Haplotypes and Microsatellite DNA Alleles 

The results of the representation method for comparing broodstock and wild population 

genetic variation and differentiation were similar with both mtDNA markers and 

microsatellite DNA markers, although the microsatellite DNA markers were much more 

precise. The representation method results indicate that over all sample sites the PFR 

broodstock represent most haplotypes and alleles above a frequency of 0.7 (Figure 3.1.0 

and Figure 3.1.1).  

The mtDNA markers had significantly lower power for measuring the representation of 

medium frequency variation due to the low number of none-rare haplotypes. While all wild 

haplotypes above a frequency of 0.07 were represented in the PFR broodstock, most wild 

sample sites had low numbers of haplotypes above a frequency of 0.04, which meant it was 

not possible to determine the exact representation of medium frequency variation in the 

PFR broodstock. For example, haplotypes from Foxton Beach were only found at three 

frequencies (frequencies = 0.41, 0.19, and 0.04). The large gap between 0.19 and 0.04 

prevented exact measurement of the level of the wild genetic variation between these 

frequencies that was represent in the PFR broodstock. 
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The PFR broodstock included all alleles that were over a frequency of 0.12 in all wild sample 

sites, 0.08 in the Tasman Bay, and 0.05 in the North Farewell Spit. The microsatellites had 

better coverage of allele frequencies than the mtDNA markers with one or more alleles at 

each frequency up to 0.15 in most sample sites and good coverage above this in some 

sample sites. 

 

 

 

 

 

 

 

 

 

Figure 3.1.1: Alleles at Each Frequency in Each Sample Site Not 

Represented (%) in the PFR broodstock.  
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Figure 3.1.0: Haplotypes at Each Frequency in Each Sample Sites Not 

Represented (%) in the PFR broodstock.  
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Figure 3.1.2 shows the average for all plots shown in Figure 3.1.1 with two standard 

deviations.  The average percentage of alleles not represented in the PFR broodstock was 

under 10% for all alleles at a frequency of 0.07 or higher in the wild sample sites. All alleles 

at a frequency of 0.12 or higher in the wild sample sites were represented in the PFR 

broodstock. 

 

 

 

 

 

 

 

 

 

 

 

3.3.3: Increasing the Number of PFR broodstock Individuals 

Single Sample Site 

Figure 3.1.3 and 3.1.4 show the percentage of alleles from the Tasman Bay and wild 

population, respectively, that were not represented in the PFR broodstock, with simulated 

addition of new individuals to the group from the Tasman Bay. All alleles with a frequency of 

0.05 or more were represented by increasing the PFR broodstock with 20 individuals from 

the Tasman Bay (Figure 3.1.3). Increasing the PFR broodstock from a single sample site did 

not improve the representation of alleles that were not present at that site. Consequently, 

increasing the PFR broodstock with even 50 individuals from the Tasman Bay did not allow 

the representation of all alleles above the frequency of 0.05.  

 

 

Figure 3.1.2: Alleles at Each Frequency from All Sample Sites Not 

Represented (%) in the PFR broodstock, With Mean, Two Standard 

Deviations, and Polynomial Fit (4). 
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Multiple Sample Sites 

Figure 3.1.5 shows the percentage of alleles from the wild population that were not 

represented in the PFR broodstock, with simulated addition of new individuals to the group 

from multiple sample sites. Around 48 new individuals were needed to reach the target 

representation frequency of 0.05. 

 

Figure 3.1.3: Alleles at Each Frequency from Tasman Bay Not 

Represented (%) in the PFR broodstock When Increased with 

Individuals from the Tasman Bay.  

 

Figure 3.1.4: Alleles at Each Frequency from All Sample Sites Not 

Represented (%) in the PFR broodstock When Increased with 

Individuals from the Tasman Bay. 
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3.3.4: Selecting New Broodstock Groups 

Single Sample Site 

Figure 3.1.6 shows the percentage of alleles found in the Tasman Bay that were not 

represented in simulated broodstock groups collected from the Tasman Bay. Representation 

of all alleles over 0.05 in the Tasman Bay required a simulated broodstock sample size of 

approximately 50 individuals. 

 

 

 

 

 

 

 

 

Figure 3.1.5: Alleles at Each Frequency from All Sample Sites Not 

Represented (%) in the Current PFR Broodstock When Increased 

with Individuals from All Sample Sites. 

 

Figure 3.1.6: Alleles at Each Frequency from Tasman Bay Not 

Represented (%) in the Simulated Tasman Bay Broodstock.  
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Figure 3.1.7 and Figure 3.1.8 shows the percentage of alleles from the Tasman Bay that 

were not represented in simulated broodstock groups from the Tasman Bay and North 

Farewell Spit. This was compared with the results for the PFR broodstock. The PFR 

broodstock had a similar pattern of allele representation to the simulated broodstock 

groups. The best results were observed when comparing broodstock groups with their 

source population as opposed to sample sites other than their source population.  
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Figure 3.1.7: Alleles at Each Frequency from Tasman Bay Not 

Represented (%) in the     Simulated Tasman Bay and      PFR 

Broodstock.  

 

Figure 3.1.8: Alleles at Each Frequency from North Farewell Spit 

not Represented (%) in the    Simulated Tasman Bay and    PFR 

Broodstock.  
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Figure 3.1.9 shows the percentage of alleles found in the wild population that were not 

represented in simulated broodstock groups of different samples sizes. The simulated 

broodstock groups were constructed using individuals solely from the Tasman Bay sample. 

Most of the major improvements to allele representation are made by a sample size of 25 

individuals. Further increases in the number of individuals past 25 resulted in relatively low 

improvements to the representation. Even with a total of 50 individuals collected from the 

Tasman Bay some alleles at a frequency of 0.12 were still not represented in the simulated 

broodstock groups.  

 

 

 

 

 

 

 

 

 

Multiple Sample Sites 

Figure 3.2.0 shows the percentage of alleles found in the wild population that are not 

represented in simulated broodstock groups of different samples sizes. An even number of 

individuals were taken from each of the wild sample sites to construct the simulated 

broodstock groups. Most of the major improvements to representation of alleles above a 

frequency of 0.05 occurred by a sample size of 40. Increasing the sample size from 40 to 72 

slightly improved the representation of alleles that were below and slightly above 0.05. 

These simulations indicate that more than 72 individuals collected from multiple sample 

sites would be needed to represent all wild alleles above a frequency of 0.05. 

Figure 3.1.9: Alleles at Each Frequency from All Sample Sites not 

Represented (%) in the Simulated Tasman Bay Broodstock. 
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Figure 3.2.0: Alleles at Each Frequency from All Sample Sites not 

Represented (%) in the Simulated Broodstock Collected from All 

Sample sites.  
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3.4: Discussion 

3.4.1: Broodstock Genetic Diversity 

The haplotype diversity, nucleotide diversity, and average number of pairwise nucleotide 

differences were lower in the PFR broodstock than in any of the wild sample sites, including 

those with small sample sizes (e.g. 26 and 27). The level of haplotype diversity, nucleotide 

diversity, and average number of pairwise differences was 9.7, 19.2, and 19.3 percent lower, 

respectively, in the PFR broodstock than the lowest wild sample site. By comparison, the 

same measurements in a study of cultured Japanese flounder, which were suggested to 

need genetic supplementation, were found to be 14.5, 6.2, and 4.9 percent lower in the 

highest cultured population than the lowest wild population (Song et al. 2011). Haplotype 

richness, which adjusts for differences in sample size, was lower in the broodstock than at 

wild sample sites (9.0 versus 10.3). A genetic bottleneck was also detected in the PFR 

broodstock with Fu’s Fs statistic (Fu’s Fs = 6.091). The lack of significance for a bottleneck 

test in a broodstock population was used by Ha et al. (2009) to support the suggestion that 

the broodstock had a sufficient level of wild genetic variation. Based on that criterion, the 

bottleneck that the present study detected in the PFR broodstock would suggest that they 

were a poor representation of the genetic variation present in the wild population.  

Overall, the mtDNA results suggested that the PFR broodstock had a reduced level of 

genetic variation compared to all wild sample sites, including the source population in the 

Tasman Bay. The PFR broodstock are wild-caught individuals, which indicates that the 

difference between PFR broodstock and wild sample sites was most likely due to random 

sampling variance when they were collected or an artifact of reduced variation in the source 

population at the time of collection. The presence of the Tasman Bay bottleneck proposed 

by Hauser et al. (2002) could support the suggestion that some of the difference between 

broodstock and wild sample sites was due to reduced variation in the source population at 

the time of collection. 

The same level of reduced genetic variation in the PFR broodstock compared to the wild 

sample sites was not observed with the microsatellite DNA markers. Expected 

heterozygosity in the PFR broodstock was slightly lower than at the lowest wild sample site 

(0.690 versus 0.708) and observed heterozygosity was slightly higher than the lowest wild 
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sample site (0.654 versus 0.650). The average number of alleles per locus was slightly lower 

in the PFR broodstock than at the lowest wild sample site (8.63 versus 9.00), but allelic 

richness, which adjusts for differences in sample size, was not (8.63 versus 7.80), with lower 

allelic richness observed at the East Coast and North Farewell Spit sites (Leberg 2002). 

Expected heterozygosity is influenced by the number of alleles and consequently 

adjustments for sample size, such as used when calculating allelic richness, would most 

likely result in broodstock expected heterozygosity being similar to the wild sample sites. A 

lack of difference in allelic richness and heterozygosity, similar to the current study, was the 

criterion that Ha et al. (2009) used to suggest that cultured populations were founded with 

a sufficient number of broodstock.  

As discussed in the introduction of this chapter it is important to use estimates of genetic 

differentiation to determine how the variation in cultured populations is represented in 

relation to its geographic structuring. The PFR broodstock were not significantly 

differentiated at mtDNA and microsatellite DNA loci from any wild sample sites after 

sequential Bonferroni correction, which in previous studies was the criterion used to 

support the suggestion that the broodstock sufficiently represented the wild genetic 

variation (Ha et al. 2009) or in cases where there was significant differentiation to support 

that there was insufficient wild genetic variation (Song et al. 2011).  

In the current study the mtDNA results suggested that the PFR broodstock did not 

sufficiently represent the wild genetic variation but the microsatellite DNA markers 

suggested that they did. There are several attributes of these markers that could be 

responsible for these differences, including differences in effective population size and 

proportion of rare and private alleles. Mitochondrial DNA has a quarter of the genetically 

effective population size of nuclear loci, which means it will be more sensitive than 

microsatellite DNA to the strong level of genetic drift that can be experienced during a 

founding event (Carvalho & Hauser 1994). However, the wild-caught PFR broodstock still 

contain the genetic variation that will be lost in this founding event as a result of the smaller 

mtDNA effective population size and consequently this will only affect the offspring of the 

PFR broodstock and subsequent generations. The differences between the two marker 

types may also be influenced by differences in the distribution of private, rare, and total 

haplotypes and alleles; in the current study 77% of haplotypes were private while only 25% 



73 
 

of alleles were private and 79% of haplotypes were below a frequency of 0.05 while only 

50% of alleles were below a frequency of 0.05. Rare haplotypes and alleles are more likely 

to be lost in a bottleneck or founding event compared to the higher frequency variants. 

Consequently, the mtDNA marker should be more sensitive to the loss of variation than the 

microsatellite DNA markers, which was the most likely reason for differences between the 

results of the two marker types observed in this chapter. 

3.4.2: Development of the Representation Method  

There were several issues with the approaches used in the previous studies, which lead to 

the development of the representation method. First, the combined use of multiple 

estimates was needed to determine the level of wild genetic variation represented in the 

broodstock and how this variation is structured in the wild (Ha et al. 2009; Song et al. 2011). 

These multiple estimates can difficult to apply back to some questions that might be asked 

in a breeding program (e.g. what is the likelihood that traits of X frequency will be present in 

the broodstock?). The applicability of these estimates to answering such questions was also 

brought into question in the current study by the fact that wild sample sites that were not 

genetically differentiated from the PFR broodstock contained an allele at a frequency of 

0.11 that was not present in the PFR broodstock. A single allele at this frequency did not 

have a significant effect on the genetic differentiation estimates, but may be important 

when determining suitability of broodstock for detecting low frequency genetic variation. 

Finally, in the current study using the approach from previous studies (e.g. Ha et al. 2009; 

Song et al. 2011) resulted in different conclusions for the two marker types. This was most 

likely due to the differences between the allele and haplotype frequency distributions 

(discussed above).  

The representation method developed in this Chapter attempted to mitigate the issues 

described in the preceding paragraph. First, it was able to apply directly to the question 

presented in the previous paragraph, which would likely be of interest in a breeding 

program. It also calculated and presented the representation of each wild allele and 

haplotype in the broodstock individually rather than a single estimation across all alleles and 

haplotypes. This allowed the observation that an allele at a frequency of 0.11 in a wild 

sample site was not represented in the PFR broodstock, even though the estimates of 
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differentiation did not detected a significant difference between the two sample sites. By 

separating the allele and haplotype representation into different frequencies it should also 

remove the influence of different allele and haplotype frequency distributions on the 

results. 

3.4.3: Haplotype and Allele Representation in the Broodstock 

The results of the representation method with the mtDNA markers indicated that the PFR 

broodstock included all wild haplotypes that were present at a frequency of 0.07 or more in 

the wild sample sites. The large number of frequencies with no haplotypes in each sample 

site means that the frequency at which wild haplotypes stopped being represented was not 

able to be determined precisely. For example haplotypes in Foxton Beach were only present 

at three frequencies (frequencies = 0.41, 0.19, and 0.04). The large gap between 0.19 and 

0.04 meant that it could be said that all Foxton Beach haplotypes above 0.19 were 

represented in the broodstock, when actually it may have been that all Foxton Beach 

haplotypes above 0.08 were represented.   

The representation method was more precise when used with microsatellite DNA markers 

because most populations had one or more alleles at each frequency up to 0.15 and 

relatively good coverage of frequencies above this level. The microsatellite DNA markers 

would also have had less sampling error than mtDNA because they sampled multiple 

independent points on the genome (Harrison 1989; Selkoe & Toonen 2006). The PFR 

broodstock contained all alleles that were at a frequency of 0.08 or higher in the Tasman 

Bay for the eight microsatellite loci. This level of allele representation was similar when 

compared to all other populations including those in the North Island. Two exceptions were 

the East Coast and North Taranaki Bight; in which the PFR broodstock had representatives of 

all alleles above a frequency of 0.11 and 0.12, respectively. These results were similar to the 

result of the mtDNA marker, which showed that all wild haplotypes above a frequency of 

0.07 were represented in the PFR broodstock. The results of both mtDNA and microsatellite 

DNA markers suggest that the PFR broodstock are close to representing the target 

frequency of 0.05, but will require an increased number of individuals to do so. 
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3.4.4: Increasing PFR broodstock with Wild Sourced Individuals and Simulating New 

Broodstock Groups 

Simulations were used to predict the increased representation of wild alleles in the PFR 

broodstock, by collecting new individuals from one or multiple populations and adding them 

to the broodstock. All Tasman Bay alleles above the target frequency of 0.05 were 

represented by adding 20 new individuals from the Tasman Bay to the PFR broodstock. 

However, even if all alleles above the target frequency of 0.05 in the Tasman Bay were 

represented, there were still a large number of alleles above the target frequency in other 

sample sites that were not. Increasing the PFR broodstock with approximately 48 new 

individuals from multiple populations was suitable to represent all allele above the target 

frequency of 0.05. 

Simulating broodstock groups may provide a useful tool when constructing an initial 

broodstock from wild populations. In the current study, the PFR broodstock had similar 

levels of representation to simulated broodstock groups from the Tasman Bay. This provides 

support for the accuracy of the Python script for predicting the likely representation of 

alleles in broodstock groups based on the allele distributions in the wild sample sites and 

using specific sampling plans.   

3.4.5: Further Improvements to Methods 

Significant differences between cultured and wild populations was used as the criteria in 

several previous studies to determine if cultured populations sufficiently represented wild 

genetic variation (Ha et al. 2009; Song et al. 2011). However, different criteria were needed 

for the representation method. Tave (1999) suggested that alleles above a target frequency 

of 0.05 should be maintained within cultured populations, because alleles under selection 

would be above this frequency. This target frequency has been used in the current study. 

However, the adaption of most domesticated fish to captive conditions indicates some traits 

under selection in a captive populations may not be under selection in wild populations and 

consequently may be at a lower frequency than 0.05 (Gjedrem 2005; Christie et al. 2012). It 

is not entirely clear how differential selection influences variation in cultured and wild 

populations, but the target frequency suggested by Tave (1999) should be applicable to 

most gene variants under positive selection in at least one wild sample site. 
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The second improvement that could be made to the method used in this chapter would be 

to increase the number of loci used. The neutral genetic markers used in this study sample 

relatively few loci on the genome and consequently only provide a rough proxy to guide the 

construction of a broodstock so that they have the maximum level of genetic variation. 

Using a larger number of loci would increase the statistical power and accuracy when 

designing a sampling plan (Selkoe & Toonen 2006). Sampling a large number of points on 

the genome could also allow adaptive variation and quantitative trait loci (QTL) to be 

detected (e.g. Nielsen et al. 2009; Zhang et al. 2012). Adaptive variation and QTL could be 

used for other work within aquaculture programs, such as enhancement of selective 

breeding programs. 
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Chapter 4: Implications of the Current Study for Fisheries 

Management and Aquaculture  

4.1: Fishery Management 

4.1.1: Fisheries Overview 

Pagrus auratus is an important inshore recreational and commercial fishery around the 

coast of New Zealand. In 2009 the fishery made up 7% of the total value of New Zealand’s 

commercial fish resource (Statistics NZ 2012). The current annual total allowable 

commercial catch (TACC) for New Zealand P. auratus is set at 6,357 tonnes and the fishery is 

divided into six management areas (Figure 4.1.0) (MFish 2012). The management area with 

the highest total allowable commercial catch (TACC) is SNA1 (4,500 tonnes), followed by 

SNA8 with (1,300 tonnes). The remaining four management areas have TACC ranging from 

10 to 315 tonnes (MFish 2012).    

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.1.0: New Zealand P. auratus Management 

Areas. 
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4.1.2: Population Differentiation and Management Areas 

Management of more than one distinct stock within a single management area can result in 

one stock being depleted due to uneven fishing pressure (Carvalho & Hauser 1994). To 

minimise the risk of this, management areas should be aligned with the biological 

population structure of fisheries stocks and the total allowable catch (TAC) set to a 

sustainable limit for each area. A number of studies using direct and indirect methods have 

been used to look at biological stock structuring in New Zealand P. auratus (Bernal-Ramı´rez 

2003; Willis et al. 2001; Morrison 2008). Each of these studies observed different aspects of 

the biological structure, but all were useful for better understanding the biological structure 

of the P. auratus population. 

The results of the current study suggested that the New Zealand P. auratus population is 

predominantly panmictic with weak differentiation observed between the North Farewell 

Spit and Doubtless Bay. Bernal-Ramı´rez et al. (2003) proposed that barriers to gene flow 

around the east coast of the North Island and across the Cook Strait led to population 

differentiation in New Zealand P. auratus. The current study provided further support for 

the significant differentiation observed between the most northern and southern 

populations by Bernal-Ramı´rez et al. (2003), but did not find the same level of significant 

differentiation across the Cook Strait (except with the smaller samples sizes).  

While managing multiple stocks within a single management area can have the negative 

effect of depleting one or more stocks due to overfishing, there should be no such issues 

when managing a single panmictic population within multiple management areas (Carvalho 

& Hauser 1994). Based on the panmixia observed in the current study, the management 

areas for New Zealand P. auratus (Figure 4.1.0) fall under this second category, with 

multiple management areas for a single panmictic population. However, the small amount 

of genetic differentiation observed in this study (between the North Taranaki Bight and 

Doubtless Bay) together with the differentiation observed in previous studies indicate that it 

may be prudent to maintain the current management areas until more powerful genetic 

markers can be used to further examine the gene-flow within the New Zealand population 

(Bernal-Ramı´rez et al. 2003).  
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4.1.3: Historical Demographics  

The results of the Bayesian skyline plots in the current study indicated that the New Zealand 

P. auratus population has been stable for a long period of time, but has undergone several 

recent demographic fluctuations during or recently after the Last Glacial Maximum. These 

changes have most likely occurred before the introduction of commercial fishing pressure 

and consequently may have limited use for informing current fisheries management. 

Determining the effect of climate change on fisheries is one area of concern where long 

term demographics may be applied to fisheries management (Brander 2009). New Zealand 

P. auratus are at their southern geographical limit due to a minimum breeding temperature 

(Cassie 2005). Predicted water temperature increases due to climate change would most 

likely be advantageous to this species in New Zealand and increase the capacity of the 

fisheries due to increased coastline with suitable breeding temperatures and decreased 

seasonal fluctuations in temperature related larval survival (Wratt & Mullan 2012; Cassie 

2005). The long term historical demographic stability of this species indicates that even 

relatively drastic climate change events have and may continue to have limited effect on 

their persistence.  

4.1.4: Recovery of the Tasman Bay 

A recent bottleneck (< 60 years ago) was proposed to have occurred in the Tasman Bay due 

to the effects of over-exploitation and was also detected in the current study (Hauser et al. 

2002). Bernal-Ramı´rez et al. (2003) suggested that the Tasman Bay represented an isolated 

population, which meant that the only source of migration to aid its recovery from the 

proposed bottleneck would be across the Cook Strait. The genetic differentiation between 

the Tasman Bay and lower North Island in prior studies indicated that less than one 

individual per generation was traversing across the Cook Strait and breeding with individuals 

on the other side (Bernal-Ramı´rez et al. 2003; Cowen et al. 2000). Together these results 

implied that the recovery of the Tasman Bay was uncertain and would most likely take a 

long period of time. 

The current study identified two South Island sample sites that had not been through the 

recent bottleneck detected in the Tasman Bay, including the North Farewell Spit and 

Marlborough Sounds sample sites. The close geographical distance and lack of significant 
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genetic differentiation between these two South Island sites and the Tasman Bay indicates 

that they should provide a source of migration much closer than across the Cook Strait. In 

addition, the current study suggests that the Cook Strait may be a weaker barrier to gene 

flow than observed by Bernal-Ramı´rez et al. (2003), which should increase the chances that 

gene flow from across the Cook Strait will play a greater role in the recovery of the Tasman 

Bay population.  

While the identification of two South Island sites that have not been through bottlenecks 

and a higher rate of gene flow across the Cook Strait in this study suggests that the recovery 

rate of the Tasman Bay may be higher than implied from the results of previous studies, it is 

still unsure how long this recovery is likely to take. The large scale and long distance 

dispersal of P. auratus in some areas of New Zealand and lack of significant differentiation 

between South Island populations suggests that this recovery should occur over a relatively 

short period of time (Morrison 2008; chapter 2). However, the fact that the genetic signal 

from the proposed bottleneck has not dissipated throughout the South Island populations 

after more than 40 years suggests that the recovery time may be much longer (Hauser et al. 

2002). Accurate projection for the recovery of the Tasman Bay population would require 

further analysis of the localized population structuring within and between the South Island 

sites and could be aided by further temporal sampling.     

4.1.5: Individual Mobility and Marine Protected Areas 

Marine Protected Areas (MPAs) are important for conservation and fishery management as 

they may provide a local population that can act as a source for the surrounding 

unprotected areas and a buffer to over-fishing problems (Allison et al. 1998). Increased 

species mobility is suggested to reduce the benefits of MPAs, while improving the 

surrounding fisheries with migration out of the MPAs (Grüss et al. 2011). Because of this the 

effective use of MPAs for fishery management requires matching the size of the MPAs with 

the mobility of any target species. The location of MPAs may also be important as 

differences in site to site species mobility could alter their effectiveness at different 

locations.  

Morrison (2008) used otolith microchemistry to show that most individuals on the west 

coast of the North Island originated from the Kaipara Harbour and some had travelled 
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distances of up to 700 km. However, tagging studies in the Hauraki Gulf showed high levels 

of site fidelity, with some individuals remaining within a 500 meter range over a 3 year 

period (Willis et al. 2001). Bernal-Ramı´rez et al. (2003) suggested that New Zealand P. 

auratus subdivision may be due to water currents. If true, the differences between otolith 

microchemistry and tagging studies may be due to differences in water currents at each site 

and the effect of water current on species mobility at different life stages. Indirect 

measurement of mobility by genetic differentiation appear to support long distance 

dispersal, possible due to differential water currents, but is limited by the fact that only one 

migrant per generation is needed to genetically homogenise populations (Wright 1931; 

Wang 2002; Bernal-Ramı´rez et al. 2003). On the other hand, the identification of a possible 

bottleneck from more than 40 years ago in Tasman Bay but not at the North Farewell Spit 

site (50 km apart) indicates that there may have been limited mixing of these populations 

during the last 40 years (Hauser et al. 2002). These conflicting results may provide further 

support for site specific differences in mobility of New Zealand P. auratus.  

A study of several MPAs around the Hauraki Gulf indicated that P. auratus within them were 

at higher density and of a larger size than those outside the MPAs (Willis et al. 2003). 

However, if similar MPAs to these were constructed on the west coast of the North Island 

they may be less effective if P. auratus mobility is greater at this location. If the differences 

in mobility are due to life stage specific movement, such as passive larval dispersal by water 

currents, then it may not completely reduce the effectiveness of the MPAs as adults and 

breeding individuals should still be protected. Further studies would be needed to 

corroborate the proposed difference in mobility and the influence this may have on the 

formation of MPAs. 
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4.2: Aquaculture 

4.2.1: Current Broodstock and Suggested Changes 

Ensuring that broodstock populations have sufficient wild source genetic variation before 

undertaking a selective breeding program is important as those first individuals will contain 

the genetic potential that underpins a selective breeding program and limits the problems 

that can result from inbreeding (Allendorf & Phelpsa 1980; Charlesworth & Willis 2009). 

Variation of neutral genetic markers can be used as a proxy to guide construction of 

broodstock so that they best represent the wild genetic variation. A genetic population 

study, such as the one carried out in Chapter 2, is needed so that broodstock can be 

compared with wild populations and the number of individuals that are needed from each 

source population to represent variation from all populations can be determined.  

In the current study, several measures of genetic variation and differentiation, which have 

been used in previous studies to compare cultured and wild populations, were used to 

determine if the Broodstock sufficiently represented the wild genetic variation, including 

haplotype diversity, nucleotide diversity, average number of pairwise nucleotide 

differences, haplotype richness, allele richness, FST, and ΦST (Ha et al. 2009; Song et al. 

2011). In these studies differences between the broodstock and wild populations were 

typically used to imply that broodstock did not sufficiently represent wild genetic variation 

and lack of difference was typically used to support the suggestion that broodstock did. The 

results of the current study suggested that the Broodstock did not sufficiently represent wild 

genetic variation based on the mtDNA results and using the criteria from previous studies. 

Using the same criteria the microsatellite DNA results suggested that the Broodstock did 

represent sufficient wild genetic variation. The difference between the two markers was 

most likely due to the fact that mtDNA marker had a higher proportion of low frequency 

variants than microsatellite DNA markers, and was consequently more sensitive to the loss 

of low frequency variation.  

The representation method developed in this study determined how many alleles or 

haplotypes at each frequency in the wild populations were represented in the broodstock 

population and whether the broodstock represent all alleles above the target frequency of 

0.05 suggested by Tave (1999). The results of this study indicated that while the broodstock 
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represented most medium to high frequency haplotypes and alleles above a frequency of 

0.08-0.12 in the wild populations a large number of low frequency variants below this were 

not represented in the broodstock. According to the target frequency of 0.05 the 

Broodstock need further individuals to reach this target frequency.  

Simulations using the representation method indicated that increasing the Broodstock with 

approximately 15 and >48 individuals from multiple populations was needed to reach a 

target frequency of 0.05 in the Tasman Bay and all sample sites, respectively. Because some 

alleles were only present at certain sample sites it was necessary to collect individuals from 

multiple populations in order to detect them.  In addition to the suggestions for further 

broodstock collection based on the representation method a minimum increase in the 

number of Broodstock, by 24 individuals, is needed to reach the target size of 50, which is 

necessary to prevent excessive inbreeding (Franklin 1980). 

Individuals that are larger due to increased age require more resources to maintain than 

smaller individuals but only contribute the same amount of genetic variation to the 

offspring. Some studies have shown a correlation between increased size of older 

individuals and increased egg size, yolk sac size, growth rates and larval survival (Kennedy et 

al. 2007; Springate and Bromage 1985; George 1994; Sehgal and Toor 1991; Monteleone 

and Houde 1990). However, other studies suggest that the effects of these factors on the 

overall performance of the offspring appears to be limited to the first few weeks after 

hatching and may only provide an advantage during harsh conditions, which may not be 

encountered in an established culture population (Kennedy et al. 2007; Louzao et al. 2008). 

The Broodstock are comprised of individuals that that are relatively large and most likely 

>25 years old (Paul and Tarring 1980). If the Broodstock were increased with further wild-

caught individuals the broodstock maintenance cost could be reduced, while still 

maintaining the quality of the progeny, by collecting 4-6 year old individuals, which is the 

age of broodstock used in a P. major selective breeding program (Murata et al. 1996).  
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4.3: Future Work  

Using a larger number of genetic markers would improve the accuracy when determining 

whether broodstock sufficiently represent wild genetic variation by increasing the number 

of points on the genome that are sampled and for the representation method by increasing 

the coverage of different allele frequencies (Selkoe & Toonen 2006). Large numbers of 

markers, which construct fine scale genetic marker maps, are able to detect selection acting 

on different parts of the genome and how that selection is distributed in the wild population 

(Nielsen et al. 2009; Zhang et al. 2012). Simulations have also indicated that typically used 

neutral loci may have a different distribution to quantitative trait loci (QTL) under positive 

selection within wild populations (Corre and Kremer 2003). Consequently, using only neutral 

genetic markers may result in inaccurate estimates about the number of individuals that are 

needed to sufficiently represent wild genetic variation. Utilizing markers that detect both 

neutral and selective variation would ensure that the effects of natural selection within the 

wild population are also considered when selecting individuals for aquaculture broodstocks. 

Fine scale genetic markers, such as single nucleotide polymorphisms (SNPS), can be used to 

detect QTL, which may be linked to traits of interest for selective breeding programs (e.g. 

Gutierrez et al. 2012). Quantitative trait loci are powerful tools for use in marker assisted 

selection (MAS), which can be used to enhance the gains from selective breeding (Hayes et 

al. 2007). One particularly useful feature of MAS is that it allows the measurement of traits 

in breeding candidates that would otherwise require destructive sampling. Meuwissen & 

Goddard (1996) suggested that increases in genetic gain from MAS will be greatest for these 

types of traits that cannot typically be measured on breeding candidates. 

Identification of quantitative trait loci linked to traits of interest using fine scale genetic 

markers is an important step towards identifying the genes and genetic components 

underlying those traits (Gutierrez et al. 2012). Comparison of gene maps formed by fine 

scale genetic markers against fully sequenced species can then be used to increase the 

efficiency with which candidate genes are identified (Sarropoulou and Fernandes 2011). In 

some cases where genes or genetic variation is conserved between species it may also be 

possible to transfer knowledge about genetics underlying particular traits directly between 

species (e.g. Edmunds et al. 2009).  
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In conclusion while the mtDNA and microsatellite DNA markers were suitable for the scope 

of the current study, future work would be most effective if carried out with fine scale 

genetic maps of the P. auratus genome and potentially even large scale sequencing. A fine 

scale genetic map could be used when selecting broodstock and for enhancing selective 

breeding programs. Quantitative trait loci could then potentially be compared to genome 

sequencing (preferably P. auratus) to help determine the genetic and biological processes 

underlying specific traits and how they might best be utilized for meeting the needs of the 

fisheries and aquaculture industry. 
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Appendix A: Microsatellite Allele Size Distributions 
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Appendix B: Microsatellite Allele Frequency Distributions 
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