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Abstract

The genus Polyprion, commonly known as Wreckfish, is comprised of two species:

Polyprion oxygeneios, limited to continental, insular, and seamount slopes in the

Southern Hemisphere; and P. americanus, widely distributed in both the North-

ern and Southern Hemisphere. Polyprion support recreational and commercial

fisheries off the Juan Fernandez Islands, Chile, Australia, and New Zealand, and

although the fishery is relatively small in tonnage, its market value is high per kilo

when compared to other species. Polyprion are long-lived, slow growing, and late

to mature. These are life history characteristics that make a species vulnerable to

over-fishing. Understanding the stock structure of Polyprion is important for fish-

eries management plans to be properly aligned to reproductive units and natural

population boundaries. There has been speculation that more than two species

of Polyprion exist in the Southern Hemisphere, which is an issue that needs to

be more thoroughly studied. The aim of this thesis research was to investigate

the population genetic structure of Polyprion in the Southern Hemisphere and

determine whether there is a significant level of genetic differentiation between the

Atlantic, Indian and Pacific ocean basins. The two specific objectives were to: 1)

determine the levels of genetic variation and differentiation among Polyprion col-

lection sites from Australia and New Zealand, and 2) test whether the taxonomy

of Polyprion was supported by genetic data. To do this, DNA sequences of the mi-

tochondrial DNA (mtDNA) control region and genotypes from nine microsatellite

DNA (msatDNA) loci were used.

Polyprion oxygeneios

A total of 613 P. oxygeneios DNA sequences from the mtDNA control region and

406 genotypes from eight msatDNA loci were collected and analysed in this study.

Most of the samples were from Western Australia (four sites) and New Zealand

(eight sites), and eight samples were from Cape Town in South Africa. The final
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mtDNA sequences were 469 base pairs (bp) long and there were 56 polymorphic

nucleotide positions and 85 haplotypes. The ΦST estimates for levels of differentia-

tion in the mtDNA data detected a significant genetic difference between Hokitika,

and Chatham Islands, New Zealand, and many of the other sites in Australasia.

The differences between Cape Town and most of the Australasian sites were high,

but none of the estimates were statistically significant. This result could have been

due to a small sample size of only eight sequences from Cape Town. Arranging the

sample sites as a hierarchical set of four groups, comprising Hokitika, Chatham

Islands, other Australasian sites, and Cape Town, better explained the patterns of

the data set and the between group variation than any other groupings tested. In

contrast, the msatDNA best supported a two-population model, with Australasia

grouped as one population using the AMOVA analyses despite a significant level

of differentiation detected between Hokitika and other sites in Australasia in the

ΦST analyses.

Polyprion americanus

In total, 205 P. americanus DNA sequences from the mtDNA control region were

analysed, half of which were sampled from Western Australia. Out of the 198 P.

americanus samples successfully genotyped, 176 were genotyped at eight or nine

microsatellite DNA loci, however the 22 samples from Argentina were successfully

genotyped for six loci only. The analyses consisted of sites in Western Australian

(four sites), eastern Australia (two sites), as well as 23 samples from one site in

New Zealand. The final mtDNA sequences were 495 bp long, and consisted of

56 polymorphic sites and 67 haplotypes. The ΦST estimates for levels of differ-

entiation in the mtDNA data showed that apart from the strong differentiation

between Argentina and Australasia, there is very little differentiation between P.

americanus among Australian and New Zealand sites. South West Capes (Western

Australia) was however significantly differentiated from New Zealand and Taupo
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Banks (eastern Australia) in the mtDNA ΦST analyses. The FST analyses of the

microsatellite DNA data supported one all-inclusive Australasian grouping.

The results from this study suggested that although differentiation can be ob-

served between ocean basins, both P. oxygeneios and P. americanus are largely

homogenous at national levels and within ocean basins. Significant levels of dif-

ferentiation were found between pairwise comparisons and AMOVA using samples

from the Cape Town, Argentina and Australasian sites, which lends support to

the suggestion of a third Polyprion species off the coast of South Africa and the

revival of P. moene in New Zealand.
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Chapter 1

Introduction

1.1 Biology

The genus Polyprion, commonly known as Wreckfish, is currently represented
by two species. The bass groper P. americanus is widely distributed in both
the Northern and Southern Hemisphere, whereas the distribution of hapuku P.
oxygeneios is limited to continental, insular and seamount slopes of the Southern
Hemisphere (Roberts 1986). Both species have an anti-tropical distribution and
can be characterised as having a long Pelagic juvenile stage, only settling and
becoming demersal at > 50 cm total length (Wakefield et al. 2010, Wakefield et
al. 2013). They belong to the family Polyprionidae, which is polyphyletic and
represented by two genera, each with two species. In the Southern Hemisphere, P.
americanus support fisheries off the Juan Fernandez Islands, Chile, New Zealand
and Australia, and are generally found at depths of 40 to 800m (Francis et al.
1999, Sedberry et al. 1999).

It is thought that a long pelagic juvenile stage, coupled with an association with
free-floating objects (flotsams), promotes pan-oceanic mixing of P. americanus
populations (Wakefield et al. 2010). In the Northern Atlantic, P. americanus
form large spawning aggregations off South Carolina, further facilitating panmixia
by increasing the genetic randomness in which individuals from across the Atlantic
mate with each other. P. oxygeneios are assumed to also form spawning aggrega-
tions in the Southern Hemisphere and experience pan oceanic mixing. Although
spawning locations are unknown for both species in the Southern Hemisphere,
Francis et al. (1999) speculate that Cook Strait in New Zealand could be a possible

1
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spawning site for P. oxygeneios. Trawl survey data indicates the Stewart/Snares
shelf and Chatham Rise in New Zealand to be important nursery sites (Paul 2002).

The need for taxonomic clarification of P. americanus has previously been cited
(Ball et al. 2000). Using meristic and morphometric data, Robert (1986) con-
cluded there to be two species of Polyprion; a deep bodied, uniform coloured P.
americanus, and a shallow bodied, counter shaded P. oxygeneios. Meristic data
included four internal counts; epipleural ribs, dorsal trisegmental pterygiophores,
dorsal procurrent candal rays, and ventral procurrent candal rays, as well as two
scale counts; tubed scales in the lateral line, and scales in oblique series between
the lateral line. Although none of the meristic counts were able to reject Robert’s
hypothesis of a presence of two species of Polyprion, none of the six counts were
diagnostic. Instead, three of the eight morphometric measurements directly sup-
ported his hypothesis, these being; body depth, pectoral fin length, and size of
body scales. Length of longest dorsal spine, lower jaw length, and snout length
were non-diagnostic, and although head depth and eye size were largely different
between the two types, the overlapping values between the two left neither diagnos-
tic. For the most part, Robert found adult P. americanus to be indistinguishable
from each other over a wide geographic range ( i.e. the Atlantic, Indian and Pacific
Oceans), although he noted four P. americanus juveniles from South Africa with a
distinct spotted body colouration. In contrast to the mottled and banded colour-
ing in other P. americanus, this one character was interpreted as plesiomorphic,
as opposed to an introgression of white patterns on the body of banded and mot-
tled individuals, which appeared to be homologous and to have occurred after the
evolution of ‘spots’, a ‘primitive’ character. Thus, using the evolutionary species
concept, Robert did not define these four South African individuals as separate
species.

The potential for a third species of Polyprion has been noted by Ball et al. (2000)
who recorded distinctive mitochondrial DNA (mtDNA) profiles and microsatellite
genotypes in samples from South Africa. There is also speculation that P. ameri-
canus in New Zealand may be a separate species to P. americanus in the southern
Atlantic, and was previously referred to as P.moene (Ball et al. 2000). Recent
studies using molecular techniques have revealed cryptic speciation in the Southern
Hemisphere where meristic and morphometric relationships have not (e.g. Choat
et al. 2012, Iwatsuki 2013, Wakefield et al. 2014, Andrews et al. in press). For
example, Andrews et al. (in press), has recently determined, using morphological
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and molecular data, that Etelis carbunculus in the Indo-Pacific comprises of two
reciprocally monophyletic species; E.carbunculus, predominantly found in the Pa-
cific Ocean, and E.sp., most common in the Indian Ocean. E. sp. likely diverged
from E.carbunculus in allopatry, facilitated by phylogeographic barriers formed
during the Pliocene.

1.2 New Zealand and Australian fisheries

New Zealand’s Exclusive Economic Zone (EEZ) of 4.4 million km2 is one of the
largest in the world, supporting over 100 different fisheries, and contributing an
approximate $1.5 billion a year to New Zealand’s economy (Ministry for Primary
Industries 2012). The Quota Management System (QMS) was introduced in 1986
as a principle tool to ensure long term sustainability of New Zealand’s fisheries
resources and counter the effects of a recent development in more intensive fish-
ing methods. The stock concept lies at the core of the QMS, with political,
commercial, and biological considerations defining the boundaries of each fish-
ing unit/stock. Each year, major fish stocks are assessed and, at least notion-
ally, the total allowable catch (TAC) of each stock should be set according to
the number of fish that can be removed from each given stock without detri-
ment. From the total allowable commercial catch (TACC), an annual catch en-
titlement (ACE) is allocated. Like other forms of property, ACE may be sold,
leased, bought, or transferred. Setting ACE based on a maximum sustainable
yield (MSY) requires a description of the fishery, catch records, knowledge on the
species’ life history characteristics, as well as biomass trends. The outcome of
the assessment often reflects how well correlated the stock boundaries are with
population boundaries. An OECD report (1996) found that of 37 stocks in 11
countries managed by individual quotas, initial TACs appeared to have been
set too high for 24 of these, resulting in temporary stock declines and collapses
(http://www.fao.org/docrep/003/W7292E/w7292e04.htm).

Australian fisheries contribute a net nominal value of AU$1.3 billion to the Aus-
tralian economy, with 49.5% of this value consisting of the western rock lobster
fishery alone. Being a confederation of states, fisheries legislation and policy in
Australia is controlled by both state and national interests, complicating manage-
ment and stock assessments. In 2002, the Ecologically Sustainable Development
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(ESD) policy was put in place by the Department of Fisheries in Western Aus-
tralia. The policy focuses on an ecological approach, with indicator species used
to determine the health of the various bioregions and fisheries. In this case, an
indicator species is “a species, for which the status of its fished stock(s) can be
used as a robust indicator of the sustainability status and risks within a suite.”
Using indicator species is meant to ease the difficulties managers face monitoring
hundreds of fish species being targeted by more than one interest. The designation
as an indicator species is based on longevity, reproductive characteristics, recruit-
ment patterns, survival after interactions with fisheries, and stock structure. P.
oxygeneios is listed as an indicator species for the West Coast Demersal scalefish
fishery, and is listed as medium high risk.

1.3 Polyprion fisheries

Throughout it’s distribution, Polyprion are caught both recreationally and com-
mercially. The high level of fishing effort required, coupled with Polyprion’s mild
taste and firm texture, has attracted recreational fishers and driven up demand and
price. So although the Hapuku-Bass (HPB) fishery is relatively small in tonnage,
the meat has a high value per kilo when compared to other species. P. ameri-
canus are long-lived, slow growing, and late to mature, these being life history
characteristics that reflect an inherent vulnerability to over exploitation (Lane et
al. 2016, Wakefield et al. 2013). In the Southern Atlantic, overfishing of P. amer-
icanus has resulted in a moratorium on their capture since 2005 in Brazil (Peres
& Kippel 2003, Peres 2009), and full protection has been granted in South Africa
following declines in landings (Heemstra 2004). There is little data available for
P. oxygeneios in the Southern Atlantic, however this is unsurprising given that P.
oxygeneios and P. americanus appear to be geographically partitioned, with P.
oxygeneios sighted more commonly in the South Pacific (Wakefield et al. 2013).

In New Zealand, the genus P. americanus is managed as ‘groper’, a series of paired-
species fish stocks (Paul 2002). This has removed an incentive for fishermen to
record their catch by species, inhibiting previous attempts to effectively evaluate
the total allowable catch (TAC) of both Polyprion species individually. Despite
continued low landings, total allowable commercial catch (TACC) continually in-
creased from 1830 t in 1986 to 2179 t in 2003 based on appeals by individual
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fishers (Paul 2000). A long pelagic juvenile stage, coupled with little understand-
ing of P. americanus biology in the Southern Hemisphere, leaves other forms of
stocks analyses, such as otolith microchemistry, largely redundant (Paul 2002).
Mark-recapture studies are also difficult due to the barotrauma experienced by
deep-water species. The QMS stock boundaries were set in 1986 purely for admin-
istrative convenience, and differ from the boundaries used for determining regional
yields (Paul 2002). Further, each fishery stock had it’s quota set in 1986 by equiv-
alent percentages in all areas, despite there being no catch history justification for
this decision (Paul 2002)

In contrast to New Zealand’s highly productive waters, south-western Australia
is heavily influenced by the pole-ward flowing Leeuwin current, and can be char-
acterised as having warmer, low nutrient, and therefore less productive waters
(Molony et al. 2011). While in New Zealand, Polyprion spp. represent a rela-
tively large fishery, with an annual catch of ∼1500 tonnes (t), catches of these
two species off the Western Australian coast are small in comparison (< 25 t,
Wakefield et al. 2010, Fletcher & Santoro 2014), in part due to the nutrient poor
waters in the area (Malony et al. 2011). The majority of this catch is taken by the
South Coast Demersal Line Fishery. There are no output controls in place for the
species, however current input controls include a maximum allowable number of
lines and hooks, restricted entry, and total fishing time allocations. P. oxygeneios
is also closed to recreational fishing from 15th October through to 15th December
in the west coast bioregion.

Although the current risk to sustainability is deemed moderate due to the low
catches of P. oxygeneios in Western Australia, recent research suggests that catches
of this species could exceed levels of exploitation. Wakefield et al. (2010) suggest
that although the instantaneous rate of fishing mortality (F) of P. oxygeneios
in 2005-06 was around acceptable levels (F=0.01-0.05, Ftarget=0.06) in south-
western Australia, the exploitation reference levels were derived from a lower es-
timate of longevity in WA compared to that determined from New Zealand (i.e.
52 v. 63 years, Francis et al. 1999). The current stock status of P. americanus
in south-western Australia is even more uncertain, considering catch and effort
statistics likely provide an unreliable index of relative abundance. This species is
rare in catches, making sufficient samples sizes for representative age structures
impracticable to collect. In addition, this larger congener has a higher inherent vul-
nerability to exploitation based on a greater longevity (52 years for P. oxygeneios
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v. 78 years for P. americanus), later maturation (7 years for P. oxygeneios v. 11-
14 years for P. americanus) and lower natural mortality (0.09 for P. oxygeneios v.
0.05 for P. americanus, Wakefield et al. 2010, 2013). The stock structure of these
species in south-western Australia is also unknown with both commonwealth and
state-managed fisheries likely exploiting the same stocks. Thus, there remains a
high level of uncertainty around the current status of stocks of Polyprion species
in south-western Australia (Wakefield et al. 2010).

1.4 Fisheries management and the stock concept

The main focus of fisheries management is to protect fishery resources from un-
sustainable levels of exploitation whilst maximising long-term economic output.
Realising that all species and populations have a unique and varied response to
exploitation, the stock concept was created to better manage resources (Carvalho
& Hauser 1995). The idea is that an independent stock with its own sustainable
yield (SY) can be designated to a set area with defined boundaries in order to
reduce negative impacts on the area’s long term fishing viability. It is the unique
and varied responses to exploitation from each stock that underpins research and
stock assessments (Carvalho & Hauser 1995). The sustainable yield will be deter-
mined by life-history strategies (e.g. longevity, maturity, growth) and population
demographics (e.g. fishing and natural mortality, migration rates, population size).

Maintaining genetic variation within a population is important for its long-term
persistence and adaptability. First, heterozygosity reduces the detrimental effects
of inbreeding, such as inbreeding depression. Secondly, the more variation there
is present within a population, the greater the chance there is of unique, advan-
tageous alleles to help those populations adapt to a changing environment. New
alleles are brought about by mutations which are either lost, or become fixed in
a population through selection and random genetic drift. The creation of ad-
vantageous alleles, and genetic drift randomly fixing alleles within a population
changes the frequency of alleles over long periods of evolutionary time, ultimately
resulting in population divergence. Alternatively, migration (i.e. the movement of
genes from one population to another) acts to homogenize populations and main-
tain population integrity. It is the balance between these opposing forces which
results in the level of gene flow and connectivity between areas that we see today
(Hedgecock et al. 2007).
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Fishery managers may define a stock according to fishing dynamics within a spe-
cific area, however such definitions often fail to incorporate the actual genetic and
demographic sub structuring of a species (Carvalho & Hauser 1995). Aligning
fishery stocks with the substructuring of a species is made more difficult by a
lack of concordance among fishery scientists and population geneticists as to what
constitutes a population (Carvalho & Hauser 1995, Waples 1998, Ovenden 2013).
Although many agree that spatial and temporal integrity is implicit in defining a
population, structuring is continuous, making integrity difficult to measure (Lowe
& Allendorf 2010). Even with a seemingly inconsequential level of migration, there
may be no noticeable genetic differentiation between samples (Laikre et al. 2005,
Waples 1998). Demographic independence may be a more useful definition for
establishing population boundaries, however widely used techniques are unable to
quantify the degree to which gene flow affects a population (Lowe & Allendorf
2010). Waples & Gaggiotti (2006) suggest that the shift from demographic depen-
dence to independence occurs when recruits consist of less than 10% migrants. In
other words, although demographic connectivity can not be quantified, it can be
inferred. Between genetic and demographic independence, establishing population
boundaries is more difficult and the connectivity between two sites can be labelled
as ‘crinkled’ (Ovenden 2013).

Connectivity was, until recently, presumed to be widespread in the marine en-
vironment. However, where physical and oceanographic processes were formerly
thought to be the only barriers to gene flow (Hedgecock et al. 2007), evidence sug-
gests homing and self replenishment processes to be more common than previously
thought (Cowen 2006, see Hauser & Carvalho 2008 for contrary examples).

There are a number of different ways for detecting gene flow, including non-genetic
techniques (such as physical and environmental/chemical tags), direct genetic tech-
niques (not dissimilar to non-genetic techniques), and indirect genetic techniques.

Direct techniques assign individuals to source populations, however in using this
technique, it is assumed that all potential source populations are known, and that
they do not depart from linkage equilibrium or Hardy-Weinberg (Hauser & Seeb
2008, Hedgecock et al. 2007). Nevertheless, this approach is useful in describing
contemporary patterns of gene flow. With respect to illegal fishing and effective
fisheries management, direct techniques may also increase the traceability of fish
and fish products by assigning these products to their population, species, or
region of origin (Hauser & Seeb 2008, Ward 2000). However, direct techniques
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are of limited use in phylogeographic studies, or in any population genetic studies
examining historical gene flow or events. The markers used, such as microsatellite
DNA markers, are prone to homoplasy as a consequence of their high mutation
rates. In other words, electromorphs (DNA fragments) of the same size may not
be identical in descent, rather identical only due to convergent mutations (Estoup
2002).

Indirect methods estimate variance in allele frequencies between sites using genetic
markers that have presumably reached equilibrium. However, marine populations
tend to be quite large, and as such, it may take hundreds of thousands of years for
a population to reach equilibrium. This results in retention of historical patterns
of gene flow which may differ significantly from contemporary patterns (Hedge-
cock et al. 2007). While indirect methods are poor estimators of contemporary
genetic exchange rates, indirect and direct methods may be used together to de-
scribe historical and contemporary gene flow. It is important to note however that
while intermediate time scale events can significantly affect genetic variance, cur-
rent genetic measures are unable to describe gene flow between populations over
extensive time periods, and therefore may not record intermediate stochastic or
recurrent events which may affect connectivity. For example, we are not able to
distinguish the exchange of 1000 individuals every 100 generations, due to occa-
sional ‘sweepstake’ events, from 10 individuals being exchanged every generation
due to migration (Carvalho & Hauser 1995, Hauser & Seeb 2008, Hedgecock et al.
2007).

When a marker is unable to detect statistically significant differentiation between
two sample sites, determining the degree of connectivity between them is more dif-
ficult. While there is reason to assume gene flow between the two sites, this does
not necessarily mean they are also demographically coupled. In general terms,
population genetic structure can be placed into three categories; 1) Panmixia (no
differentiation), in which genetic homogeneity prevails over the geographic region
considered, 2) Isolation-by-distance (continuous change), in which the genetic com-
position changes continuously over space, and 3) Distinct populations, where gene
flow is small enough to permit genetic divergence among closely related popula-
tions (Laikre et al. 2005). The average level of differentiation among populations
of marine species is low (mean Fst = 0.062), which is less than the average level
reported for freshwater species (mean Fst = 0.222) (Ward 2000). While such a
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low value for marine species may reflect a high number of species with a pan-
mictic population structure, the generally larger population size of marine fish
makes larger sampling sizes necessary for detecting population differences. Larger
populations are able to hold more mutations at a locus (genetic marker), which
may skew the expected ratio of heterozygotes to homozygotes using some diversity
measures. Fst is dependent on being able to detect lower levels of heterozygos-
ity than would be expected for the number of alleles in the population. If under
sampled, the detection of a significant level of differentiation between populations
may be ’masked’ (Henriques et al. 2014).

It is typically considered harmless to over-split a fishery stock, however harvesting
a group of individuals that belong to separate populations as if they are a single
group (termed a mixed-stock fishery), may result in the extinction or severe reduc-
tion in numbers of one or more subpopulations (Allendorf et al. 2008). Evolution-
ary changes happen at the population level, and it is the diversity within the popu-
lation that provides the resources for adaptation to environmental changes (Hauser
& Carvalho 2008). Over-exploitation reduces population size, which can lower al-
lelic diversity, affecting the long-term persistence of a population and adaptability
to environmental changes. It also has the ability to reduce individual fitness by
reducing heterozygosity, which increases the chance of recessive negative allele ex-
pression. Further, uneven fishing pressures have the potential to alter population
subdivision by reducing migration, thereby reducing the effective population size,
increasing the strength of genetic drift, and eroding variation. This can also af-
fect non-exploited fisheries populations by reducing immigration (Allendorf et al.
2008). Even if genetic diversity is unaffected, the harvesting of fish will inevitably
impact population structure, with increased mortality favouring earlier matura-
tion, and a smaller size at maturation, as has been reported in Gadus morhua
(Atlantic Cod) (Allendorf et al. 2008). Despite the biological considerations, fish-
ery stocks are usually divided and managed according to historical boundaries,
and political or commercial interests, often irrespective of the most biologically
appropriate units and population structure (Hauser & Carvalho 2008).

1.5 Genetic markers in fisheries

Genetic markers vary in their modes of inheritance and their modes of evolution
(Hoffman et al. 2009). A marker must provide a high enough level of variation,
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but not too much that almost all individuals are unique (Hellberg 2009). Although
conceptually there are only a few different classes of markers, constant refinement
of techniques has prompted a general shift from enzyme-based to DNA-based
markers (Chauhan & Rajiv 2010, Schloetterer 2004, Ward 2000).

Allozyme (enzyme-based) variation, which reflects changes in amino-acid substitu-
tions, was one of the first widespread genetic tools used by fishery scientists (Ward
2000). However, with the use of the polymerase chain reaction (PCR) and DNA
sequencing, using protein electrophoretic variation for identifying genetic stocks is
now largely redundant. Directly analysing DNA itself not only provides a greater
level of detail, as these markers tend to detect more variation, but with the advent
of PCR, it is easier to be more targeted with the ‘type’ of DNA you want to use.
This includes the choice between coding and non-coding, neutral and non-neutral
markers, which are all subject to different evolutionary processes. This enables
different population patterns to be detected (Ward 2000).

Rapidly evolving markers are generally favoured in studies wishing to capture
more recent events, and in such cases may provide greater resolution due to their
higher allelic diversity. Conversely, such markers can become saturated over time,
which will confound differences between populations (Hoffman et al. 2009, Selkoe
& Toonen 2006). Unlike nuclear DNA, the mtDNA does not undergo recombina-
tion. As a result the entire genome evolves in a similar way. MtDNA is therefore
highly useful for studying phylogeographical patterns, as well as bottlenecks and
gene flow. Conversely, nuclear loci are not as strongly influenced by other regions
of the genome, and because of recombination, they more often evolve indepen-
dently from each other. If selection is strong, then adaptive divergence may occur
within a few generations, illustrating the strength of non-neutral processes when
studying contemporary patterns of connectivity (Hauser & Seeb 2008). Thus,
even if panmictic populations are detected using mtDNA and other neutral mark-
ers, stronger differentiation can still arise at non-neutral loci as selection prevents
homogenisation among environmentally distinct locations.
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1.6 Polyprion genetics

There is a paucity of genetic research on the connectivity and structure of Polyprion
populations. The use of microsatellite markers by Ball et al. (2000), however, in-
dicated a separation of P. americanus into three distinct genetic stocks. Ball et
al. (2000) used microsatellite markers to measure the level of variation among
sample sites in the Mediterranean, eastern and western North Atlantic, South At-
lantic, and the South Pacific. The results showed that there was one genetic unit
that comprised of northern Wreckfish, which were carried by currents in a general
eastward direction from spawning sites on Blake Plateau, the Azores, and the Mid-
Atlantic ridge to Madeira, the Canaries and perhaps Bermuda. The remaining fish
were from two southern units: a Brazilian, or south western Atlantic stock; and a
Pacific stock comprising of individuals from eastern Australia and New Zealand.
Notably, this study did not include P. americanus from the Indian Ocean.

The use of mtDNA in an earlier study by Sedberry (1996) was unable to distinguish
between P. americanus among Southern Hemisphere sites. It is possible that the
more variable microsatellite DNA loci enabled Ball et al. (2000) to detect variation
at a scale finer than that provided by mtDNA markers. Roberts (1986) writes
that the most appropriate mode of speciation in Polyprion is allopatric speciation
by subdivision. As such, the rate of speciation in Polyprion is expected to be
slow because of the widespread genetic homogenisation of populations. Even if
there is a lack of contemporary gene flow between oceanic basins, differentiation
at neutral loci may not yet have arisen between all populations because drift is
weak in larger populations. There have been no comparable studies done on P.
oxygeneios, however Smith & Johnson (1985), using allozyme data, were unable to
detect any variation within New Zealand. In contrast, Beentjes & Francis (1999)
speculated, using tag and recapture data, that there is the possibility of a distinct
stock in northern New Zealand. This study was limited by small sample size and
limited statistical analyses available at the time. In the most recent genetic study
of P. oxygeneios, Lane et al. (2016) detected differentiation between Hokitika in
the South Island and other sites in New Zealand using microsatellite DNA markers.
There are no obvious physical or biological barriers present between this site and
others (Lane et al. 2016, Ross et al. 2009).
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1.7 Management implications

Increasing fishing exploration into deep water coupled with a higher inherent vul-
nerability of Polyprion species creates a strong need to better understand the
population connectivity. Polyprion are relatively long-lived and have a low re-
productive output (K-selected biology), rendering them more vulnerable to over-
exploitation than faster growing fish species with a greater reproductive output
(R-selected species). This is common in deep-water fish species suggesting 1) in-
creased susceptibility to overexploitation at relatively lower harvest levels, and 2)
they may require longer recovery periods from stock collapses than shallow-water
species. Yet, due to coastal fishery stocks becoming increasingly over-exploited,
fishing pressure has shifted from inshore to offshore stocks (Wakefield et al. 2010).
Polyprion are also known for their good flesh and high market price, making them
particularly attractive to fisheries. Their high growth rate during their pelagic
phase adds to this attractiveness in aquaculture sciences (Machias et al. 2003).

1.8 Aims and objectives

There is both a lack of data, and inconsistency within the limited available re-
search on Polyprion stock structure and taxonomy. Without more information it
is difficult to know whether the fishing stocks are well defined and therefore able
to sustainably support long-term exploitation. As a result, the aim of this study
was to determine whether there is a significant level of genetic differentiation be-
tween the Atlantic, Indian, and Pacific Ocean basins, with a strong focus on the
Indo-Pacific (i.e. south-western Australia, eastern Australia and New Zealand).
The genetic data should fulfil two major functions: 1) Support either the current
taxonomy of Polyprion, or the proposed revision by Ball et al. (2000); and 2)
Provide information on the substructure of both Polyprion species which can be
used to inform stocks assessments in Australia and New Zealand.
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2.1 Introduction

The main goal of fisheries management is to maintain exploitation at sustainable
levels while maximising the economic yield of fishing (Carvalho & Hauser 1995).
One approach has been the introduction of the stock concept, with the central
idea that each stock has a harvestable surplus that once removed, will not have a
negative impact on the effective population size, genetic diversity, and the overall
viability of future fisheries (Allendorf et al. 2008, Carvalho & Hauser 1995). The
harvest of one stock should theoretically have no effect on the viability of another
fishery stock (Carvalho & Hauser 1995). Although stocks have traditionally been
based on management and political boundaries irrespective of the biological con-
siderations of the species, it is becoming evident that the alignment of a stock
with natural population boundaries is necessary for effective management.

The marine environment has long been considered one large homogenous ecosys-
tem containing very few barriers to gene flow (Laikre et al. 2005). Yet, differen-
tiation is more commonly being detected in pelagic species that have previously
been assumed to comprise of large, panmictic populations. Both the biological
and physical characteristics of a species and its environment influence the level
of marine connectivity; these include pelagic larval duration, homing behaviour,
topography, temperature, salinity and and oceanic and coastal currents (Cowen
et al. 2006, Hauser et al. 2008,Dammannagoda et al. 2011, Miller et al. 2011).
Wennerstroem et al. (2013) reported genetic breaks of seven commercially im-
portant fish species within the Baltic Sea. Most of the patterns of differentiation
were different among species, and the patterns were able to be correlated to varia-
tion in salinity tolerances, oceanographic features, and varying life and population
histories. In terms of stock management, the Wennerstroem study highlights the
importance of the case by case approach that is needed when informing on stock
structure.

Management of biological stocks is relatively straightforward when populations
are distinctly structured, however such structuring is rare, with genetic compo-
sition generally either changing continuously over space, or having no detectable
differentiation. Translating structure into stock boundaries in cases where genetic
composition is continuous may be difficult, however it is possible to recognise areas
of relative genetic homogeneity (Laikre et al. 2005). When no significant level of
genetic differentiation can be detected, it is difficult to determine how that finding
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relates to the demographic structure of the stocks, or whether the genetic marker
did not have the appropriate level of resolution needed to detect the patterns of
variation (Schloetterer et al. 2004). Where one genetic marker detects population
differentiation between a group of individuals, another genetic marker type may
detect no significant level of genetic differentiation between the same individuals.
This is due to the differing inheritance modes of genetic markers. For example,
genetic differentiation between Australasia and South America can be detected
using microsatellite DNA (msatDNA) for two species of hakes (Macruronus no-
vaezelandiae and M. magellanicus) and two subspecies of the southern blue whit-
ing (Micomesistius australia pallidus and M. a. australis), but not using mtDNA
(Takeshima et al. 2011). The discordance between the two markers likely results
from the differences in the mutation rates, with mutations accumulating faster in
the msatDNA than nuclear DNA (Chauhan et al. 2010).

Molecular markers have proven invaluable in discerning population structure where
other techniques are inadequate (Laikre et al. 2005). For instance, tag and re-
capture studies are best applied to shallow-water species. The stability of DNA
over the lifetime of individuals, and that it only requires a small sample, make it
an attractive option. Genetic techniques also have a wider range of usage, such
as being able to determine effective population sizes, investigate the demographic
history of a population, and identify each individual in a population (Kirk et al.
2011). For example, the effective population size of snapper (Pagrus auratus) in
Tasman Bay, New Zealand, has been shown to have declined since exploitation,
and is 5x smaller in magnitude than the census population size (Hauser 2002).
The characteristics of molecular markers provide a more comprehensive approach
when considering the different stock markers.

Polyprion oxygeneios, and its sole congener Polyprion americanus, belong to the
family Polyprionidae, commonly known as giant sea bass (or wreckfish). P. oxy-
geneios is limited to parts of the Southern Hemisphere (Robert 1986), and can be
characterised as having a long pelagic juvenile stage, only settling and becoming
demersal at < 50 cm total length. In the Southern Hemisphere, Polyprion sup-
port fisheries off the Juan Fernandez Islands, Chile, New Zealand and Australia,
and are generally found at depths of 40 to 800m (Francis et al. 1999, Sedberry
et al. 1999). Francis et al. (1999) reported P. oxygeneios to live in excess of 60
years in New Zealand. In comparison, Wakefield et al. (2010) recorded a lifespan
of >35 years (females) and >52 years (males). Although spawning locations are
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as yet unknown, it is thought that P. oxygeneios form spawning aggregations and
experience pan-oceanic mixing like their P. americanus counterparts. Francis et
al. (1999) speculate that Cook Strait in New Zealand could be a spawning site.
Trawl survey data indicates the Stewart/Snares Shelf and the Chatham Rise in
New Zealand to be important nursery sites (Paul 2002).

The aim of the research presented in this chapter was to use molecular markers to
determine whether there are statistically significant levels of genetic differentiation
among sampled sites in the Southern Hemisphere, and to determine the level of
genetic variation at each site. The population structure was assessed against the
report in Ball et al. (2000) that a third species of Polyprion exists off South Africa.
The second aim was to use the genetic data to investigate the demographic history
of P. oxygeneios. To achieve these aims, DNA sequences from the mtDNA con-
trol region and msatDNA genotyping data were used. The expectation was that
mtDNA sequencing would provide a greater insight into the demographic history
of the species (Hedgecock et al. 2007), while msatDNA would be more suitable
for detecting contemporary levels of differentiation. The matrilinear inheritance
pattern of mtDNA, along with a lack of recombination, gives it one quarter the
effective population size compared to typical nuclear genes. A smaller effective
population size and the lack of recombination of mtDNA are both characteristics
that make mtDNA more sensitive to demographic changes, and useful for studying
differentiation over deeper evolutionary timescales. MsatDNA is often less con-
served than mtDNA, undergoes recombination, and has a higher mutation rate,
making it more useful for studying contemporary differentiation.

2.2 Methods

2.2.1 Sample collection and DNA sequencing

Tissue samples of P.oxygeneios were collected by recreational and commercial
fishers from three areas in the Southern Hemisphere: South Africa (Cape Town),
south-western Australia (Perth, South West Capes, Albany, and Esperance), and
south-eastern Australia (Taupo Banks). Date, Ocean or latitude/longitude data,
collector (recreational or commercial), total length (TL) (mm), depth (m), and
sex were recorded for most of the individuals, and those samples lacking in ocean
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or latitude/longitude data were excluded from the sequencing (table 2.1). Samples
of fresh muscle tissue were stored in a 5ml vial containing absolute ethanol (i.e.
99.9%). However, the ethanol was drained and replaced by dimethyl sulphox-
ide (DMSO) for shipping to New Zealand, as it is a less hazardous compound,
with samples promptly transferred into 80% ethanol upon arrival. Samples were
refrigerated at 4.7∘C.

Theory suggests a sample size of 50 includes 99% of the genetic variation within
a population (Smith et al. 2008). However, sample sizes from South Africa were
limited by the current fishing moratorium, and most Polyprion samples collected
from eastern Australia were P.americanus (table.2.1). In accordance with the
thesis objectives, the genetic structure of South Africa and Australia was compared
to data collected and analysed by a previous study (Lane 2015). Henry designed
the mtDNA primers used in the present study. Table.2.2 lists New Zealand (NZL)
sample locations and sample sizes.

Table 2.1: P.oxygeneios sample locations and sample sizes

Sample location Sample size (n) Sample size included in final analyses

Albany (WA) 123 110
Esperance (WA) 66 52

Perth Canyon (WA) 21 20
SW Capes (WA) 166 129
Taupo bank (EA) 2 0
Cape town (SA) 8 8

Total 386 319

WA = Western Australia, EA = eastern Australia, SA = South Africa

Table 2.2: New Zealand sample locations and sample sizes for P.oxygeneios

Sample location Sample size (n) Sample size included in final analyses

Leigh (LEI) 49 49
Hawkes Bay (HAW) 22 22
Cook straight (COO) 25 25

Makara (MAK) 21 21
Kaikoura (KAI) 39 39
Otago (OTA) 49 49

Hokitika (HOK) 45 45
Chatham Island (CHA) 44 44

Total 294 294
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2.2.2 Mitochondrial DNA extraction, amplification and se-

quencing

Genomic DNA for the mtDNA study was extracted using a standard phenol-
chloroform protocol (Sambrook et al. 1989) and PCR reactions were performed
in a TGradient thermal Block (Biometra, Goettingen, Germany). All reactions
consisted of a 15 𝜇l mix of 67 mM Tris-HCL pH 8.8, 16 mM (NH4)2SO4, 3.0
mM MgCl2, 200 𝜇M of each dNTP, 0.5 𝜇M of each primer, 0.6 𝜇g/𝜇L Bovine
Serum Albumin (BSA), and 1 unit of BIOTAQTM DNA Polymerase (Bioline).
Mitochondrial DNA control region primers previously designed for Polyprion were
the forward primer tRNA-Pro-HPB (5’-CCTACCCCTAACTCCCAAAGC) and
reverse primer CCD-HPB (5’-CCCCTTGCCCCTTAGAAAGAG). The amount
of template DNA used varied from 0.5𝜇l- 1.5𝜇l. Thermal cycling consisted of 36
cycles: 95∘C for 2 minutes (mins), followed by 36 cycles of 94∘C for 30 seconds
(s), 61∘C for 30 s and 72∘C for 45 s and a final extension at 72∘C for 10 mins.
The resultant 550bp amplicons were electrophoresed in 1.0% agarose gel, stained
with ethidium bromide, and visualised under a UV-light source. Amplicons were
purified using Exo-SAP-IT as per the manufacturer’s instructions before being sent
to either Massey University, New Zealand, or Macrogen, Seoul, Korea, where DNA
sequencing was performed using the forward primer on an ABI Genetic Analyser.

2.2.3 Microsatellite amplification and genotyping

Four 96-well plates containing 384 specimens were prepared and sent to AgRe-
search for genotyping. To ensure consistency, the samples used were from the
same individuals as those for the mtDNA sequencing , and an attempt was made
to have samples from each site and species equally represented in the data. How-
ever in some cases, such as with Cape Town (CAP), this was impossible. Polyprion
samples that were successfully extracted and sequenced were preferred over sam-
ples from individuals that did not sequence as well.

Small amounts of tissue, no greater than 1.0cm long and 0.5cm wide, were re-
moved from the tissue samples and placed in wells with enough ethanol (80%)
to fully cover the tissue pieces. Once each 96-well plate was filled and the lids
sealed, samples were kept at 4.7∘C until shipping to AgResearch (GenomNZ) in
Invermay, New Zealand. There, microsatellite genotyping was conducted on the
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samples using nine pairs of microsatellite primers (table.2.3). Genomic DNA was
extracted using a Chelex R○ procedure (Bio-Rad laboratories) and a combination
of five msatDNA loci previously published by Ball et al. (2000), and four propriety
loci previously developed by AgResearch for Henry Lane for use in P. oxygeneios,
were used in a multiplex genotyping panel. The multiplex was conducted with an
annealing temperature of 56∘C and a MgCl concentration of 20.nM. The primer
concentration ranged from 0.1uM to 0.6 uM. One of the primers in each pair was
fluorescently labelled and an ABI3730 Genetic Analyser (Applied Biosystems) was
used to determine the allele sizes.

Table 2.3: Nine microsatellite
DNA markers and type of repeat.

Marker Nucleotide Repeat

Pam010 Di (GT)
Pam017 Di (GT)
Pam021 Di (AC)
Pam025 Di (CA)
Pam035 Di (GT)
GJLKPX Di (AC)
GJSLB2 Di (AG)

GGOQ6A Di (TC)
GH0OIK Tri (TTG)

2.3 Genetic analyses

2.3.1 Genetic diversity

Mitochondrial DNA data

The final data set consisted of 613 P. oxygeneios samples. Sequences were edited
to just under 500bp and aligned using GENEIOUS 6.1 (Biomatters). Summary
statistics, including the number of segregating sites (S), haplotypes (H), nucleotide
diversity (Π), haplotype diversity (Hd), private haplotypes (Hp) and the average
number of pairwise differences (K), were collected using DNASP 5 (Librado &

Rozas 2009). Due to the small sample size (2), Taupo banks was left out of these
analyses. Fu’s F statistics, Tajima’s D, and pairwise fixation index (ΦST), were
measured in ARLEQUIN 3.5 (Excoffier et al. 2005).
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To visualise the relationship between haplotypes, along with the frequency of each
haplotype, Minimum Spanning Networks were generated in POPART (www.popart-
.otago.ac.nz) using 1000 iterations. Rarefaction curves were constructed for each
site to check whether the diversity observed accurately reflected the diversity of
the wider population. ANALYTIC RAREFACTION 1.3 software (Holland 2003)
simulates the number of haplotypes expected with each increment in sample size.
The point at which a plateau is reached is meant to indicate the point at which
no more haplotypes will be discovered, and a true representation of population
diversity.

Microsatellite DNA data

Evidence for null alleles and score errors was assessed using MICRO-CHECKER
2.2.3 (Van Oosterhout 2004) with 1,000 iterations. Deviations from the Hardy
Weinberg equilibrium (HWE) were tested for across all sites and loci using the
exact test with a 106 Markov chain length and 105 de-memorization steps imple-
mented in ARLEQUIN 3.5 (Excoffier 2005). A pairwise test (likelihood ratio test)
of linkage disequilibrium (LD) was also carried out in ARLEQUIN 3.5 with 10,000
permutations. For both tests, significance values were estimated at 0.95 confidence
after Sequential Bonferroni corrections, which were used to reduce the chances of
a type I error (incorrectly rejecting our null hypothesis).

Basic diversity indices (table.2.5) calculated using Genepop 4.2 included observed
and expected heterozygosity (HO and He), number of alleles per locus, and the
inbreeding coefficient (Fis). Allelic richness, and number of private alleles were
calculated using HP-Rare. Allele frequency distributions were then generated for
each population and locus using GENALEX 6.5 (Peakall & Smouse 2006, Peakall
& Smouse 2012).

An Fst outlier detection method was performed in LOSITAN to test the theory
of microsatellite loci neutrality (Antao et al. 2008). This method is able to
identify candidates under selection by analysing the relationship between Fst and
heterozygosity (Beaumont & Nichols 1996). Theoretically, loci under selection, or
loci that are linked to genes under selection, will appear as outliers when compared
with those influenced by drift and gene flow only. Both a stepwise (SMM) and
infinite allele (IAM) mutation model were performed using 100,000 simulations
and a confidence interval of 0.995. To ascertain whether sample sizes were likely
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large enough to contain a level of diversity representative of the population, allele
rarefaction curve graphs were generated. First, Hp-rare was used to generate a
hypothetical number of discovered alleles for cumulative sampling size, with each
increment being one individual. Secondly, these ‘discovered’ alleles were plotted
against cumulative sample sizes, with a plateau in the relationship assumed to be
the point at which greater sampling will not reveal new alleles.

2.3.2 Population structure

Mitochondrial DNA

Pairwise genetic differences (ΦST) were used to estimate the level of gene flow be-
tween all sites using 1,000 permutations at 0.95 confidence after Sequential Bonfer-
roni corrections in ARLEQUIN 3.5. To determine whether a pattern of Isolation-
By-Distance (IBD) is present, linearised (ΦST) values were plotted against geo-
graphic distance (km) using GOOGLE EARTH 7.1. The distances were based on
the shortest possible distance, by sea, between two sites. Due to the small sample
size of TAU, this was again excluded from analyses. Statistical significance of the
linear regression was assessed using a Mantel test conducted in ARLEQUIN 3.5
using 10,000 permutations.

Analysis of Molecular Variance (AMOVA) was used to estimate the level of genetic
differentiation within and among sampling areas using ARLEQUIN 3.5. 1) CAP,
Western Australia (WA), and New Zealand (NZL) 2) CAP, WA, NZL, Hokitika
(HOK), and the Chatham Islands (CHA) 3) CAP, WA, NZL, CHA 4) CAP, Aus-
tralasia, HOK, CHA 5) CAP, Australasia, CHA, and 6) CAP, Australasia, and
HOK. These groupings were based on the results from the ΦST analyses.

Microsatellite DNA data

Three approaches were used to measure genetic distance and estimate levels of
genetic differentiation between sites. First, Weir & Cockerham’s (1984) Fst anal-
ysis was implemented using FSTAT 2.9.3.2. (Goudet 1995). Fst estimates were
used without assuming Hardy Weinberg equilibrium, 1,000 iterations, 95% confi-
dence intervals, as well as Bonferroni corrections. Then, both G’st (Hedrick 2005)
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and Jost’s D estimator, Dst (Jost 2008) were estimated using GENODIVE (Meir-
mans & Van Tienderen 2004). All three measures were used to account for the
limitations of each measure on their own. Fst, while widely used, bases genetic
distance on decreased heterozygosity, which, in multi-allelic data, could theoret-
ically be high even if sites contained a completely different set of alleles. With
highly polymorphic microsatellite data, this can result in a downward bias in Fst
values. While both G’st and Jost’s D account for variation in the maximum ob-
tainable distance value, they are both often biased upwards instead. Jost’s D is
measured using the effective number of alleles rather than heterozygosity, however
it is also sensitive to changes in mutation rate. Due to a lack of data at loci
PAM010, PAM025, and GH0OIK in CAP, these three loci were excluded from dis-
tance measures when CAP was included in analyses. The significance of a pattern
of IBD was examined using ARLEQUIN 3.5.1 by running a Mantel test with 1,000
permutations. Analysis of Molecular Variance (AMOVA) was then implemented
in ARLEQUIN 3.5 using four groupings: 1) CAP and Australasia 2) WA, NZL,
and HOK 3) CAP, WA, NZL, and HOK 4) CAP, Australasia, and HOK, and 5)
WA, NZL, and HOK.

Using STRUCTURE 2.3.4 (Pritchard et al. 2000), a Bayesian clustering analysis
was performed. Each cluster (K), which was set to a range of 1-7 and simulated 10
times, is characterised by a set of allele frequencies which each individual is then
assigned to. Markov chain Monte Carlo (MCMC) simulations were run 10,000,
100,000, and 400,000 times, after a burn-in period of 105 steps, under both admix-
ture and non-admixture models with the ‘locprior’ function implemented. Delta
K (∆K), used to estimate the value of K that best reflects the population’s struc-
ture, was measured using STRUCTURE HARVESTER 0.6.94 (Earl & VonHoldt,
2012). A Factorial Component Analysis (FCA) was also conducted in GENETIX
(Belkhir et al. 2000) to visually examine the differences between each individual
in the sample using three main axes.

2.3.3 Demographic history

Mitochondrial DNA data

The demographic history was investigated using three approaches. First, the neu-
trality tests Fu’s F (Fu, 1997) and Tajima’s D (Tajima 1989) were calculated in
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ARLEQUIN 3.5 using 1000 simulations to measure the number of segregating sites
in the data against the observed nucleotide diversity. Significant negative values
(P<.02) indicate an excess of segregating sites given the observed nucleotide di-
versity, expected in a population that has recently undergone expansion (Fu 1997;
Tajima 1989).

The second approach was Mismatch distribution analysis, conducted in DNASP
5. Here, the frequency of pair-wise differences between haplotypes is measured.
The demographic history of a population may be inferred by the shape of the
distribution, which is expected to change under different scenarios. For example,
Unimodal distribution is expected in a population that has recently undergone
population expansion, whereas multimodal or erratic distribution reflects more
long term stability (Rogers et al. 1992). To fit the data to a sudden expansion
model (1,000 replicates), both Harpending’s raggedness index (Harpending 1994)
and the sum of squared deviations (SSD) were calculated using ARLEQUIN 3.5.
The calculations were made both by separating CAP, AUS, NZL HOK, and ESP
into five groups. Harpending’s raggedness index and SSD for HOK and ESP were
calculated separately to other NZL and AUS sites based on FST and AMOVA
results. To examine the changes in population size, the demographic parameters
𝜏 , and 𝜃 were estimated from the mismatch distribution in ARLEQUIN 3.5, and
the equation t= 𝜏/2𝜇 (Rogers & Harpending 1992), where 𝜇 is the mutation rate
of the sequence (not per nucleotide), used to estimate a time since population
expansion. The value of 𝜇 can be determined using the formula 𝜇= 2𝜇k, where 𝜇

is the mutation rate per nucleotide site and k is the number of analysed nucleotide
base pairs. The mutation rates of 2.0 x 10−8 proposed by Brown (1979) for the
vertebrate mitochondrial genome based on mammalian data and 3.6 x 10−8 cali-
brated by Donaldson et al. (1999) for snook (Percoidei; Centropomidae) were used
both because no mutation rate has been calibrated for Polyprion, and to remain
consistent with Lane et al. (2016) who also used both mutation rates.

Lastly, Bayesian skyline plots were constructed in BEAST 1.8.0 (Drummond 2012)
for P. oxygeneios excluding CAP and HOK. This method quantifies the relation-
ship between the genealogy of the sequences and the demographic history of the
population (Ho 2011). The Marko Chain Monte Carlo simulations were run for
107 iterations with the HKY substitution model, and a strict molecular clock. Two
mutation rates were used: 2.0x10–8 and 2.6 x10–8. The results were checked, and
skyline plots were constructed in TRACER (Rambaut 2014).
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2.3.4 Mutation-drift equilibrium and bottleneck

Microsatellite DNA data

To determine whether samples were in mutation-drift equilibrium, a mode test
was implemented using BOTTLENECK 1.2.02 (Piry et al. 1999). This method
compares the proportion of alleles at low frequencies to an expected L-shaped
distribution in a population at equilibrium. When population sizes decrease and
the strength of genetic drift is stronger, alleles at low frequencies are eliminated
from the population sooner than those at a higher frequency, skewing the distribu-
tion. Allele frequency distribution plots were created using GENALEX (Peakall &

Smouse 2006, 2012). BOTTLENECK was again used to run a Wilcoxon sign-rank
test, which is also based on measures of heterozygosity. Three mutation models
were used for the simulation: (i) the Stepwise Mutation Model (SMM), ii) the In-
finite Alleles Model (IAM), and iii) the Two Phase Model (TPM). Analyses were
performed with 1000 iterations, and the TPM was set to 95% single-step mutations
and 5% multi-step mutations.
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2.4 Results

2.4.1 Genetic diversity

Mitochondrial DNA data

In total, 613 P.oxygeneios DNA sequences from the mtDNA control region were
analysed in this study (Table 2.4). Most samples were from Western Australia
and New Zealand (311 and 217 respectively), with only eight samples having been
collected from Cape Town. The sequences were aligned, and trimmed to 469bp
long. The sequences showed asymmetric base frequencies of A=0.34, C=0.21,
G=0.14, and T=0.31.

There were 56 Polymorphic sites, with 48 of these being parsimony informative.
Forty-six polymorphic sites contained two indels, and the other two contained
three indels. Hd ranged from 0.429 in Capetown to 0.957 in Hawkes Bay. In total,
85 haplotypes were present, almost half of which (44) were present in South West
Capes. Haplotype 5 was the most abundant haplotype and was observed at all
sites (Figure 2.1).
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Figure 2.1: Sampling locations and haplotype distribution for P. oxygeneios
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Table 2.4: Summary statistics for the P. oxygeneios mtDNA sequences.

Location long lat N h Hd S K Hp 𝜋

Chatham Island CHA 176.81 –43.95 44 17 0.87 30 3.91 1 0.008
Cook Straight COO 174.82 –41.79 25 13 0.88 25 4.63 2 0.01
Hawkes Bay HAW 177.38 –39.51 22 15 0.96 26 6.17 2 0.013

Hokitika HOK 170.93 –42.7 45 17 0.82 21 3.29 5 0.007
Kaikoura KAI 173.74 –42.42 39 16 0.85 27 4.81 1 0.01

Leigh LEI 174.82 –36.27 49 19 0.89 28 4.87 3 0.01
Makara MAK 173.53 –41.23 21 8 0.81 18 5.01 1 0.01
Otago OTA 170.93 –45.94 49 18 0.81 31 5.47 3 0.012
Albany ALB 118.8 –35.04 110 23 0.84 39 5.15 6 0.011

Esperance ESP 122.12 –34.5 52 22 0.89 31 5.71 2 0.012
Perth PER 115.13 –31.97 20 12 0.92 20 5.43 2 0.012

South West Capes SWC 114.46 –33.69 129 38 0.84 37 4.68 15 0.01
Cape Town CAP 18.15 -33.95 8 2 0.43 2 0.86 0 0.002

N=number of sequences, H=number of haplotypes, Hd=haplotype diversity, S=segregating sites,
K=pairwise differences, Hp=private haplotypes, 𝜋=nuceleotide diversity.

The rarefaction analyses (Figure 2.2) did not reach a plateau for the most part,
indicating that more haplotypes would be discovered with a greater sampling size.
Interestingly, CAP appeared to reach a plateau, despite a low sample size of eight.
This could reflect the difficulties in analysing data from smaller sample sizes, or
it could reflect low genetic diversity at this site. It appears that the number of
haplotypes seen at each site would differ, even if sample size was kept consistent
throughout all sites. The remaining rarefaction curves can be viewed in Appendix
A.

The most common haplotype was Hap5, followed by Hap4, as seen in the Minimum
Spanning Network (Figure 2.3). The network graph showed that most haplotypes
radiated out from Hap5, including Hap4, which was separated from Hap5 by only
two mutational steps. The general pattern of the network was one of high hap-
lotype diversity and in some cases haplotypes differed from each other by 10+
mutational steps. The black circles in the network represent mutational steps that
were not represented by a haplotype. The high number of mutational steps that
were not represented, along with the lack of a star-like shaped network, does not
support a theory of sudden population expansion, rather it matches haplotype
networks observed in older and more stable populations.
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Figure 2.2: Haplotype discovery curve

Microsatellite DNA data

In total, 408 P. oxygeneios samples were successfully genotyped (Table 2.5). Sam-
ples were removed from the final analyses if they were contaminated, or if data was
missing at three or more loci. Testing for homozygote excess using Microchecker
at 95% confidence provided evidence for an excess in null alleles in the sample
set from HOK (n=49) at the loci GG0OQ6A, GH0OIK, GJSLB2, PAM017, and
PAM025. At loci GG00Q6A and PAM025, this may be due to stuttering, however
there was no evidence for stuttering at the remaining loci. There was no evidence
for large allele dropout at this site. Other sites with null alleles include: ALB, at
site GH0OIK (n=46, He= 14.826 Ho=21); ESP, at site PAM035 (n=27, He=5.22,
Ho=12); OTA, at site PAM021 (n=49, He=17.041, Ho=22); and CHA, at site
PAM035 (n=43, He=10.36, Ho=16). It is relatively common for null alleles to
be present in populations that have diverged from the population for which the
primers were designed (Chapuis 2007). In this case, all PAM loci were designed
for use in P.americanus and not the conspecific P.oxygeneios (Ball et al. 2000).
There was insufficient data available for CAP (n=7) to determine whether null
alleles were present among the samples.

HOK showed a significant departure from HWE at all loci after Bonferroni correc-
tion (P<0.00068). Further, all loci exhibited linkage disequilibrium (P<0.0014).
OTA showed a departure from HWE at two sites, GJSLB2 and PAM010. This
data corresponded with the tests for LD, which showed OTA, similar to HOK,
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Figure 2.3: Haplotype genealogy of the mtDNA control region sequences. Each
colour represents a unique haplotype. The scale shown indicates the frequency of
each haplotype. Small, black circles represent putative mutational steps between

haplotypes

to be linked at most loci. HAW also showed linkage between GG0OQ6A and
PAM017, however there was no evidence for null alleles or a departure from HWE
at this site.
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Table 2.5: Summary statistics for nine microsatellite loci.

Sample site N H0 He Ar PAr Fis

Albany ALB 110 0.7 0.7 2.74 0.17 0.05
Cape Town CAP 8 0.64 0.62 2.2 1.02 –0.02
Esperance ESP 52 0.73 0.78 2.96 0.75 0.07

Perth PER 20 0.74 0.78 2.94 0.22 0.05
South West Capes SWC 129 0.71 0.73 2.75 0.17 0.04

Leigh LEI 49 0.77 0.77 2.87 0.18 –0.009
Hawkes Bay HAW 22 0.78 0.77 2.87 0.22 –0.02

Makara MAK 21 0.81 0.77 2.87 0.21 –0.05
Cook Strait COO 25 0.81 0.8 2.99 0.26 –0.02
Chatham CHA 44 0.73 0.77 2.89 0.17 0.06

Otago OTA 49 0.76 0.75 2.81 0.16 –0.02
Hokitika HOK 45 0.62 0.81 3.05 0.55 0.24

N=Sample size (N), H0=observed heterozygosity, He=expected heterozygos-
ity, Ar=allelic richness, PAr=Private allelic richness and Fis=fixation index.

Figure 2.4: Infinite alleles model displaying one candidate for balancing selec-
tion; PAM035, and two candidates for positive selection; GH0OIK, GJSLB2

2.4.2 Population structure

Mitochondrial DNA analysis

The 𝜑st values indicated significant differentiation between CHA and HAW, MAK,
OTA, ALB, ESP, PER, and HOK and HAW, MAK, OTA, ALB, ESP, and SWC
(Table 2.6). Although 𝜑st values between CAP and many other sites were rela-
tively high, none of the values were statistically significant, perhaps due to the low
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Figure 2.5: Stepwise model displaying three candidates for positive selection;
pam017, GH0OIK, GJSLB2

sample size of CAP (8). A pattern of isolation-by-distance was observed (R=0.02)
only when CAP was included in the samples. Once CAP was removed, an inverse
pattern was seen, where 𝜑st increased with a decline in distance (FIGS.2.6, 2.7).

Very little differentiation was explained by among group variation (%VAR) when
NZL and WA sites were grouped separately (%VAR 0.19-1.16) (Table 2.7). Al-
though, once NZL and WA were grouped together, and HOK and CHA sites
treated separate to the rest of Australasia in accordance with 𝜑st results, the level
of differentiation explained by among group variation increased (%VAR 1.88-2.67)
and the %VAR among sites within groups decreased (0.21-0.72). Among group
%VAR was greatest using the model HOK/CHA/AUSTRALASIA/CAP (%VAR
2.67).

Microsatellite DNA data

The pairwise FST analyses revealed significant differentiation between CAP and
all other sites excluding OT, HB, and PA. Other sites that were significantly
differentiated were between OA and OTA, HOK, and LEI, and between HOK and
CS, CH, LEI, and OTA (TABLE 2.8). Both Nei’s G’st and Jost’s D results were
concordant with the FST values (Appendix A). However, the AMOVA analysis
was most supportive of a two-group model whereby the whole of Australasia was
grouped together with CAP grouped separately (TABLE 2.9). Under this model,
over 22% of the variation was attributed to between group variation. In contrast,
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Figure 2.6: The linear relationship between distance and 𝜑st in P.oxygeneios
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Figure 2.7: The linear relationship between distance and 𝜑st in P.oxygeneios
when Cape Town is excluded from the data

8.6% of variation was attributed to between group variation under a three-group
model with Australasia separated into WA, NZL, ad HOK groupings. The mantel
test did not support a pattern of Isolation-by-distance either (R2=-0.0008, P=0.3)
Just over 2% of the variation was attributed to between group variation when
HOK was separated from the rest of Australasia. The four groupings shown were
chosen based on the Fst results.



Chapter 2. P. Oxygeneios 35

While CAP individuals were grouped separately to others in the Bayesian Cluster
Analysis regardless of run length, HOK individuals were grouped separately only
once STRUCTURE was set to 400,000 runs, as shown in FIG.2.8. Once run
length was set to 400,000, STRUCTURE supported a three-model cluster (K=3).
The Factorial Components Analysis (FCA) supported the STRUCTURE Bayesian
analysis results, with HOK and CAP individuals clustered together. In FIG. 2.9
all CAP individuals (blue) group together in the middle, with HOK plus one PER
individuals clustered in the top right. See Appendix A for analyses excluding CAP
and HOK.
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Figure 2.8: Results for the Bayesian structure analysis of P. oxygeneios as-
suming k=3 genetic clusters. Each line represents an individual. Individuals are

ordered by site

Figure 2.9: Factorial components analysis (FCA) of P. oxygeneios showing
axes 1, 2, and 3. All grey individuals in the top right corner are from HOK.
All blue individuals clustered together in the middle are from CAP. All other

individuals cluster together in the top left corner.
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2.4.3 Demographic history

Mitochondrial DNA data

High Harpending’s Index and SSD values supported a model of sudden expansion,
except in the case of CAP with P(SSD)=0.37 and P(R)=0.69 (Table 2.10). This
was concordant with the results from the neutrality tests, with negative numbers
produced by both Fu’s F and Tajima’s values. Only the Fu’s F results were
statistically significant, however Fu’s F is considered a fairly reliable measure (Lane
et al. 2016). The BSPs also supported the sudden expansion model. With the
mutation rate of 2.0x10–8, the effective population size appeared to have increased
substantially in the last 75,000 years, most prominently during the last 30,000
years. Using the mutation rate 3.6x10–8, population expansion appeared to have
occurred 100,000-<25,000 years ago (ya), most prominently in the last 50,000
years. These results were in contrast to the mismatch distribution data, which
deviated from the expected distribution using a model of population expansion.
The multi-modal distribution observed in the figures was more reflective of an
older, more stable population (Figure 2.10–2.12). Under a model of population
expansion, a unimodal distribution was observed with the number of pairwise
differences between haplotypes proportional to the frequency of occurrence. This
occurred both when all samples were examined together, and when AUS and NZL
were analysed separately. Excluding CAP, the timing since population expansion
was estimated at 18,050-311,034 ya depending on the site and mutation rate. The
general observation was that NZL expanded more recently (18,450-33,209 ya), with
AUS having expanded earlier (130,3009-234,541 ya). HOK was similar to the rest
of NZL (1,050-32,4 ya)(Table 2.10)

Microsatellite DNA data

The BOTTLENECK analysis provided no evidence for population contraction
across all sites. All msatDNA loci conformed to the assumptions of mutation-
drift equilibrium under all three models in the Wilcoxon sign-rank test. A normal
L-shaped distribution was observed for all sites in the mode-shift test also, the
expected pattern for a population in mutation-drift equilbirium (Appendix A).
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Figure 2.10: All sites, Mismatch distribution of all pairwise differences. Freq.
expected is under a model of population expansion
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Figure 2.11: Mismatch distribution of all pairwise differences for NZL. Freq.
expected is under a model of population expansion
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Figure 2.12: Mismatch distribution of all pairwise differences for AUS. Freq.
expected is under a model of population expansion
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Figure 2.13: Bayesian skyline plot with 𝜇=2.0x10–8. Time=time before
present. Y axis=effective population size
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Figure 2.14: Bayesian skyline plot with 𝜇=3.6x10–8. Time=time before
present. Y axis=effective population size
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2.5 Discussion

2.5.1 Genetic diversity and structure

The observed levels of genetic variation were high across all sites excluding CAP,
with the average Hd (haplotype diversity) being 0.867. This result suggests that
P. oxygeneios has a large historical effective population size, similar to those
recorded for many other deep-sea fish including Orange Roughy, Hoplostethus at-
lanticus (Varela et al. 2012), Bluemouth, Helicolenus dactylopteris (Aboim 2005),
Thornyhead Rockfishes, genus Sebastolobus (Stephien 2000), Cape Hake, Mer-
luccius capensis (Von der Heyden 2007), Alaskan Pacific halibut, Hippoglossus
sterolepsis (Nielsen 2010), and Alfonsino, Beryx decadactylus (Friess & Sedberry
2011). A large population size is a fairly typical feature of a marine species, which
tend to have larger populations than their freshwater counterparts, partially due
to their wider geographic ranges. Further, the environmental conditions tend to
be less challenging over evolutionary time, which promotes gene flow and reduces
the risk of population bottlenecks (DeWoody et al. 2000, McCusker & Bentzen
2010). Larger populations retain more genetic diversity because there is an in-
creased effect in the number of mutations and a relative decrease in the strength
of genetic drift (Shaw et al. 1999). The lower Hd (0.429) at Cape Town was most
likely due to the small number of samples that were available from the site.

Concordance between results from both mtDNA and nuclear DNA is expected
if a population has reached genetic equilibrium, and the historical barriers to
gene flow reflect contemporary barriers to gene flow (Dammannagoda et al. 2011,
Schloetterer et al. 2004). In the case of P. oxygeneios however, there was discor-
dance between the AMOVA results from the mtDNA and msatDNA data. In the
mtDNA analysis, between population variation was best described by Hokitika
and the Chatham Islands representing separate populations to the rest of Aus-
tralasia. Between population variation was best described when Hokitika and the
Chatham Islands were grouped with the rest of Australasia in the msatDNA analy-
sis. STRUCTURE, FCA, and some Fst results, supported Hokitika being grouped
separately to the rest of Australasia. The difference between the Chatham Islands
and the New Zealand sites in the mtDNA analysis was not found with any of the
msatDNA analyses. One consistency among the analyses was the grouping of Cape
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Town separately from all other sites, although the level of statistical significance
was low.

To date, there have been no studies published that suggest the presence of more
than one population of P. oxygeneios. Previous allozyme and tagging studies have
failed to detect fine scale differentiation within New Zealand, however there has
been speculation that Northland is potentially differentiated from the rest of New
Zealand (Beentjes & Francis 1999, Smith & Johnson 1985). The results from the
present study support the presence of a relatively panmictic population in Aus-
tralasia. The extended juvenile phase (>4 years), highly mobile adults, and long
life span makes pan-oceanic mixing of P. oxygeneios feasible. P. americanus also
exhibit panmixia across ocean basins (Ball et al. 2000), and given the ecologi-
cal similarities between the species, panmicitic structuring within Australasia is
unsurprising. With Cape Town included in the Mantel test, there is a small cor-
relation between genetic differentiation and geographic distance. However, once
Cape Town is excluded from the analysis, any correlation disappears. It is likely
that oceanic current systems play an important role in maintaining genetic con-
nectivity between Polyprion stocks.

Hokitika, Chatham, and the rest of NZL

While the mtDNA data favoured a four population AMOVA model, with Chatham
Islands and Hokitika grouped separately to the rest of Australasia, Australasia
was kept as one all-inclusive group in the msatDNA AMOVA data. Under a
model of neutrality and mutation-drift equilibrium, both markers should show
similar results, even if it is not the same level of magnitude (DeBattista et al.
2012, Dammanagoda et al. 2011). One simple explanation for this discrepancy is
that the differentiation observed in the mtDNA data represents historical differ-
entiation and secondary contact between the previously isolated population has
subsequently occurred, promoting admixture at the msatDNA loci. Another pos-
sible explanation is that a population bottleneck in the Hokitika area could have
reduced heterozygosity at such a level that contemporary gene flow between Hok-
itika and other sites has yet to overcome the effects seen in the msatDNA FST
data. These situations would not rule out contemporary demographic and genetic
connectivity. It is possible that the effective population size of P. oxygeneios has
been large enough to reduce the effects of genetic drift in the mtDNA relative to
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the msatDNA. Dispersal of P. oxygeneios likely occurs for the most part as juve-
niles, reducing the possibility of a sex-ratio effect. However, these explanations do
not adequately explain why Hokitika is grouped with the rest of Australasia in the
AMOVA data, and grouped separately in the STRUCTURE and FCA analyses.
While it could be argued that a lack of differentiation in the msatDNA reflects
the ability of mtDNA to return to equilibrium more rapidly than msatDNA after
a disturbance event, or the greater effects of homoplasy and gene flow on genetic
signatures in msatDNA (DeBattista et al. 2012), these explanations are also con-
tradicted by the discordance within the MsatDNA results. Of importance to note
is the large portion of null alleles within the Hokitika site. Null alleles are com-
mon when msatDNA markers are developed in one species and used on another,
because changes in the primer sites cause the amplification of some alleles to fail.
This can exaggerate Fst and genetic distance measures. Although they may pose
as a technical challenge, null alleles are relevant to population genetic studies as
they represent an allele (Chapuis & Estoup 2007). Whatever the reason, there ap-
pears to be fine-scale differentiation between Hokitika and the rest of Australasia
that is not detected in all analyses once areas are pooled for regional differences.

South Africa

The data presented here, from both mtDNA and msatDNA markers, supported the
differentiation of Cape Town from Western Australia and New Zealand, however
the small sample size limits any firm conclusions. Robert (1986) suggested there
was a third species of Polyprion based on a study using specimens collected off the
coast of South Africa. He noted four juvenile Polyprion specimens with distinct
spotted body colouration, and proposed that these four could represent a distinct
species. Ball et al. (2000) also recorded distinctive mtDNA and msatDNA profiles
from fish collected near South Africa, cited as unpublished data. It is difficult to
determine whether the distinct DNA sequences and genotypes were new genetic
variants that were part of a global population that was not properly sampled,
samples from a genetically differentiated population, or a new species. The data
presented in the current thesis research is insufficient for clarification of the species
issue, however the results here do not reject the theory of a third Polyprion species
by Ball et al. (2000).
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Demographics

The largely panmictic structuring of P. oxygeneios suggested by this study (ex-
cluding Cape Town) reflects two potential scenarios 1) The sites in New Zealand
and Australia represent one large, panmictic population with sites both genetically
and demographically connected, and 2) Although there are enough migrants per
generation to maintain genetic connectivity, some sites are demographically inde-
pendent of each other. In this scenario, current genetic measures are inadequate
at discerning this differentiation (Lowe et al. 2010). Nevertheless, the same traits
that potentially promote the largely homogenous population structure observed
could be the same traits that have resulted in small-scale differentiation observed
within New Zealand. The dependence on oceanic currents for dispersal means
that in cases where two sites are not connected by currents, gene flow is restricted.
This results in differentiation patterns that are de-coupled with geographical dis-
tance, and has been observed in other species, for example, Atlantic cod, Gadus
morhua (Ruzzante et al. 1998), Atlantic herring, Clupea harengus (Tatarenkov et
al. 2007, Teacher et al. 2013), and cusk, Brosme brosme (Knutsen et al. 2009).
Further, the K-selected biology of the species that gives individuals enough time
to migrate with oceanic currents and promote gene flow, also leaves the species
more susceptible to the effects of over-exploitation, a current concern for P. oxy-
geneios. (Wakefield et al. 2010) Over-exploitation can reduce genetic diversity
and promote genetic drift.

The mismatch distribution, neutrality tests, and BSP’s supported a sudden ex-
pansion model for Australasia. In this scenario, south-western Australia expanded
earlier than New Zealand. This possibly suggests a migratory route from south-
western Australia to New Zealand, however, given the uncertainty around the
mutation rates used (3.6 x10–8 and 2.0 x10–8), this is purely speculative. The
mismatch distribution suggested New Zealand (including Hokitika) expanded as
recently as 18,000 ya, and up to 33,000 ya. In comparison, south-western Aus-
tralia is an older population, having expanded between 130,000- 235,000 ya. The
BSP’s suggested population expansion in Australasia occurred sometime between
the present day and 100,000 ya using the 2.0 x10–8 mutation rate, and up until
<25,000ya using the 3.6 x10–8 mutation rate. A more species-specific mutation
rate is needed to calibrate the time of population expansion to any historical
events, however the estimated expansion times fall within the Pleistocene period
(>10,000 years bp), which was punctuated by a series of large glacial-interglacial
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changes, known to coincide with large bottleneck and expansion events in many
coastal species. Deep-water species, such as P. oxygeneios, may be less affected by
fluctuating environmental conditions associated with glacial cycles, however there
is evidence that P. oxygeneios once inhabited shallower waters in New Zealand
(Maxwell et al. 2011). In contrast, the haplotype and nucleotide data did not sup-
port the sudden expansion model. This was seen in the high number of mutational
steps that were not represented by haplotypes, along with the lack of a star-like
shaped network in the haplotype network. After losing genetic variation through
a bottleneck event, a population will accumulate haplotype diversity faster than
nucleotide diversity (Lane et al. 2016, Varela et al. 2012). When a population
reaches mutation-drift balance, the number of haplotypes plateaus, and the ratio
of haplotype diversity to nucleotide diversity decreases (Lane et al. 2016). For P.
oxygeneios, both the nucleotide and haplotype diversity indices were high, indicat-
ing the presence of an older, more stable population. There was also no evidence
of heterozygotic excess in Australasia, common in species that have undergone
population contraction.

Implications for fisheries management

Currently the New Zealand HPB (Hapuku-Bass) fishery is separated into eight
stocks, which were divided up based on geographic features and concentrations of
fishing effort. The stock boundaries themselves differ from the boundaries used to
determine regional yields, or the tonnage of fish extracted from an area (Paul 2002).
Cook Strait, for example, is situated on the borders of three stocks, HPB 2, HPB 7,
and HPB8. While a maximum sustainable yield (MSY) is used to set the respective
total allowable commercial catches (TACC) of each stock in order to reduce over-
exploitation, it is currently unknown how relevant stock boundaries are to the
natural population boundaries (MPI Science Group 2015). HPB stock boundaries
might be over-split in New Zealand, with the results here suggesting, at most,
there are three genetic populations in New Zealand. However, it is most likely
that New Zealand is one panmictic population, with some level of differentiation
occurring between Hokitika and other sites. While additional markers may reveal
further levels of differentiation within the New Zealand EEZ, the data presented
provides genetic support for the current management of Hokitika as a separate
stock to the rest of New Zealand only.
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P. oxygeneios is treated as a straddling stock in south-western Australia, targeted
by both state and commonwealth fisheries. Annual commercial catches have in-
creased since the first recorded state commercial landings in 1986, however the
commonwealth-managed trawl fishery yields are significantly lower in comparison
(Wakefield et al. 2010). Compared to the 2179 t caught New Zealand fishery
(2002) the south-western Australian catch is small at 18 t (2010). The smaller
Australian fisheries are partially due to nutrient poor waters that do not support
high productivity (Paul 2002, Molony et al. 2012 ). Despite the low recordings
and the risk status reported as moderate (status report), the current resource
may already be fully exploited in south-western Australia (Wakefield et al. 2010).
Further, there is an increasing shift in fishing effort from inshore to offshore fish-
eries (>100 m) after a decline in near shore stocks. This puts more pressure on
species that were already sensitive to the effects of over-exploitation (Wise et al.
2007).The inclusion of samples from eastern Australia would be of particular value
in future studies to determine whether any differentiation is observable between
western and eastern Australia.

Summary

The Southern Hemisphere appears to consist of two discrete populations of P.
oxygeneios, however without further sampling from South Africa this cannot be
definitively stated. Although there is not enough data present to assess the tax-
onomic status of P. oxygeneios, the results from this study lend support to the
suggestion in Ball et al. (2000) that there may be another species of Polyprion
off South Africa. There is fine-scale differentiation within New Zealand, however
the demographic implications of this differentiation are unknown. Future sampling
from eastern Australia would be beneficial to the genetic analyses of P. oxygeneios.
While catches of P. oxygeneios may be low compared to other species, the flesh
is of high quality and in high demand (Paul 2002). Low landings in Western
Australia may already reflect maximum yields, typical in K-selected species with
lower reproductive output, slower growth rates, and longevity (Wakefield et al.
2010; 2013). Stocks in New Zealand appear to be over-split, which would have no
biologically detrimental results.
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3.1 Introduction

While fishery managers may define a stock according to a specific area for prag-
matic reasons (e.g. distribution of fishing effort), such definitions fail to incor-
porate information about the genetic and demographic substructuring of a pop-
ulation. By incorporating the substructure information when determining stock
boundaries, managers are better able to offset the effects of fishery induced mor-
tality with self-recruitment and immigration by introducing limits specific to indi-
vidual fisheries and populations (Carvalho & Hauser 1995). While discrete stock
structuring can easily be translated into fishery management boundaries, find-
ings of no or little stock differentiation may be more difficult to interpret. Little
differentiation could indicate a high level of movement and reproductive success,
however we cannot be certain of this without knowing whether the population is
in a genetic equilibrium (Chauhan & Rajiv 2010, Ward 2000).

Physical isolation among groups of individuals will lead to population structure
when the evolutionary forces of genetic drift and adaptation begin to operate inde-
pendently in each group (Cowen 2009). Traditionally, the wide distributions and
lack of physical barriers that are typical for many marine fish species were thought
to limit a population’s ability for local adaptation because gene flow constantly ho-
mogenised variation (Hauser & Carvalho 2008). This view of marine species has
changed as more examples of marine populations containing adaptive variation
and relatively small effective population sizes suggests genetic drift might play an
important role in marine species. For example, Atlantic Cod display varying mat-
uration patterns linked to genetic variation at scales of tens of kilometres. This is
despite gene flow of up to 10% migrants at each site (Olsen et al. 2008). Although
levels of genetic differentiation are generally lower in scale in marine environments
compared to species in the terrestrial environment, this differentiatiO has been
shown to be demographically relevant (Hauser & Carvalho 2008).

There are a number of different methods that are used to estimate levels of mi-
gration, including non-genetic techniques (such as physical tags and chemical pat-
terns from the environment), and genetic techniques (DNA sequencing or DNA
microsatellites). However, genetic techniques are considered a reliable approach for
estimating reproductive units when compared to non-genetic techniques. There
are a range of genetic techniques, which can be distinguished from each other
based on the mode of inheritance of the particular genomic region and the rate of
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evolution (Hoffman et al. 2009). For example, mitochondrial DNA (mtDNA) does
not undergo recombination because the paternal genome is excluded during fertil-
isation and only the maternal copy is inherited. This haploid mode of inheritance
means all of the genes on the genome are linked and they have the same evolution-
ary history. In contrast, most nuclear loci evolve independently from each other
because of recombination. (Hauser & Carvalho 2008, Schloetterer 2004).

The Giant sea bass Polyprion americanus is one of four species that belong to the
family Polyprionidae. This species has an anti-tropical distribution that inhab-
its seamount, insular and continental slope waters (50-1000 m depth) throughout
the Southern Hemisphere, but is limited to the Atlantic Ocean and adjacent wa-
ter bodies in the Northern Hemisphere (Robert 1986). The juveniles have a long
pelagic phase and only settle to become demersal adults at > 50 cm total length.
In the Southern Hemisphere, Polyprion stocks support fisheries off the Juan Fer-
nandez Islands, Chile, New Zealand and Australia (Francis et al. 1999, Sedberry
et al. 1999). Peres & Haimovici (2004) and Wakefield (2013) found the South-
ern P.americanus stocks to differ from previously recorded age and growth data
from the North Atlantic, estimating a lifespan of >62 years (females) and >76
years (males). The differences between the northern and southern stocks almost
certainly reflects differences in methodology. Ageing accuracy has improved, with
nascent otolith preparation methods incorporating thinner sections (Wakefield,
personal comms.). It is thought that a long pelagic life stage, coupled with an
association with floating objects, facilitates pan-oceanic mixing of P.americanus
populations (Robert 1986; Sedberry et al 1996; Machias et al 2003; Wakefield et al.
2010). In the Northern Atlantic, P.americanus form large spawning aggregations
off of South Carolina, which would facilitate genetic panmixia. It is assumed that
Southern Atlantic, Indian, and Pacific stocks also form spawning aggregations,
however the locations of these aggregations are unknown (Paul 2002).

Using meristic and morphometric data, Robert (1986) concluded there were two
species of Polyprion ; a deep bodied, uniform coloured P. americanus, and a shal-
low bodied, counter shaded P. oxygeneios. For the most part, Robert found adult
P. americanus to be indistinguishable from each other, although he noted four P.
americanus juveniles from South Africa with a distinct spotted body colouration.
In contrast to the mottled and banded colouring in other Polyprion , this one
character was interpreted as plesiomorphic. Based on the methodologies of the
Evolutionary Species Concept, Roberts did not define these four South African
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individuals as separate species. The potential for a third species of Polyprion has
previously been noted by Ball et al. (2000) who reported distinctive mitochon-
drial DNA (mtDNA) sequences and microsatellite DNA genotypes in samples from
South Africa, however their study did not include these samples in their genetic
analysis due to a lack of accompanying data.

The aim of this study was, firstly, to use mtDNA and msatDNA markers to de-
termine whether there is genetic differentiation within the Southern Hemisphere
conistent with the findings of Ball et al. 2000, who proposed the presence of a third
Polyprion species. Secondly, the demographic history of P.americanus was investi-
gated. In general, mtDNA sequences provide insight into the demographic history
of a species, while msatDNA markers are more suited for detecting contemporary
differentiation (Hedgecock et al. 2007). The matrilinear inheritance pattern of
mtDNA, along with its lack of recombination, reduces the effective population
size to a quarter that of nuclear DNA. A smaller effective population size and
the greater integrity of mtDNA relative to nuclear DNA are both characteristics
that make mtDNA more sensitive to demographic changes, and useful for study-
ing differentiation over longer evolutionary times. Compared to mtDNA genes,
msatDNA loci are typically independent loci because of recombination. They also
have a high mutation rate, making them ideal markers for estimating levels of
population genetic variation and differentiation.

3.2 Methods

3.2.1 Sample collection

Tissue samples of Polyprion americanus were collected by researchers from recre-
ational and commercial catches in three areas in the Southern Hemisphere; Ar-
gentina, south-western Australia (i.e. Perth, South West Capes, Albany, Esper-
ance, Table 3.1), and south-eastern Australia (Barcoo and Taupo Banks). Date,
location and latitude/longitude data, collector (recreational or commercial), total
length (mm, TL), depth (m), and sex were recorded for most of the individuals,
with those samples of unknown location and/or latitude/longitude information
excluded from sequencing (Table 3.1). Samples were first stored in a 5ml vial
containing absolute ethanol (99.9%); the ethanol was then drained and replaced
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by dimethyl sulphoxide (DMSO) for shipping to New Zealand (NZ), because it is
less hazardous. Upon arrival in NZ, all samples were promptly drained of DMSO,
and returned to ethanol (80%). Samples were stored at 4∘C until needed.

It has been suggested that a sample size of 50 individuals will enable sampling of
99% of the genetic variation within a population (Smith 2008). However, these
sample sizes were difficult to obtain from South America due to a prohibition
on the retention of Polyprion. To limit sampling bias, an attempt was made to
balance the sample sizes from each location. This meant that despite more samples
being available, fewer than 50 individuals from Perth Canyon were DNA sequenced
(Table 3.1). The data collected from South America, western and eastern Australia
were compared to mtDNA primers previously reported in Lane (2013).

Table 3.1: Polyprion americanus samples

Sample location Sample size (n) Sample size included in final analyses

Albany (WA) 2 2
Esperance (WA) 23 23

Perth Canyon (WA) 61 46
SW Capes (WA) 54 47

Barcoo bank (EA) 18 17
Taupo bank (EA) 35 25
South America 22 20
New Zealand 25 25

Total 215 205

WA=Western Australia, EA=eastern Australia.

3.2.2 Mitochondrial DNA extraction, amplification and se-

quencing

Mitochondrial DNA was first extracted using a standard phenol-chloroform pro-
tocol (Sambrook et al. 1989) and PCRs were then performed in a TGradient
thermal Block (Biometra, Goettingen, Germany). All reaction mixes consisted
of a 15 𝜇l mix of 67 mM Tris-HCL pH 8.8, 16 mM (NH4)2SO4, 3.0 mM MgCl2,
200 𝜇M of each dNTP, 0.5 𝜇M of each primer, 0.6 𝜇g/𝜇L Bovine Serum Albumin
(BSA), and 1 unit of BIOTAQTM DNA Polymerase (Bioline). Mitochondrial DNA
control region primers specifically designed previously for Polyprion were the for-
ward primer tRNA-Pro-HPB (5’-CCTACCCCTAACTC-CCAAAGC) and reverse
primer CCD-BASS (5’-AAGAGAACCCCTTGCTCGCTG), designed specifically
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for P.americanus. The amount of template DNA used varied from 0.5𝜇l- 1.5𝜇l.
Thermal cycling consisted of 36 cycles: 95∘C for 2 minutes (mins), followed by
36 cycles of 94∘C for 30 seconds (s), 61∘C for 30 s and 72∘C for 45 s and a final
extension at 72∘C for 10 mins. The resultant 550 base pair (bp) amplicons were
electrophoresed in 1.0% agarose gel, stained with ethidium bromide, and visualised
under a UV-light source. Amplicons were purified using Exo-SAP-IT as per the
manufacturer’s instructions before being sent to either Massey University Genome
Services, New Zealand, and Macrogen, Seoul, Korea, where DNA sequencing was
performed using the forward primer on an ABI 3730 Genetic Analyser.

3.2.3 Microsatellite amplification and genotyping

Four 96-well plates containing 384 specimens were prepared and sent to AgRe-
search for genotyping. Of the 384 specimens, 194 were P. americanus. To ensure
consistency, the samples used were from the same individuals as those for the
mtDNA sequencing, and an attempt was made to have samples from each site
and species equally represented in the data. However in some cases, such as with
the site Argentina (ARG), this was impossible due to a low number of samples.
Polyprion samples that were successfully extracted and sequenced were preferred
over samples from individuals that did not sequence as well.

Small amounts of tissue, no greater than 1.0 cm long and 0.5 cm wide, were re-
moved from the Polyprion tissue samples and placed in wells with enough ethanol
(80%) to fully cover the tissue pieces. Once each 96-well plate was filled and lids
tightly sealed, samples were kept at 4∘C until shipping to AgResearch (GenomNZ)
in Invermay, New Zealand. Genomic DNA was extracted using a Chelex R○ pro-
cedure (Bio-Rad laboratories) and a combination of five microsatellite DNA loci,
previously published by Ball et al. (2000) and four propriety loci previously de-
veloped by AgResearch for NIWA (table 3.2) and use in P.oxygeneios were used
in a multiplex genotyping panel. The multiplex was conducted with an annealing
temperature of 56∘C and a MgCl2 concentration of 20.nM. The primer concentra-
tion ranged from 0.1 to 0.6 𝜇M. One of the primers in each pair was fluorescently
labelled and an ABI3730 Genetic Analyser (Applied Biosystems) was used to de-
termine the allele sizes.
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Table 3.2: Nine microsatellite
DNA markers and type of repeat

Marker Nucleotide Repeat

Pam010 Di (GT)
Pam017 Di (GT)
Pam021 Di (AC)
Pam025 Di (CA)
Pam035 Di (GT)
GJLKPX Di (AC)
GJSLB2 Di (AG)

GGOQ6A Di (TC)
GH0OIK Tri (TTG)

3.3 Genetic analyses

3.3.1 Genetic diversity

Mitochondrial DNA data

The final data set consisted of 205 P. americanus samples. DNA sequences were
edited and aligned using GENEIOUS 6.1 (Biomatters). Summary statistics, in-
cluding the number of segregating sites (S), haplotypes (H), nucleotide diversity,
haplotype diversity (Hd), private haplotypes (Hp) and the average number of pair-
wise differences (K), were collected using DNASP 5 (Librado & Rozas 2009). Due
to the small sample size collected from Albany (n = 2), it was left out of subse-
quent analyses. Fu’s F statistics, Tajima’s D, and pairwise fixation index (ΦST),
were measured in ARLEQUIN 3.5 (Excoffier et al. 2005).

To visualise the relationship between haplotypes, along with the frequency of each
haplotype, Minimum Spanning Networks were generated in POPART (www.popart.
otago.ac.nz) using 1000 iterations. Haplotypes with a frequency <0.04 were con-
sidered rare. Rarefaction curves were constructed for each site to check whether
the diversity observed accurately reflected the diversity of the wider population.
ANALYTIC RAREFACTION 1.3 software (Holland 2003) simulates the number
of haplotypes expected with each increment in sample size. The point at which a
plateau is reached is meant to indicate the point at which a sample size contains
a true representation of population diversity.
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Microsatellite DNA data

Evidence for null alleles and score errors was assessed using MICRO-CHECKER
2.2.3 (Van Oosterhout et al. 2004) with 1,000 iterations. Deviations from the
Hardy Weinberg equilibrium (HWE) were tested for across all sites and loci using
the exact test with a 106 Markov chain length and 105 de-memorization steps
implemented in ARLEQUIN 3.5 (Excoffier et al. 2005). A pairwise test (likelihood
ratio) of linkage disequilibrium (LD) was also carried out in ARLEQUIN 3.5 with
10,000 permutations. For both tests, significance values were estimated at 0.995
confidence after Sequential Bonferroni corrections.

Basic diversity indices (TABLE 3.3) calculated using Genepop included observed
and expected heterozygosity (Ho and He), number of alleles per locus, and the
inbreeding coefficient (Fis). Allelic richness, private allelic richness and number of
private alleles were calculated using Hp-rare. Allele frequency distributions were
then generated for each population and locus using GENALEX 6.5 (Peakall &

Smouse 2006: Peakall & Smouse 2012).

An FST outlier detection method was performed in LOSITAN to test the theory
of microsatellite loci neutrality (Antao et al. 2008). This method is able to
identify candidates under selection by analysing the relationship between FST and
heterozygosity (Beaumont & Nichols, 1996). Theoretically, loci under selection, or
loci that are linked to genes under selection, will appear as outliers when compared
with those influenced by drift and gene flow only. Both a stepwise (SMM) and
infinite allele (IAM) mutation model were performed using 100,000 simulations
and a confidence interval of 0.995. Then, to ascertain whether sample sizes were
large enough to contain a level of diversity representative of the population, allele
rarefaction curve graphs were generated. First, Hp-rare was used to generate a
number of discovered alleles for cumulative sampling size with each increment
being one individual. Secondly, the relationship between ‘discovered’ alleles and
cumulative sample sizes was investigated.
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3.3.2 Population structure

Mitochondrial DNA data

Analysis of Molecular Variance (AMOVA) was used to estimate the level of genetic
differentiation within and among sampling locations. Using ARLEQUIN 3.5, the
following four population groupings of P. americanus were tested, each with 10,000
permutations: The first simulation consisted of four ‘populations’; 1) Argentina
(ARG), 2) Perth, South West Capes, Albany, and Esperance, (PER, SWC, ALB,
ESP), referred to herein as ‘WA’, 3) Barcoo and Taupo Banks (BAR, TAU),
or ‘EA’, and 4) New Zealand (NZL). It was suspected that one or two of the
‘populations’ may have accounted for most of the ‘between group’ variation, so
another three groupings were tested, the first with three ‘populations’: 1) WA, 2)
EA, and 3) NZL. The other two consisted of two ‘populations’ only, 1) NZL and
all Australian sites (AUS), and 2) ARG and all AUS sites. All groupings were
based on potential genetic breaks identified elsewhere, and large geographic gaps.

Pairwise genetic differences (ΦST) were used to estimate the level of gene flow be-
tween all sites using 1000 permutations in ARLEQUIN 3.5. To determine whether
a pattern of Isolation-By-Distance was present, linearised ΦST values were plot-
ted against geographic distance (km) using GOOGLE EARTH 7.1. The distances
were based on the shortest possible distance, by sea, between two sites. Due to
the small sample size of TAU, this was again excluded from analyses. Coordi-
nate measurements were based on a point equidistant to the two sample locations.
Statistical significance of the linear regression was assessed using a Mantel test
conducted in ARLEQUIN 3.5 using 10,000 permutations. Bonferroni corrections
were made to reduce the chances of a type I error (incorrectly rejecting our null
hypothesis).

Microsatellite DNA data

Three approaches were used to measure genetic distance and estimate levels of ge-
netic differentiation between sites. First, Weir & Cockerham’s (1984) Fst analysis
was implemented using FSTAT 2.9.3.2. (Goudet 1995). Fst estimates were used
without assuming Hardy Weinberg equilibrium, 1000 iterations, 95% confidence
intervals, and Bonferroni corrections. Then, both G’st (Hedrick 2005) and Jost’s
D estimator, Dst (Jost 2008), were estimated using GENODIVE (Meirmans &
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Van Tienderen 2004). All three measures were used to account for the limitations
of each measure on their own. Fst, while widely used, bases genetic distance on
decreased heterozygosity, which, in multi-allelic data, could theoretically be high
even if sites contained a completely different set of alleles. With highly polymor-
phic microsatellite data, this can result in a downward bias in Fst values. While
both G’st and Jost’s D account for variation in the maximum obtainable distance
value, they are both often biased upwards instead. Jost’s D is measured using the
effective number of alleles rather than heterozygosity, however, it is also sensitive
to changes in mutation rate. Due to a lack of data at loci PAM010, PAM025, and
GH0OIK in ARG, these three loci were excluded from distance measures when
ARG was included in analyses. Linearised Fst values were later plotted again the
shortest geographical distance (km) by sea to test for a pattern of Isolation-by-
distance (IBD) in all samples, excluding ALB. ARLEQUIN 3.5.1 was also used to
determine significance using a Mantel test with 1,000 permutations.

Analysis of Molecular Variance (AMOVA) was then implemented in ARLEQUIN
3.5 using the following groupings: 1) ARG and Australasia grouped separately; 2)
ARG, AUS, and NZL grouped separately; 3) ARG, WA, EA, and NZL grouped
separately; and 4) ARG, WA, and the rest (EA and NZL) grouped separately.

Using STRUCTURE 2.3.4 (Pritchard et al. 2000), a Bayesian Clustering Analysis
was performed. Each cluster (K), which was set to a range of 1-7 and simu-
lated 10 times, is characterised by a set of allele frequencies which each individual
is then assigned to. Markov chain Monte Carlo (MCMC) simulations were run
10,000, 100,000, 400,000, and 1,000,000 times, after a burn-in period of 105 steps,
under both admixture and non-admixture models with the ‘locprior’ function im-
plemented. Delta K, used to estimate the value of K that best reflects the popula-
tion’s structure, was measured using STRUCTURE HARVESTER 0.6.94 (Earl &

VonHoldt 2012). A Factorial Component Analysis (FCA) was also conducted in
GENETIX (Belkhir et al. 2000) to visually examine the differences between each
individual in the sample using three main axes.
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3.3.3 Demographic history

Mitochondrial DNA data

The demographic history was investigated using three approaches. Firstly, the
neutrality tests Fu’f F (Fu 1997) and Tajima’s D (Tajima 1989) were calculated in
ARLEQUIN 3.5 using 1000 simulations to measure the number of segregating sites
in the data against the observed nucleotide diversity. Significant negative values
(P<0.02) indicate an excess of segregating sites given the observed nucleotide
diversity, expected in a population that has recently undergone expansion (Fu
1997, Tajima 1989).

The second approach was Mismatch distribution analysis, conducted in DNASP
5. Here, the frequency of pair-wise differences between haplotypes is measured.
The demographic history of a population may be inferred by the shape of the
distribution, which is expected to change under different scenarios. For example,
a unimodal distribution is expected in a population that has recently undergone
population expansion, whereas a multimodal or erratic distribution reflects more
long term stability (Rogers & Harpending 1992). To fit the data to a sudden ex-
pansion model (1000 replicates), both Harpending’s raggedness index (Harpending
1994) and the sum of squared deviations (SSD) were calculated using ARLEQUIN
3.5. The calculations were made by both treating all sites as one population for
each spp., as well as separating ARG, WA, EA, and NZL. To examine the changes
in population size, the demographic parameters 𝜏 , and 𝜃 were estimated from
the mismatch distribution in ARLEQUIN 3.5, and the equation t= t/2u (Rogers
& Harpending 1992), where 𝜇 is the mutation rate of the sequence (not per nu-
cleotide), was used to estimate a time since population expansion. The value of 𝜇
can be determined using the formula 𝜇= 2𝜇, where 𝜇 is the mutation rate per nu-
cleotide site and k is the number of analysed nucleotide base pairs. The mutation
rates of 2.0x10–8 proposed by Brown et al. (1979) for the vertebrate mitochon-
drial genome based on mammalian data and 3.6x10–8 calibrated by Donaldson &

Wilson Jr. (1999) for snook (Percoidei; Centropomidae) were used, both because
no mutation rate has been calibrated for Polyprion, and to remain consistent with
Lane et al. (2016), who used both mutation rates also.

Lastly, Bayesian skyline plots were constructed in BEAST 1.8.3 (Drummond et
al. 2012) for Australasia, excluding Argentina and South West Capes due to the
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differentiation observed between these sites and others. This method quantifies
the relationship between the genealogy of the sequences and the demographic
history of the population (Ho & Shapiro 2011). The Marko Chain Monte Carlo
simulations were run for 107 iterations with the HKY substitution model, and a
strict molecular clock. Two mutation rates were used; 2.0x10–8 and 3.6x10–8. The
results were checked, and skyline plots were constructed in TRACER (Rambaut
et al. 2014).

3.3.4 Mutation-drift equilibrium and bottleneck

Microsatellite DNA data

To determine whether samples were in mutation-drift equilibrium, a mode test
was implemented using BOTTLENECK 1.2.02 (Piry et al. 1999). This method
compares the proportion of alleles at low frequencies to an expected L-shaped
distribution in a population at equilibrium. When population sizes decrease and
the strength of genetic drift is stronger, alleles at low frequencies are eliminated
from the population sooner than those at a higher frequency, skewing the distribu-
tion. Allele frequency distribution plots were created using GENALEX (Peakall &

Smouse 2006, 2012). BOTTLENECK was again used to run a Wilcoxon sign-rank
test, which is also based on measures of heterozygosity. Three mutation models
were used for the simulation: (i) the Stepwise Mutation Model (SMM), ii) the
Infinite Alleles Model (IAM), and iii) the Two Phase Model (TPM). Analyses
were performed with 1000 iterations, and the TPM was set to 95 % single-step
mutations and 5% multi-step mutations.

3.4 Results

3.4.1 Genetic diversity

Mitochondrial DNA data

A total of 205 P. americanus DNA sequences from the mtDNA control region
were analysed in this study (TABLE 3.3). Although samples were taken from
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eight different sample sites in South America, Australia and New Zealand, more
than half of the samples (n=118) were from south-western Australia, and a large
number (n=42), from eastern Australia. Just 45 of the samples were from South
America and New Zealand. The sequences were aligned, and trimmed to 495bp
long. The sequences showed asymmetric base frequencies of A=0.34, C=0.21,
G=0.14, T=0.31. In total, there were 56 Polymorphic sites, with 45 of these being
parsimony informative. There were 54 polymorphic sites and two indels, and
the other two contained three indels. Hd ranged from 0.83824 in Barcoo Bank to
0.95652 in Esperance. In total, 67 haplotypes were present, 19 of which are present
in samples from the Perth Canyon. No haplotype was found at every site, however
the most abundant was haplotype 2, which was recorded at all sites except ARG.
All the mtDNA sequences found at the ARG site were private haplotypes (14).

Table 3.3: Summary statistics for P.americanus

Location long lat N h Hd S K

South West SWC 114.465 -33.6931 47 18 0.84921 24 4.18316
Capes
Albany ALB 118.8082 –35.0415 2 2 1 1 1
Perth PER 115.134 –31.9743 46 19 0.88889 28 4.67536

Esperance ESP 122.1227 –34.5 23 16 0.95652 22 5.73913
Barcoo BAR 156.25 –32.58333333 17 10 0.83824 24 4.64706
Taupo TAU 156.1666667 –33.16666667 25 15 0.93333 25 4.85333

New Zealand NZL 173.536668 –34.989566 25 14 0.92333 26 5.40667
Argentina ARG –62.666 -47.695 20 14 0.93684 17 4.35263

N=number of sequences, h=number of haplotypes, Hd=haplotype diversity, S= number of
segregating sites, K=number of pairwise differences, Hp=number of private haplotypes, and
𝜋=nucleotide diversity

The rarefaction analysis did not reach a plateau at any site, indicating that more
haplotypes would be discovered with a greater sampling size. The haplotype com-
bination and haplotype frequencies for each site (excluding ALB) are shown in
Figure 3.3. Note that the colours used in each pie are consistent with the colours
used in the Minimum Spanning Network. While haplotypes with a frequency
<0.04 are considered rare and are generally grouped together, in the case of ARG,
every private and rare allele is represented by a different shade of grey so that the
number of haplotypes present can still be seen.

The Minimum Spanning Network revealed the presence of one main haplotype, i.e.
haplotype 2. However, haplotype 16 was almost as abundant, and only found in
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Figure 3.1: Sampling locations and haplotype distribution for P.americanus
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Figure 3.2: Haplotype discovery curve.

samples from south-western Australia. Haplotype 12 was the next most abundant
haplotype which, like haplotype 2, is seen at all sites excluding ARG. The clus-
tering of private alleles in the network were completed segregated between ARG
and those from all other locations. The closed circles in the network correspond
to missing (non-sampled) mutational steps.

Figure 3.3: Haplotype genealogy of the mtDNA control region sequences. Each
colour represents a unique haplotype. The scale shown indicates the frequency of
each haplotype. Small, black circles represent putative mutational steps between

haplotypes
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Microsatellite DNA data

Of the 198 P. americanus samples that were genotyped, 176 were successfully
genotyped at eight or nine microsatellite DNA loci, and 22 samples were success-
fully genotyped at six loci. Of the 198 samples, two were from tissue samples
collected in ALB, 18 from BAR, 23 from ESP, 61 from PER, 51 from SWC, 34
from TAU, 22 from ARG, and just nine from NZL. Individuals were removed from
the data set when data was missing at three or more loci, except those from Ar-
gentina (ARG). Samples from ARG were analysed in microchecker using only six
of the loci due to missing data in most ARG samples at sites PAM010, PAM025,
and GH0OIK, which possibly reflects actual genetic differences, such as a mutation
at the primer site, rather than genotyping errors. Testing for homozygote excess
at 95% confidence provided no evidence of null alleles, except at one locus, at one
site (PER He=29.88, Ho=34). Having just two samples from ALB provided an
insufficient level of data to perform analyses for this site, and so was excluded
from HW and LD analyses, as well as rarefaction analyses. Summary statistics,
including observed and expected heterozygosity (Ho and He), allelic richness (Ar),
fixation index (Fis), and number of private alleles (PA) are provided in Table 3.4.

Table 3.4: Summary statistics for nine microsatellite loci.

Sample site N H0 He Ar PAr Fis PA

Argentina ARG 19 4.111 4.332 3.15 1.04 0.021
Albany ALB 2 NA NA NA NA NA

Esperance ESP 19 7.556 7.047 1.9 0.1 -0.065
Perth PER 46 14.625 16.313 1.88 0.08 0.087

South West Capes SWC 47 16.556 17.139 1.86 0.09 0.028
Barcoo banks BAR 18 7.444 7.751 1.93 0.14 0.004
Taupo banks TAU 35 12.444 11.829 1.8 0.08 –0.072
New Zealand NZL 12 4.444 4.598 1.99 0.15 0.019

N=sample size (N), H0=observed heterozygosity, He=expected heterozygosity,
Ar=allelic richness, Fis=fixation index, PA= number of private alleles

Sample sizes in this study were probably insufficient to capture the true level of P.
americanus diversity in the Southern Hemisphere. The allele rarefaction curves
for sites with the smallest sample sizes (ARG and NZL) do not reach plateau at
many of the loci, as can be seen at the most polymorphic locus, GJLKPX (see
Appendix B). At this locus, none of the curves reach a true plateau, however,
as can be seen in other loci, sites with the greatest sampling (SWC, TAU, and
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PER) appear to be almost at plateau. All rarefaction curves can be found in the
appendix.

After applying Bonferroni correction for multiple tests (p=0.0093, p(ARG)=0.0014),
all loci were found to be in Hardy-Weinberg equilibrium. Likewise, there was
no significant LD between any loci after correction for multiple tests (P=0.0014,
P(ARG)=0.0033). However, locus GJLSB2 was a candidate for positive or balanc-
ing selection under both a Stepwise Mutation (SMM) and Infinite Alleles Model
(IAM). PAM035 also showed signs of selection under SMM, but not under an IAM
(Figures 3.6 & 3.7). At these two loci the assumption of neutrality is rejected, thus
results from these two loci should be analysed with caution.

Figure 3.4: Correlation between ΦST and geographic distance

Figure 3.5: Correlation between ΦST and geographic distance, excluding ARG
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Figure 3.6: Fst outlier results under the Stepwise Mutation Model (SMM).
Both GJLSB2 and PAM035 are candidates for positive selection with He=0.289

and 0.650 respectively, and Fst=0.774 and 0.288 respectively

Figure 3.7: Fst outlier results under the Infinate Alleles Model (IAM). GJLSB2
is a candidate for positive selection with He=0.289 and Fst=0.774 and 0.288

3.4.2 Population structure

Mitochondrial DNA data

ΦST values indicate a significant level of genetic differentiation between Argentina
and all other sites in Australia and New Zealand (Table 3.5). The most prominent
difference is between ARG and SWC, with an Fst level of 0.60929. This is followed
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closely by 0.60465 between ARG and TAU. The only other statistically significant
differences are between SWC and NZL, and SWC and TAU. All significant differ-
ences remained after Bonferroni correction. There is a strong isolation-by-distance
pattern that can be observed when ARG is included in the analysis (R2=0.117),
however this pattern is much weaker once ARG is excluded (R2=0.052) (Figures
3.4 and 3.5).

Table 3.5: Pairwise ΦST values below the diagonal, with P<0.05 in bold.

NZL ARG BAR ESP PER SWC TAU

NZL 0 0.7334 0.26953 0.28711 0.00293 0.25684
ARG 0.57072 0 0 0 0 0
BAR –0.01761 0.58801 0.30273 0.85742 0.08887 0.15723
ESP 0.00865 0.56148 0.00585 0.41603 0.05664 0.05273
PER 0.00485 0.58719 –0.0214 –0.00186 0.07227 0.05859
SWC 0.07597 0.60929 0.03138 0.03724 0.02129 0
TAU 0.00919 0.60465 0.02139 0.03974 0.03539 0.15021

All values remained significant after Bonferroni correction. P-values are provided above
the diagonal.

The AMOVA data revealed that a significant portion of genetic differentiation,
almost 57%, can be attributed to the separation between ARG and Australasia
(AUS and NZL). When ARG is excluded from analyses, the percentage of variation
that can be attributed to between groups drops significantly and the percentage
of variation attributed to within sites increases. The variation between groups
within Australasia appears to be greatest between WA and EA at 3.39%. There
is no differentiation between EA and NZL which can be seen in the negative %Var
values between AUS/NZL and EA/NZL (Table 3.6).

Microsatellite DNA data

The pairwise FST analyses revealed significant differentiation between ARG and
all other sites, however no other pairwise analyses were significantly differenti-
ated, either before or after Bonferroni correction (Table 3.7). These results are
concordant with both the G’st and Jost’s D results, which revealed significant
differentiation between pairwise analyses involving ARG, yet between no others.
Jost’s D analyses provided the highest values (see Appendix B). The AMOVA
analyses were most supportive of a two-population model whereby AUS and NZ
represent one population, with ARG representing another (Table 3.8). Under this
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model, over 48% of genetic variation can be explained by between group variation.
The Mantel test supported a correlation between genetic and geographic distance.
However, this result was not statistically significant, nor was it present with ARG
removed from the analyses (R2= 0.105798,p=0.077).

The Bayesian Cluster Analysis implemented in STRUCTURE 2.3.4 supported
the two-model cluster, with K=2 best describing the allele frequency distribution
(Figure 3.8). Under the assumption of K=2, individuals from ARG are assigned
to one cluster, with individuals from all other sites assigned to the other cluster.
Results were the same in all three runs, however the figure shown, as well as the
numbers, are taken from the longest run of 400,000.

The FCA revealed the presence of two main clusters of individuals. As can be seen
in Figure 3.9, individuals from ARG all group together excluding one outlier in the
top right of the graph which sits on its own, with all other individuals grouping
closely in another cluster (Figure 3.10). reveals no pattern in the clustering of all
individuals when ARG is excluded.

3.4.3 Demographic history

Mitochondrial DNA data

High Harpending’s Index and SSD values indicate that a sudden expansion model
doesn’t provide a good fit in the P.americanus data, except in the case of NZL
with P(SSD)=0.22, and P(R)=0.24. This is concordant with the mismatch distri-
bution data, which deviated significantly from the distribution expected using a
model of population expansion (Figures 3.11–3.13). Under a model of population
expansion, a unimodal distribution is observed, with the number of pairwise dif-
ferences between haplotypes directly proportional to the frequency of occurrence.
In reality, the distribution of pairwise differences follows an erratic, multi-modal
distribution in P.americanus. This occurs both when all samples are examined
together, and when ARG is analysed separately to Australasia. Additionally, the
BSP’s lack in support for a recent population expansion (Figures 3.14 and 3.15).
In contrast, P.americanus appears to have had a more stable historical population
size with small increments in population size over the past 115,000 and 200,000
years.
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Table 3.7: Pairwise FST (𝜃) values below the diagonal, significant values
after bonferroni correction indicated with *

AB AE AP AS AT AAR N

AB NS NS NS NS * NS
AE –0.0004 NS NS NS * NS
AP –0.0068 0.0126 NS NS * NS
AS 0.0083 0.0381 –0.0041 NS * NS
AT 0.0114 0.0569 0.0037 0.0122 * NS

AAR 0.4817 0.4724 0.4592 0.4732 0.4841 *
N –0.0186 -0.0011 –0.0124 0.0039 –0.0001 0.4684

Figure 3.8: Results for the Bayesian structure analysis of P.americanus as-
suming k=2 genetic clusters. Each line represents an individual. Individuals are

ordered by site.
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Figure 3.9: Factorial components analysis (FCA) of P.americanus. The outlier
in top right of the graph is an ARG individual.

Figure 3.10: Factorial components analysis (FCA) of P.americanus excluding
ARG samples.

The timing of population expansion is estimated to be between 202,070 and
112,261 years ago (ya), using the mutation rates 2.0x10–8 and 3.6x10–8 respec-
tively. The site that is estimated to have experienced expansion most recently is
EA, at 146,818 to 81,565 ya, with WA experiencing expansion the earliest, from
190,328 to 105,737 ya. NZL, which fits the sudden expansion model the best, is
estimated to have expanded between 176,868-98,260 ya (Table 3.8).
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Figure 3.11: Mismatch distribution of all pairwise differences for all sites.
Freq. expected is under a model of population expansion.
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Figure 3.13: Mismatch distribution of all pairwise differences for Argentina.
Freq. expected is under a model of population expansion.

Figure 3.14: Bayesian skyline plot with 𝜇=2.0x10–8. Time=time before
present. Y axis=effective population size.
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Figure 3.15: Bayesian skyline plot with 𝜇=3.6x10–8. Time=time before
present. Y axis=effective population size.
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3.5 Discussion

3.5.1 Genetic diversity

The observed levels of haplotype diversity were high across all sites, indicative of
large historical population sizes (Varela et al. 2013). This result is fairly typical for
a marine species, which tend to have larger populations than similar freshwater
species. This is partially due to their wider geographic ranges in environments
that do not tend to limit gene flow, and this creates large effective population
sizes which reduces their susceptibility to strong drift (DeWoody & Avise 2000).
Larger populations are able to hold more haplotypes, with a larger population
size increasing the potential for new mutations and reducing the strength of drift,
leading to higher levels of diversity (Shaw et al. 1999).

The mtDNA and microsatellite DNA results support a two-population model for
P. americanus in the Southern Hemisphere. The level of differentiation between
Argentina and all other locations suggests that Argentina is an isolated and de-
mographically distinct group. Ball et al. (2000) also reported on two southern
P.americanus populations based on microsatellite DNA analysis: A Brazilian, or
South Western Atlantic stock; and a Pacific stock comprising of individuals from
eastern Australia and New Zealand. There was too much missing data at the mi-
crosatellite loci PAM010, PAM025, and GH0OIK in the ARG samples to include
these loci in further analyses of the Argentina site. However, the only null allele
detected in Australasia was found at one locus in the Perth samples. Null alleles
are important in population genetic studies as, although they may represent a
technical problem, they often represent a mutation at a primer site (Chapuis &

Estoup 2007).

The present study found some evidence of differentiation between Western Aus-
tralia and the rest of Australasia; however that result only appears in the pairwise
comparisons with South West Capes when using the mtDNA data. This poten-
tially reflects a need for greater sampling, as was determined from the rarefaction
curves. In contrast to the results from this study, Sedberry et al. (1996) was unable
to detect any significant differentiation within the Southern Hemisphere. Differen-
tiation within Australasia in deep-sea teleosts has previously been recorded. For
example, Elliot et al. (1998), using allozyme markers, detected evidence for three
geographic stocks of spiky oreo (Neocyttus rhomboidalis) in Australasian waters:
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1) East coast of New Zealand, 2) Western and South Australia, and 3) west-
ern Tasmania to New South Wales. Future P. americanus genetic studies that
included samples from the western Indian Ocean could add an important site, es-
pecially because it has been speculated that a third species of Polyprion exists off
South Africa, with distinct morphological differences and ‘alleles’ observed (Ball
et al. 2000, Robert 1986). In contrast to the findings here and with Elliot et al.
(1998), Varela et al. (2013) was unable to detect significant levels of differenti-
ation amongst Southern Hemisphere populations of orange roughy (Haplostethus
atlanticus) using mitochondrial DNA. This is surprising given the geographical
distances between the sites sampled (Australasia, Namibia, and Chile), however
panmictic structuring possibly arises from their ability for dispersion as adults and
their longevity (Varela et al. 2013).

As mentioned in chapters 1 and 2, population structure can generally be placed
into three continuous categories: 1) Panmixia (no differentiation), in which ge-
netic homogeneity prevails over the geographic region considered; 2) Isolation-by-
distance (continuous change), in which the genetic composition changes continu-
ously over space; and 3) Distinct populations, where gene flow is small enough to
permit genetic divergence among closely related populations (Laikre et al. 2005).
P.americanus structuring appears to lie along the continuum closer to panmixia
at smaller scales, with some differentiation at larger scales. The Mantel test did
not support a model of isolation-by-distance.

Argentina

P.americanus experience pan-oceanic mixing in their juvenile years through their
association with flotsams. It isn’t until they mature at four years that they migrate
downwards and potentially display greater homing behaviour. In the Northern
Hemisphere this has resulted in the production of one large panmictic population
with juveniles moving westward with the major currents before migrating deeper
off the Azores (Sedberry et al. 1996). While it appears that P.americanus are
genetically one population in eastern Australia and New Zealand, P.americanus,
for whatever reason, are not able to utilise the dominant circumpolar flow in
the Southern Hemisphere which largely connects the Atlantic, Pacific, and Indian
Oceans (Gordon 1971, Ball et al. 2000). This is potentially due to the summer sur-
face temperatures (<10∘C) in the Antarctic Circumpolar Current or West Wind
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Drift, which are cooler than waters that Polyprion have previously been observed
in (Sedberry et al. 1999, Ball et al. 2000). Argentina represents a distinct genetic
stock, supported by both the mtDNA and microsatellite DNA data. All ΦST, Fst,
Jost’s D, and G’st pairwise comparisons involving ARG were significantly differ-
entiated. Further, AMOVA, STRUCTURE analysis, and FCA analysis supported
the separation of Argentina from Australasia.

Australasia

Using indirect genetic approaches, populations are defined by a number of mi-
grants, not a proportion. In larger populations this means that demographically
uncoupled populations may be left unidentified purely because the number of mi-
grants may be too high to detect differentiation. For example, 120 migrants would
have a larger ecological effect on a population of 1000 than it would on a population
of 100,000 (Hauser & Carvalho 2008, Ward 2000). In this way, microsatellite DNA
markers can provide limited value for detecting differentiation. A population size
one quarter that of microsatellite DNA markers means that mtDNA may reach
equilibrium sooner and provide detectable differentiation where nuclear markers
cannot (Hauser & Carvalho 2008, Vigliola et al. 2007). On the other hand, the
high mutation rate of microsatellite DNA can compensate for this. With this in
mind, there are two possible origins for the discordance between the mtDNA and
microsatellite DNA markers in the Australasian samples:

1. An excess of heterozygotes in the microsatellite DNA markers has reduced
the Fst values in the current study. This is common in species with large
effective population sizes that can accumulate more mutations than smaller
populations. Larger populations also take longer to reach mutation-drift
equilibrium. Populations that have recently undergone bottleneck contrac-
tion can also have inflated levels of heterozygosity. However, the observed
heterozygosity for South West Capes does not differ significantly from ex-
pected levels (Ho= 16.6, He=17.1) (Holsinger & Weir 2009). Conversely,
microsatellite DNA tends to accumulate mutations at a faster rate than
mtDNA, which can lead to high levels of homoplasy in a data set.

2. A second possibility, and one that seems more plausable, is that the differ-
entiation observed in the mtDNA reflects historical patterns, but the con-
temporary populations are in secondary contact . This is one reason why
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multiple loci and marker types are preferable in population genetic studies.
For example, mtDNA and microsatellite DNA were used to detect varia-
tion at different geographical scales in Atlantic herring stocks of C.harengus.
While the microsatellite DNA detected variation at a finer scale within the
Atlantic, the mtDNA was able to detect variation between the Pacific and
Atlantic Ocean basins that was undetected using microsatellite DNA mark-
ers (Shaw et al. 1999).

If genetic differentiation detected in the data set does faithfully match the con-
temporary structure of the populations, it might suggest that the unique current
systems in Australia are more important for maintaining the genetic connectiv-
ity of P.americanus than geographic proximity as proposed for P.oxygeneios in
Chaper 2 (Aboim et al. 2005). While the East Australian Current is effective at
transporting pelagic larvae offshore for most parts of the year (Condie et al. 2011)
the Leeuwin current entrains larvae, carrying them south. While P.americanus
juveniles are not passive larvae, the flotsams that they are associated with are
completely passive and are transported via currents in the same way as passive
larvae. Thus, the flow of currents around Australia could both promote mixing
between eastern Australia and New Zealand, and limit mixing between Western
and eastern Australia, with a potential source-sink population scenario occurring
(Hauser & Carvalho 2008). There are examples of current systems controlling
gene flow among pelagic fish populations. For example, Blue Mackerel in Aus-
tralia potentially utilise the East Australian Current system to disperse into more
productive waters off of New Zealand, consistent with the genetic homogeneity
observed between these areas (Condie et al. 2011, Scoles et al. 1998). Blue Mack-
erel are different in that their juvenile phase is relatively short when compared
to Polyprion (29 days or less), however their juveniles are transported passively
by current systems (Scoles et al. 1998). There are deep-sea examples also. The
Benguela Current system in the southeastern Atlantic likely forms a historical
and contemporary barrier to gene flow in the deep-sea bluemouth (Atractoscion
aequidens), as seen using both mtDNA and microsatellite DNA markers (Aboim
et al. 2005).
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Demographics

NZL is the only site that appears to fit a model of sudden population expansion.
All other sites fit a model of constant population size, common in deep-water
species which tend to be less affected by environmental changes connected to
glacial cycles (Gaithier et al. 2011). In contrast, P.oxygeneios in New Zealand is
reported to have high levels of both haplotype and nucleotide diversity, and does
not fit a model of population expansion (Lane et al. 2016). After losing genetic
variation through a bottleneck event, a population will accumulate haplotype di-
versity faster than nucleotide diversity (Lane et al. 2016, Varela et al. 2013). When
a population reaches mutation-drift balance, the number of haplotypes plateaus,
and the ratio of haplotype diversity to nucleotide diversity decreases (Lane et al.
2016). Thus, by plotting haplotype diversity against nucleotide diversity, the post
bottleneck stage of a population can be seen (Lane et al. 2016). Although pop-
ulation size expansion in NZL has possibly followed a bottleneck effect, further
sampling from around NZL is needed to create a more holistic picture of the area.
There was no evidence for heterozygotic excess in NZL, common in populations
that have recently undergone population contraction. There was also no statistical
support for the negative Fu’s F value either (p>0.05). However, heterozygosity
measures are less sensitive to the effects of Bottleneck than other measures, such as
allelic diversity (Allendorf et al. 2007). The figures for population size expansion
in NZL fall within the Pleistocene period (176,868-98,260 ya) which had a large
effect on coastal species in New Zealand. There is evidence that P.oxygeneios
once inhabited shallower waters in New Zealand (Maxwell 2011). This could pos-
sibly apply to P.americanus also. Of potential importance to note is that false
differentiation has been detected in populations that have recently undergone bot-
tleneck effects, as these populations are not always in drift-equilibrium (Hauser &

Carvalho 2008).

The high number of unsampled mutational steps in the haplotype network supports
the existence of a stable Polyprion population in the Southern Hemisphere. A
population that has recently undergone expansion will typically display a star-
shape pattern (Xiao et al., 2010). A constant, and stable population is further
supported by the BSP’s, which do not support the existence of a single expansion
event in the last 100,000- 200,000 years using the mutation rates of 3.6x10−8

and 2.0 x10−8. The data from the mismatch distributions estimate a population
expansion time of ∼200,000–115,000 ya, which potentially supports the BSP’s if
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the earlier time of 200,000 ya is appropriate. The timing of a population expansion
is however hugely dependent on the chosen mutation rate (Varela et al. 2013),
which has not been calibrated for Polyprion.

Implications for fisheries management

Genetic differentiation seen in mtDNA is thought to reflect historical patterns to
gene flow, however management decisions are usually based on current levels of
exploitation and migration (Hauser & Carvalho 2008). From the results seen here
in the msat DNA, it could be assumed that the physical boundaries separating
South West Capes from other areas have disappeared, with secondary contact
having since occurred. However, low levels of genetic differentiation observed in
msatDNA should be considered carefully. Microsatellite DNA is more prone to
effects of homoplasy and requires large sample sizes. Further, a lack of genetic
differentiation does not necessarily equate to demographic connectivity (Lowe et
al. 2010). With more biological and genetic data, the origin for the observable
differentiation could be studied, which would be hugely beneficial for policy mak-
ers. Temporal and spatial replicates could confirm the presence of weak genetic
differentiation in the msat DNA data (Hauser & Carvalho 2008).

Summary

In summary, the Southern Hemisphere appears to consist of two discrete pop-
ulations of P.americanus. There is detectable variation between Western Aus-
tralia and the rest of Australasia, however the demographic implications, namely
whether this reflects historical or contemporary gene flow, of this differentiation
are unknown. Further, greater sampling from sites in New Zealand is needed
to determine whether Australasia truly represents one biological population. If
P.americanus has a similar structuring to P.oxygeneios then there could possibly
be more than one population present in New Zealand. Future sampling from the
Western side of the Indian Ocean would also be beneficial, especially given the
speculation of a third Polyprion species (Ball et al. 2000).
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4.1 General

This study was the first to use both mtDNA and microsatellite DNA markers
to examine the genetic connectivity of both Polyprion species in the Southern
Hemisphere. The results of the analyses of genetic data from both species means
the null hypothesis of overall panmixia was rejected, with significant levels of
genetic differentiation observed at both the small and the large scales. The findings
of this thesis research advanced on the findings made in previous studies of P.
americanus. Ball et al. (2000) detected significant levels of differentiation for P.
americanus based on an analysis of microsatellite DNA markers. A prior study
of P. oxygeneios (Lane et al. 2016) lacked a large set of samples from a broad
ranges of locations. The finding of genetic differentiation between Argentina, Cape
Town, and Hokitika with sites in Australasia most likely supports a stock model
of demographically uncoupled populations, which is important information for
fishery management.

4.1.1 Genetic diversity and population structure

Both Polyprion species have highly mobile adults and juveniles with a long pelagic
phase. These characteristics led to the assumption that Polyprion would be more
or less one large homogenous population in the Southern Hemisphere, similar
to their Northern Hemisphere counterparts (Ball et al. 2000, Sedberry et al.
1999). In contrast to expectations, differentiation exists between P. oxygeneios at
the sample site near South Africa and sites in Australasia. Hokitika in the New
Zealand EEZ was differentiated from many other sampled locations based on the
msatDNA data, and the Chatham Islands sample location was significantly differ-
entiated based on the mtDNA data only. Mitochondrial DNA analyses revealed
differentiation between P. americanus in Argentina and all other sampled sites in
the Southern Hemisphere. Although Ball et al. (2000) reported a similar pattern
of genetic structure, their findings were only based on the use of microsatellite
DNA markers. In addition, that study lacked samples from locations in Western
Australia, which was an area that this thesis research did sample and the mtDNA
results showed to be differentiated from other Australasian locations. With the
use of genetic markers, differentiation is commonly detected between sites that
were previously assumed to be homogenous (Hedgecock et al. 2007). For exam-
ple, Atlantic Cod (Gadus morhua) exhibit differentiation at relatively small spatial
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scales (<3000km), despite being capable of long distance migration with a broad
geographical distribution. It is thought that oceanographic features (i.e. gyre-like
eddies) ‘trapping’ cod are more important in determining patterns of genetic con-
nectivity than distance (Ruzzante et al. 1998). In contrast, Varela et al. (2012)
recently reported Orange Roughy in Australasian waters to be largely homogenous
despite there being large distances between sample sites. These results highlight
the importance of studying each species on a case by case basis (Hauser & Seeb
2008).

Previously published research that used mtDNA was unable to detect a significant
level of differentiation among P. americanus in the Southern Hemisphere (Ball
et al. 2000, Sedberry et al. 1996). The large population sizes that are typical
for marine fish mean that to detect low levels of differentiation, a large number
of samples are required to obtain adequate statistical power, compared to other
species, such as freshwater fish that tend to be more highly structured due to limits
in their dispersal opportunities. It is possible that the sample sizes reported in Ball
et al. (2000) of 28 samples from Brazil and 30 samples from New Zealand were
too low to detect differentiation. However, the sample sizes from many locations
in the present study were comparable to Ball et al. (2000). Sedberry et al. (1999)
proposed the possibility of a distinct P. oxygeneios stock in northern New Zealand,
however based on the genetic data presently available, there is no evidence to
support that type of structure. A more substantial sample from New Zealand sites
might provide a more definitive statistical test of Sedberry’s stock hypothesis.

New alleles are brought about by mutations which are either lost, or become fixed
in a population through selection and random genetic drift. The movement of in-
dividuals acts to homogenise populations, and it is the balance between mutations
and migration that results in the genetic structure that can be observed in a pop-
ulation. In general terms, population genetic structure can be placed into three
categories: 1) Panmixia (no differentiation), in which genetic homogeneity pre-
vails over the geographic region considered; 2) Isolation-by-distance (continuous
change), in which the genetic composition changes continuously over space; and 3)
Distinct populations, where gene flow is small enough to permit genetic divergence
among closely related populations (Laikre et al. 2005). Distinct populations and
isolation-by-distance is common in species where proximity is an important factor
for mating success or opportunity. The relative genetic homogeneity of Polyprion
suggests that migration over large geographic distances is relatively common, and
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supports assumptions that both species travel with currents as juveniles in the
Southern Hemisphere (Ball et al. 2000, Lowe et al. 2010).

However, there are several characteristics of Polyprion and its environment that
might limit gene flow. First is that reproduction might occur in aggregations of fish
that form at scales much smaller than the potential dispersal range of Polyprion
(Broquet et al. 2012) and that they tend to migrate in more-or-less stable groups
between spawning and feeding areas. A strongly cohesive reproductive unit might
have a small genetic effective population size, which would subject it to strong
genetic drift. However, very little is know about their reproductive behaviour,
breeding locations-, and the levels of relatedness within a reproductive aggregation
(Lane et al. 2016, Wakefield et al. 2010; 2013). Second, post-settlement selection
might be an important factor in a heterogenous environment driving selection for
locally adapted variants (Broquet et al. 2012). Temporal genetic studies with
high resolution genomic markers would be needed to determine the stability of the
genetic variation through time and identify candidate genes for selection. There is
also the possibility that the genetic differences observed in contemporary studies
are a reflection of historic barriers to gene flow, but modern populations have now
come back into secondary contact (Lane et al. 2016). With differentiation found
only from the analysis of the mtDNA data, and not using the msatDNA data, it
lends credibility to the idea there was in the past a lack of gene flow between P.
americanus in South West Capes and other locatons.

Of all the potential physical barriers, oceanic currents are cited as a major factor
connecting the northern P. americanus (Sedberry et al. 1999). It has already been
discussed as a possible mechanism for the differentiation observed between South
America and other southern sites (Ball et al. 2000, Lane et al. 2016). Although
there are no obvious physical barriers to P. oxygeneios between Hokitika and
other sites (Ross et al. 2009, Lane et al. 2016), there is the strong potential
for oceanic currents to act as barriers between Cape Town and other sites, and
Western Australia with the rest of Australasia (Condie et al. 2011, Beckley et
al. 2009). The Benguela and Agulhas currents are the predominant currents
off South Africa, however neither is directly connected to Western Australia or
other parts of Australasia. Further, while the East Australian Current is effective
at transporting pelagic larvae offshore for most parts of the year (Condie et al.
2011) the Leeuwin current entrains larvae, and transports them south (Molony
et al. 2011). P. americanus juveniles are not passive larvae, however they have
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a strong association with flotsams which are completely passive and transported
via surface currents in similar ways that currents might transport passive larvae.
Thus, the flow of currents around Australia could both promote mixing between
eastern Australia and New Zealand, and limit mixing between western Australia
and the rest of Australasia (Condie et al. 2011). There are examples available for
other commercial demersal fish species showing the current systems in Australia
to affect recruitment (Condie et al. 2011), including King George Whiting (Fowler
et al. 2000, Jenkins et al. 2000) and Blue Grenadier (Bruce et al. 2001).

4.1.2 Polyprion taxonomy

The results from this thesis research were not inconsistent with the idea that
there are more than two species of Polyprion in the Southern Hemisphere. Firstly,
the level of differentiation observed between P. oxygeneios in South Africa and
Australasia (Fst>0.16 at all sites) was consistent with the findings reported by both
Robert (1986), who recorded distinctive morphological features in what is thought
to be four P.americanus individuals, and Ball et al. (2000) who reported that a
third species of Polyprion exists off South Africa. Secondly, the results support
the findings that P. moene and P. oxygeneios are the only valid species in New
Zealand’s EEZ (Ball et al. 2000). P. americanus in New Zealand was previously
recorded as a separate species, P. moene, but was synonymised with P. americanus
by Robert (1986). However, the levels of differentiation within P. americanus were
sometimes greater than between the two species of Polyprion in Ball et al. (2000).
For example, the pairwise difference between P. americanus in New Zealand and
Brazil using the diversity measure (𝛿𝜇)2 is 81.93 in comparison to 31.90 between
Brazil and P. oxygeneios. The P. americanus samples from the Australian and
New Zealand sample sites in the present study were largely undifferentiated which
supports the idea that both sites contained the same species. In which case, P.
moene would be present throughout Australasia.

4.1.3 Demographics

The Pleistocene period (>10,000 years before present) was punctuated by a series
of large glacial-interglacial changes, known to coincide with large bottleneck and
expansion events in many coastal species. Deep-water species, such as Polyprion,
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may be less affected by fluctuating environmental conditions associated with glacial
cycles, however there is evidence that P. oxygeneios once inhabited shallower wa-
ters in New Zealand (Maxwell et al. 2011). During this time period, P. oxygeneios
appears to have experienced population expansion, expanding earlier in Australia
than New Zealand. P. americanus in New Zealand also fits a model of population
expansion, however the estimated time period is much earlier at 176,868-98,260
years ago (ya) in contrast to P. oxygeneios, which appears to have expanded
18,000-33,000 ya. P. americanus in the rest of the Southern Hemisphere does
not fit a model of population expansion. During the last glacial maximum, sea
levels in New Zealand were much lower, exposing more land than is currently seen
today, and joining the three main islands. It has previously been speculated that
Cook Strait in New Zealand could be a possible spawning site for P. oxygeneios
(Paul 2002). This site would not have been underwater during the last glacial
maximum, meaning another spawning site in New Zealand or elsewhere proba-
bly existed. With Cook strait cut off, P. oxygeneios in Hokitika along the west
coast of New Zealand potentially spawned in a separate location to P. oxygeneios
elsewhere in New Zealand, fitting with the hypothesis that the observable differ-
entiation between this site and others reflects historical differentiation. Although
it is speculative, it is probable that P. americanus dispersed into the Southern
Hemisphere before P. oxygeneios speciated, supported by an earlier expansion
time, and a more stable population history.

4.1.4 Management

While it is typically harmless to over-split a stock, harvesting a group of individ-
uals that belong to separate populations as if they are a single group (termed a
mixed-stock fishery), may result in the loss of genetic diversity in one or more of
the sub-populations (Allendorf et al. 2008). Currently the New Zealand HPB
(Hapuku-Bass) fishery is separated into eight stocks, however the HPB stock
boundaries might be over-split in New Zealand, with the results here suggest-
ing that P. oxygeneios in New Zealand likely represent one panmictic population,
with some fine scale differentiation observable. While additional markers may
reveal further levels of differentiation within the New Zealand EEZ, the data pre-
sented here provides genetic support for the current management of Hokitika as
a separate stock to the rest of New Zealand only. The management areas in New
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Zealand are divided up based on geographic features and concentrations of fish-
ing effort. The stock boundaries themselves differ from the boundaries used to
determine regional yields, or the tonnage of fish extracted from an area (Paul
2002). Cook Strait, for example, is situated on the borders of three stocks, HPB
2, HPB 7, and HPB8. While a maximum sustainable yield (MSY) is used to set
the respective total allowable commercial catches (TACC) of each stock in order
to reduce over-exploitation, it is currently unknown how relevant stock boundaries
are to the natural population boundaries of P. americanus (MPI Science Group
2015). The inclusion of P. americanus samples from throughout New Zealand
in future analyses is necessary to determine whether the stock boundaries in the
HPB fishery reflect natural population boundaries of both Polyprion species.

In south-western Australia, annual commercial catches of Polyprion have increased
since the first recorded state commercial landings in 1986 (Wakefield et al. 2010).
Compared to the 2179 t caught in the New Zealand fishery (2002), the south-
western Australian catch is relatively small at 18 t in 2010. The smaller Aus-
tralian fisheries are partially due to nutrient poor waters that do not support high
productivity (Paul 2002; Molony et al. 2011). Despite the low recordings and the
risk status reported as moderate (Fletcher & Santoro 2015), the current resource
has previously been suggested to be fully exploited in south-western Australia
(Wakefield et al. 2010). If the differentiation observed between P. americanus
in South West Capes and other sites reflects contemporary differentiation, this
suggests either a physical barrier between this site and others, or potentially the
effects of fishing in the area. Temporal and spatial replicates could confirm the
presence of weak genetic differentiation (Hauser et al. 2008). Differentiation at
mtDNA loci is however usually considered to reflect historical barriers to gene flow
which is slower to ‘evolve’ than nuclear loci (Schloetterer et al. 2004). Further, the
differentiation was not observed in P.oxygeneios either, which might be expected
given the ecological similarities between both species.

4.2 Summary

Increasing fishing exploration into deep-water coupled with a higher inherent vul-
nerability of Polyprion species creates a strong need to better understand the
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population connectivity. Polyprion are relatively long lived and have a low re-
productive output (K-selected biology), rendering them more vulnerable to over-
exploitation than faster growing fish species with a greater reproductive output
(R-selected species). In general, Polyprion can be considered panmictic, with dif-
ferentiation observable between ocean basins. Whether this differentiation reflects
speciation or strong population differentiation is uncertain, however it is probable
that currents in the Southern Hemisphere play an important role in connectivity
patterns for both Polyprion species. In general, P. americanus appears to be a
more stable population than P. oxygeneios, potentially reflecting a greater amount
of time present in the Southern Hemisphere. The expansion times for both species
fall within the Pleistocene period, marked by many changes to coastal topogra-
phy and thus genetic connectivity patterns in many marine species (Maxwell et
al. 2011). While in New Zealand the management areas of HPB incorporate the
fine scale differentiation observed within P. oxygeneios, it is uncertain whether
this is applicable for P. americanus also. The south-western Australian stocks of
Polyprion may already be overfished, and so the potential differentiation observed
between South West Capes and other sites should be viewed with caution.
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Figure A.1: Allelic Frequency Distribution for the microsatellite locus
GG0OQ6A. Allele sizes are given in base pairs of PCR products.
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Figure A.2: Allelic Frequency Distribution for the microsatellite locus
GG0OQ6A. Allele sizes are given in base pairs of PCR products.
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Figure A.3: Allelic Frequency Distribution for the microsatellite locus
GH0OIK. Allele sizes are given in base pairs of PCR products.
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Figure A.4: Allelic Frequency Distribution for the microsatellite locus
GH0OIK. Allele sizes are given in base pairs of PCR products.GH0OIK
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Figure A.5: Allelic Frequency Distribution for the microsatellite locus
GJLKPX. Allele sizes are given in base pairs of PCR products.
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Figure A.6: GJLKPX
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Figure A.7: GJSLB2
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Figure A.8: GJSLB2
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Figure A.9: PAM010
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Figure A.10: PAM010
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Figure A.11: PAM017
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Figure A.12: PAM017
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Figure A.13: PAM021
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Figure A.14: PAM021
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Figure A.15: PAM025
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Figure A.16: PAM025
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Figure A.17: PAM035
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Figure A.18: PAM035
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0

2

4

6

8

10

12

14

16

18

20

0 20 40 60 80 100 120

N
u

m
b

er
 o

f 
al

le
le

s

Number of genotyped individuals

GJLKPX

Albany

Cape Town

Esperance

Perth

South West
Capes
Cook Straight

Hawkes Bay

Makara

Otago

Chatham

Figure A.31: GJLKPX geno

0

2

4

6

8

10

12

14

16

0 20 40 60 80 100 120

N
u

m
b

er
 o

f 
al

le
le

s

Number of genotyped individuals 

GJSLB2

Albany

Cape Town

Esperance

Perth

South West Capes

Cook Straight

Hawkes Bay

Makara

Otago

Chatham

Hokitika

Leigh

Paremata
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Figure A.33: PAM010 geno
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Figure A.34: PAM017 geno
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Figure A.36: PAM025 geno
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Figure A.37: PAM035 geno
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Figure A.39: Factorial components analysis (FCA) of P. Oxygeneios excluding
CAP samples

Figure A.40: Factorial components analysis (FCA) of P. Oxygeneios excluding
HOK samples
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Table A.2: Results from the Wilcoxon bottleneck test for P. oxygeneios

IAM TPM SMM
Population Loci N H0 He p H0 He p H0 He p

ALB 9 91 7 5.42 0.236 3 5.33 0.108 2 5.29 0.029
CAP 9 13 4 4.44 0.51 3 4.56 0.22 2 4.76 0.05
ESP 9 53 5 5.39 0.52 3 5.42 0.1 3 5.29 0.11
PER 9 40 8 5.39 0.07 4 5.46 0.25 2 5.33 0.03
SWC 9 92 7 5.35 0.22 4 5.35 0.28 2 5.36 0.03
COO 9 50 9 5.36 0.01 6 5.34 0.46 4 5.32 0.28
HAW 9 42 7 5.34 0.22 6 5.41 0.48 2 5.28 0.03
MAK 9 32 6 5.4 0.48 3 5.43 0.1 1 5.42 0.004
OTA 9 98 8 5.35 0.07 7 5.3 0.21 6 5.33 0.46
CHA 9 86 8 5.37 0.07 7 5.38 0.23 2 5.33 0.03
HOK 9 98 8 5.4 0.07 7 5.34 0.3 0 5.35 0.0003
LEI 9 100 7 5.36 0.22 5 5.31 0.54 4 5.32 0.29

IAM=infinate alleles model, TPM=two phase model, SMM=stepwise mutation model,
N=sample size, H0=observed heterozygosity, He=expected heterozygosity, and p=p-value
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Figure B.1: Allelic Frequency Distribution for the microsatellite locus
GGOQ6A. Allele sizes are given in base pairs of PCR products.
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Figure B.2: Allelic Frequency Distribution for the microsatellite locus
GH0OIK. Allele sizes are given in base pairs of PCR products.
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Figure B.3: Allelic Frequency Distribution for the microsatellite locus
GJLKPX. Allele sizes are given in base pairs of PCR products7.
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Figure B.4: Allelic Frequency Distribution for the microsatellite locus
GJSLB2. Allele sizes are given in base pairs of PCR products.
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Figure B.5: Allelic Frequency Distribution for the microsatellite locus
PAM010. Allele sizes are given in base pairs of PCR products.
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Figure B.6: Allelic Frequency Distribution for the microsatellite locus
PAM017. Allele sizes are given in base pairs of PCR products.
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Figure B.7: Allelelic Frequency Distribution for the microsatellite locus
PAM025. Allele sizes are given in base pairs of PCR products.
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Figure B.8: Allelic Frequency Distribution for the microsatellite locus
PAM035. Allele sizes are given in base pairs of PCR products.
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Figure B.9: Rare allele graph for Argentina.
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Figure B.10: Rare allele graph for Perth.
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Figure B.11: Rare allele graph for South West Capes.
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Figure B.12: Rare allele graph for Esperance.
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Figure B.13: Rare allele graph for Taupo Bank.
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Figure B.14: Rare allele graph for Barcoo Bank.
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Figure B.15: Rare allele graph for New Zealand.
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Figure B.16: Rarefaction curve for the locus GG0OQA.
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Figure B.17: Rarefaction curve for the locus GH0OIK.
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Figure B.18: Rarefaction curve for the locus GJLKPX.
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Figure B.19: Rarefaction curve for the locus GJSLB2.
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Figure B.20: Rarefaction curve for the locus PAM010.

1

1.5

2

2.5

3

3.5

4

4.5

0 10 20 30 40 50 60 70 80 90 100

N
u

m
b

e
r 

o
f 

al
le

le
s

Number of genotyped individuals

PAM017

Barcoo

Esperance

Perth

South West Capes

Taupo

Argentina

New Zealand

Figure B.21: Rarefaction curve for the locus PAM017.
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Figure B.22: Rarefaction curve for the locus PAM021.
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Figure B.23: Rarefaction curve for the locus PAM025.
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Figure B.24: Rarefaction curve for the locus PAM035.
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Figure B.25: Rarefaction curve for the mtDNA analysis in P. americanus.



Appendix B. Additional information for P. americanus 136

Table B.1: G’ST and Jost’s D results excl. 3 loci. G’st levels below
with jost’s above

AB AE AP AS AT AAR N

AB –0.001 –0.005 0.006 0.006 0.59 –0.013
AE –0.001 0.01 0.03 0.04 0.631 –0.001
AP –0.007 0.012 –0.002 0.003 0.594 –0.009
AS 0.009 0.038 –0.003 0.008 0.605 0.004
AT 0.01 0.054 0.004 0.013 0.555 –0.001

AAR 0.477 0.469 0.465 0.48 0.481 0.581
N –0.018 –0.001 –0.012 0.006 –0.001 0.463

Table B.2: Results from the Wilcoxon bottleneck test for P. americanus

IAM TPM SMM
Population Loci N H0 He p H0 He p H0 He p

PER 9 86 3 4.49 0.24 2 4.67 0.06 1 4.76 0.01
SWC 9 92 3 4.8 0.19 3 5 0.16 2 5.01 0.04
ESP 9 37 3 4.54 0.23 1 4.72 0.01 0 4.8 0
BAR 9 34 4 4.32 0.55 4 4.48 0.5 3 4.62 0.21
TAU 9 68 3 4.35 0.27 3 4.41 0.26 0 4.51 0.001
NZL 9 23 3 4.39 0.26 3 4.71 0.19 2 4.4 0.09

IAM=infinate alleles model, TPM=two phase model, SMM=stepwise mutation model,
N=sample size (N), H0=observed heterozygosity, He=expected heterozygosity, and p=p-
value.
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