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Abstract

Mugil cephalus is a cosmopolitan fish species found in most coastal waters from
tropical to temperate zones. It is a species common in the near-shore marine environment, and
known to reside in estuarine and freshwater systems. Adult M. cephalus move out to sea to
spawn in aggregations. Their larvae can drift on surface ocean currents for over a month before
recruitment to nursery grounds. Mugil cephalus is a species that is closely associated with the
coastal environment, but it is capable of interoceanic migrations. Population genetic studies
have reported high levels of genetic differentiation among populations in the Mediterranean,
Atlantic and western Pacific. However, there is no evidence to suggest reproductive
incompatibility has arisen among populations. In New Zealand M. cephalus supports important
recreational, commercial and customary fisheries, but very little is known about the distribution
and connectivity among populations.

The aim of this study was to use nuclear microsatellite DNA (msatDNA) and
mitochondrial DNA (mtDNA) markers to describe the population genetic structure,
connectivity patterns and to determine the phylogeographic history of New Zealand M.
cephalus populations. Total of 850 samples were collected (576 adults and 274 juveniles)
during the summers of 2010 and 2014-2015 from 15 locations around coastal and inland waters
of the North Island, and one location in Marlborough Sounds. In addition, 245 mtDNA
sequences were added from previously published studies and used to outgroup the New
Zealand population and place it into the context of the other Pacific populations.

Seven msatDNA loci were isolated and used to determine the population genetic
structure and connectivity patterns of M. cephalus in New Zealand. Admixture of four
genetically distinct groups or populations was identified and a chaotic spatial distribution of

allele frequencies. Within each population there was significant gene flow among locations, no



pattern of genetic isolation-by-distance was identified and there was a high proportion of non-
migrant individuals. There was evidence of bottlenecks and seasonal reproductive variation of
adults, which could explain the significant shifts in the effective population size among

locations.

To test whether the pattern of genetic variation in M. cephalus populations was the
result of seasonal variability in the reproductive success of adults, DNA from adult and juvenile
samples were used to test for differences in the levels of genetic variation between generations
(cohorts). Juveniles were grouped by age classes and compared to the adults. The levels of
genetic diversity within the groups of juveniles were compared to the adult population and
significant genetic bottlenecks between juveniles and adults were detected. This pattern was
consistent with the Sweepstake-Reproductive-Success hypothesis. Two spawning groups in the

adults were identified, an early spawning group and a late spawning group.

The analysis of DNA sequence data from the mtDNA Cytochrome Oxidase subunit 1
(COX1) gene and D-loop region showed two sympatric haplogroups of M. cephalus. New
Zealand was most likely colonised by M. cephalus migrants from different population sources
from the Pacific first ~50,000 and a second wave of migrants from Australia between ~20, 000
and ~16,000 years ago. High levels of gene flow were detected, but there has not been enough
time for genetic drift to completely sort the lineages.

The findings of this thesis research will help with the understanding of aspects of M.
cephalus dispersal and the genetic structure of populations. The patterns of connectivity can be
used to better align the natural boundaries of wild populations to the fishery management stock
structure. Understanding the reproductive units, levels of genetic diversity and the patterns of
reproduction of M. cephalus will assist management efforts to focus on the key habitats threats,

risks and the long-term sustainability of the species.
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General Introduction




Overharvesting has been a serious threat to coastal fisheries, but in recent years
additional threats have emerged, which include the degradation of estuaries where juveniles
often spend their early lives. Runoff from of intensive agricultural land use and urban
development along the coastal margins has increased pollution levels and nutrient loadings
causing shifts in biological activities and oxygen-depleted regions (Elliott and Whitfield 2011;
Blaber 2013).

Estuaries are especially sensitive to anthropogenic activities such as overfishing,
invasive species, intensive land use in coastal environments and high rates of sedimentation
(Hewitt et al. 2004; Morrison 2005). Estuaries are high productivity-eutrophic systems with a
range of biogenic habitats such as seagrass, meadows, mangroves and mussel beds (McDowall
1976; Elliott et al. 2007; Francis et al. 2011). Estuaries are already stressed environments with
variable salinity levels depending on the freshwater outflow and the tidal inflow of marine
water, different turbid areas due to local currents and a structural complexity due to the variety
of biogenic habitats it offers (Elliott et al. 2007).

The combination of habitat characteristics allows estuaries to support a variety of
species not only providing space and food, but also providing an environment for larvae and
juveniles to develop before maturation which is sheltered from predatory assemblages of fish
and invertebrates (Elliott et al. 2007; Elliott and Whitfield 2011; Blaber 2013). Human-based
activities also have indirect effects on the migration routes, reduction of spawning grounds,
reduction of nursery areas and refugia for marine, freshwater and estuarine species. The
extensive land-use drained into estuaries results in habitat fragmentation and reduction that
directly affects population density and distribution of marine species (McDowall 1976; Hewitt
et al. 2004; Morrison 2005; Elliott et al. 2007).

Estuaries in New Zealand, are used as nursery areas by juveniles of commercially

important marine fish species such as the snapper Pagrus auratus, the kahawai Arripis trutta



and M. cephalus known as kanae or grey mullet (Francis et al. 2005, 2011; Morrison 2005).
Little is known on the impact of human activities in the genetic diversity of those species, their
population genetic structure, connectivity patterns of the stocks and the genetic variation
among juveniles and adult populations. The full extent of damage in estuarine areas due to
human-based activities has not been comprehensively studied in New Zealand; however, in
other parts of the world it has had strong repercussions into the levels of genetic diversity of
estuarine and marine species that use the estuaries as nursery areas, driving the stock structure
of those species into genetic bottlenecks and significant loss of genetic diversity such as in
Chesapeake Bay (Richards and Rago 1999; Kemp et al. 2005; Buchheister et al. 2013).

Back in the 1960’s, industry, farming and industrialized exploitation of finfish resulted
in increased levels of eutrophication in Chesapeake Bay in United States. Several studies have
been carried out in this area to assess the impact of anthropogenic activities on fish species.
The numbers of fish species declined drastically in a ten-year period, diversity levels dropped
and their distribution range were reduced due to the loss of suitable habitats for juveniles to
settle (see Richards and Rago 1999; Kemp et al. 2005; Buchheister et al. 2013 and references
within).

When population size declines as habitats shrink and become more fragmented, the
effect of genetic drift becomes stronger (Frankel 1974; Fahrig and Merriam 1985). The
consequence is a reduction in the potential of populations to respond to the fast changes in
habitat and environmental conditions (Hoffman et al. 2004). Demographic decline in
populations and reduction in gene flow results directly in a reduction of effective population
size, there is a loss of low frequency genes and heterozygosity, and higher chances of
inbreeding (Palumbi 1994). Inbreeding reduces reproductive success and the lack of genetic
variation limits populations to respond to rapid local changes, to adapt if the stress persists and

colonise new habitats (Hastings and Harrison 1994). Inbreeding contributes to the reduction of



the phenotypic plasticity that facilitates species to adapt to environmental changes (e.g.

Muschick et al. 2011; Oufiero and Whitlow 2016; Wellband and Heath 2017).

Genetically structured populations and gene flow

The effects of genetic drift and mutation are buffered through gene flow between
populations that also prevents differentiation due to selection (Palumbi 1994; Morjan and
Rieseberg 2004). Higher dispersal capabilities and migratory potential of adults could translate
in higher connectivity between populations (Cowen 2006, 2007). Unless dispersers and
migrants are able to settle in the new areas and reproduce with the resident population (to
establish), there is only demographic connectivity but no gene flow between populations
(Buckley et al. 2013). The level of genetic flow among populations is a product of migration
and successful reproduction at the new site (Hedgecock and Pudovkin 2011). The factors that
affect the reproductive success of new migrants at a site are whether they can find a mate,
genetic compatibility, the accessibility of habitat and whether it is suitable for recruitment
(Parsons 1996; Grant and Bowen 1998; Ball et al. 2000).

Species with highly structured populations are common in marine environments (e.g.
Rossi et al. 1998b; Huang et al. 2001; Bargelloni et al. 2003; Bernal-Ramirez et al. 2003;
Sumpton et al. 2008; Hickey et al. 2009; Liu et al. 2009a; Betancur-R et al. 2010; Shen et al.
2011; Kriick et al. 2013; Hughes et al. 2014). However, other marine species inhabiting the
same locations may show panmictic patterns and high levels of gene flow (e.g. Neethling et al.
2008; Palm et al. 2009; White et al. 2011; Van de Putte et al. 2012; Horne et al. 2013; Varela
et al. 2013). The answer to this conundrum lies first in the different dispersal capabilities of
each species; and second, it lies in the factors driving the genetic subdivision in each species,
where physiological differences, heritable traits and behaviour also need to be accounted as
factors driving genetic subdivision (Palumbi 1994; Cowen 2007; Hedgecock and Pudovkin

2011).



Very little attention has been given to how genetic variation is maintained in coastal
and estuarine populations that undergo seasonal bottlenecks. Estuaries as a sheltered
environment for fish larvae and early juveniles could nurse different generations before they
reach maturity and are recruited into the adult population (McDowall 1976; Elliott et al. 2007;
Francis et al. 2011; Blaber 2013). The level of reproductive success in marine and estuarine
fish species may change seasonally due to the fluctuation of environmental conditions that
could affect spawning rates, fertilization, larval growth and survival, and that also could
produce habitat fragmentation (Hedgecock et al. 2007a; Hedgecock and Pudovkin 2011). The
result is a small portion of the adults successfully reproducing each season. This is the basis of
the Sweepstake Reproductive Success theory or SRS (Hedgecock 1994). The SRS theory
predicts that the level of genetic diversity is lower in the offspring from one season when
compared to the level in the adult population. The risk for species with a sweepstake pattern of
reproduction is that losing a cohort could result in significant fluctuations of gene frequencies
and possibly the loss of genetic diversity within a generation.

Estuarine nursery areas that are experiencing severe environmental degradation might
affect recruitment success and the maintenance of genetic diversity in the adult population
(Cushman et al. 2013). Recently, estuaries in northern New Zealand that are nursery areas for
M. cephalus have suffered environmental declines, due mainly to land-based human activities
producing high sediment loads (Morrison et al. 2009, 2014b,c). Adverse effects on juvenile
growth have been detected and effects on juvenile survivorship are suspected (Morrison and
Mohd-Zain, unpubl. data). This increasing pressure on juvenile populations suggests a need to
assess levels of genetic diversity within and among populations, test for the sweepstake effect,
determine the amount of gene flow, and identify the possible dispersal processes that maintain

the genetic connectivity for this species.



Grey mullet (Mugil cephalus) biology, distribution and ecology

Mugil cephalus (Linnaeus 1758; Figure 1.1) commonly known in New Zealand as kanae
or grey mullet, is classified in the family Mugilidae (Order: Mugiliformes). It can be
differentiated from other Mugil species due to a thick, soft and transparent well developed
adipose eyelid that covers most of the eye, with a vertical opening (Whitehead et al. 1986;
Harrison 1995). The reviews of Thomson (1997) and Eschmeyer and Fricke (2011) on mullets
from the family Mugilidae, have synonymised several Mugil species with M. cephalus based

on the wide range of morphometric characteristics of this species.

Figure 1.1Mugil cephalus, first described in 1758 by Linnaeus and it is known in New Zealand as kanae and grey
mullet.

Mugil cephalus is considered to be a cosmopolitan species with a discontinuous
distribution in both hemispheres occurring mainly in tropical, sub-tropical, temperate coastal
waters, rivers and lakes between 42° N and 42° S (Briggs 1960; Thomson 1966; Whitfield et
al. 2012). It is a euryhaline species and can tolerate fresh and hyperhaline waters. It can survive
at a wide range of dissolved oxygen levels and has a preference for muddy or sandy habitats
(Young and Potter 2002).

Mugil cephalus spawns in the sea or nearshore marine environments. Eggs and early
larval stages drift in ocean currents for over a month and when they reach the stage of post-

flexion larvae or early juveniles they migrate to nearer the shore and into estuaries (Wasserman



and Strydom 2011; Whitfield et al. 2012). Temperature is the main factor that triggers the
spawning behaviour of M. cephalus (Whitfield et al. 2012). Sea surface temperatures around
20°C are the best for M. cephalus to spawn and the spawning seasons are variable from summer
to winter in different parts of the world (Whitfield et al. 2012 and references within). It is
mainly considered a gonochoristic species where each individual has one of two distinct sexes
(McDonough et al. 2005). However, the presence of oocytes in developing testis has also been
observed as consequences of high temperatures, starvation, overcrowding and exogenous
hormones suggesting that protandric hermaphroditism (male changing to hermaphrodite) is
possible (Sadovy and Shapiro 1987).

The larvae of M. cephalus are planktonic feeders (Zismann et al. 1975). Post-flexion
larvae and juveniles enter estuaries in schools and they remain there until adulthood. After
maturation they can colonise freshwater environments, remain in the estuary or move to the
marine environment (Whitfield 2010). In Shark Bay, Australia, the entire life cycle takes place
in the marine environment (Smith and Deguara 2003). It is also believed that one migrant
population in North Taiwan is strictly marine (see Hwang et al. 1990; Chang et al. 2000; Huang
et al. 2001; Chang and lizuka 2012). Juveniles change their diet after they reach the size of
25mm from plankton to small invertebrates that migrate through the water column. In different
parts of the world, juveniles have been seen to switch their feeding preferences to detritivorous
feeding on benthic microalgae, foraminiferans, benthic diatoms, meiofauna and small
invertebrates (see Thomson 1963; Blaber 1976; Payne 1976; De Silva and Wijeyaratne 1977;

Marais 1980; Michaelis 1993; Rueda 2002; Lawson and Jimoh 2010).

Mugil cephalus is an important source of protein for a wide-taxonomic range of top
predators such as sharks, crocodiles, eagles, ospreys, pelicans and dolphins (Whitfield and
Blaber 1978; Martucci et al. 1993; Clancy 2005; Liordos and Goutner 2009; Fury and Harrison

2011). When M. cephalus matures and is recruited into the adult population its feeding



behaviour changes to foraging benthic environments and having an impact on microbenthic

fauna composition and abundance (Torras et al. 2000; Whitfield et al. 2012).

The dispersal capability of M. cephalus or vagility is believed to be limited across large
open oceans and populations associated with different landmasses are thought to be genetically
isolated due to M. cephalus preference for coastal environments and estuarine dependence (see
Rocha-Olivares et al. 2000, 2005; Hung and Shaw 2006; Jamandre et al. 2009; Shen et al. 2011;
Durand et al. 2012b). Highly divergent mitochondrial DNA (mtDNA) lineages have been
reported at different locations all over the world where in most cases the levels of genetic
divergence among lineages exceeds the reported interspecific variation observed among
species of the same genus (e.g. Rocha-Olivares et al. 2000; Heras et al. 2007; Ke et al. 2009;
Liu et al. 2010; Shen et al. 2011; Sun et al. 2012; Jamandre et al. 2014). Hence, it is believed

that M. cephalus is a species complex.

Mugil cephalus is considered by the IUCN (International Union for Conservation of
Nature) red list as least concern (LC) and is not under the overexploited status neither the
depleted cases assessed by the FAO (Food and Agriculture Organization of the United
Nations). However, the first warning for this species was reported, where M. cephalus stocks
in Taiwanese waters collapsed due to overfishing activities (Hung and Shaw 2006). Human
populations all over the world have a long history of using M. cephalus as a food resource.
Mugil cephalus bones, otoliths and paintings on ceramic have been found in archaeological
sites dating from 12,600 to 500 years BC in south and north America, the Atlantic coast of
South Africa, China and Australia (Bailey and Parkington 1988; Gobalet et al. 2005; Proulx
2006; Attenbrow 2010; Lunney et al. 2010; Benson 2012; Menotti and O’Sullivan 2013;
Bearez et al. 2015; Russell et al. 2015). It is important to understand M. cephalus genetic
structure patterns to ensure a sustainable fishery. In New Zealand, the stocks are considered to
be under pressure, but stock status is uncertain (MP1 2016). There is evidence from commercial

8



fishing Catch Per Unit Effort (CPUE) that the main stock in Grey Mullet Unit one (GMU 1)
may actually be comprised of six populations, with low to moderate mixing between them

(McKenzie et al. 1999; McKenzie and Vaughan 2008).

Grey mullet in New Zealand, fisheries and local management

The commercial importance of M. cephalus in New Zealand is primarily as fishing bait
for more commercially valuable species. However, it has great cultural importance for Maori
Iwi, and as customary fish, especially in the northern North Island where is an important food
source (Paulin and Paul 2006). The biology, ecology, geographic distribution and population
dynamics of M. cephalus are still fundamental gaps in the knowledge of New Zealand M.
cephalus.

Reports on the status of M. cephalus fisheries to the New Zealand Ministry of Primary
Industries (MPI) and its predecessors have been made since 1989 and the stocks divided into
East and West coast have been monitored through CPUE indexes (Anon 1989; McKenzie et
al. 1999; Hartill 2004; Watson et al. 2005; McKenzie and Vaughan 2008). A life history review
of grey mullet (and other species) states that it spawns in the sea from November to February
(Morrison et al. 2014a). Its larvae move into the harbours/estuaries of the North Island, where
they settle into nursery habitats in the upper reaches (Paulin and Paul 2006; Morrison et al.
2014a,c, 2016a). They mature at about 3 years old when males reach a length of ~30 cm and
females reach ~35 cm, and have a maximum age of 14 years; although new ageing work shows
a maximum age of 20 years (Morrison et al. 2016; MPI 2016). The main component of the
fishery involves age classes from four to eight years old (Hartill 2004). Caution needs to be
taken when adopting information from studies in other part of the world for New Zealand
management fisheries. There is a lot of variation in growth rates, early-life history, habitat use,

and spawning cycles (see above), that could lead to an incorrect management of the fishery.



Mugil cephalus has a long history of supporting local fisheries since pre-European
Maori and was one of the first commercial fisheries in northern New Zealand (Paulin and Paul
2006). The M. cephalus fishery has an approximate value of $3 million per year; annual
landings rose up from 420 tonnes in 1974 to a peak of 1,142 tonnes in 1984 (MPI 2016);
however, total domestic catches declined after 1984 before the implementation of the Quota
Management System (QMS; MPI, 2016). In the Kaipara Harbour, M. cephalus catches declined
from 385 tonnes in 1996 to ~70 tonnes in 2003 (Hartill 2004; Watson et al. 2005), which caused
concern and led to the implementation of a community-managed fishery in 2004 (Paulin and
Paul 2006).

Mugil cephalus fishing predominately occurs in the GMU 1 area, which encompasses
the northern North Island, from south of the Kawhia Harbour on the west coast, up and around
Cape Reinga and down to Cape Runaway, East Cape (Figure 1.2). The stock is viewed as two
sub-stocks (east and west coast), separated for management purposes. The boundary between
them is at North Cape (MPI1 2016). It is unknown whether fishery exploitation levels are able
to support the Maximum Sustainable Yield (MSY; MPI 2016). Some of this uncertainty is due
to limited information on stock structures and boundaries, including genetic structure and the
patterns of gene flow across the different fishery areas. A clearer picture of the number of
reproductive units, and matching these to stock units, is important for stock assessment

modelling (Ovenden 2013).
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There is a need to determine the levels of genetic diversity and genetic differentiation
within and among New Zealand populations of M. cephalus. The knowledge required to
underpin effective fisheries management will be greatly improved with more detailed
information about the amount of gene flow, and the possible dispersal processes that maintain
connectivity. Assessing the genetic structuring of New Zealand’s M. cephalus fishery resource
will enable management to be better focused on the key habitats and areas for the long-term

sustainability of the species.

Aim of this thesis research and study structure

The overall aim of this research project is to determine the genetic population structure
of M. cephalus in New Zealand coastal and inland waters. Identify the historical and
contemporary patterns of connectivity among locations, and understand how the genetic
structure changes from adults to juveniles. To address this aims, the genetic structure of M.
cephalus populations in New Zealand was assessed using 1,095 grey mullet individuals. This
was comprised of 274 juveniles (collected in 2010), 576 adults (collected in 2014), and 245
previously published mitochondrial DNA sequences retrieved from GenBank. The sequences
retrieved form GenBank were from other locations in the Pacific.

The overall hypothesis of this thesis is that there is more than one genetically distinct
population with non-significant or limited gene flow among locations or geographic regions
(East-West). The null hypothesis is panmixia, in which there are high levels of gene flow and
no genetic distinction among location or geographic regions, as considered from the
management perspective in New Zealand (MPI 2016).

There are specific hypotheses to be tested in each of the approaches to understand M.
cephalus population genetic structure in New Zealand. Three different approaches were used

to assess the levels of genetic differentiation and connectivity patterns. The purpose of Chapter
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| is to present an up-to-date summary of the research topics, methods and the species status in

New Zealand and the world.

Specific Aims
e Chapter Il. Insights into the contemporary genetic population structure and

connectivity patterns of Kanae (Mugil cephalus) in New Zealand coastal and
inland waters.
The hypothesis is that there is more than one genetically distinct population of
M. cephalus in New Zealand. To test this hypothesis, we will use nuclear microsatellite
DNA markers designed from previous studies to describe the population genetic
structure of adult M. cephalus in New Zealand’s coastal and inland waters. Using
microsatellite DNA markers from studies in other regions of the world will allow
comparisons on genetic diversity, changes in effective population sizes between New
Zealand and other regions of the world. Genetic data will be assessed for spatial patterns
and connectivity between the sampled locations using the spatial distribution of allele
frequencies, genetic diversity, Fst differentiation levels among sampling locations and
test for significant changes in effective population sizes to address demographic events.
The individual proportion of ancestries will be identified to cluster individuals with
similar ancestries and assess the levels of genetic differentiation between populations.
The results of this research could help provide better information about levels of genetic
diversity, and to align the natural boundaries of wild M. cephalus populations with
fishery stock structure boundaries. Also, could provide and insight of the evolutionary
forces affecting M. cephalus populations in New Zealand.
e Chapter I11. Mugil cephalus reproductive success and temporal fractioned genetic
diversity between adults and juveniles in New Zealand.
The use of estuaries as nursery areas could make M. cephalus vulnerable to
random and un-seasonal environmental changes that could increase mortality rates in
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juveniles, resulting in bottlenecks and genetic diversity loss. The hypothesis is that there
are significant differences in the genetic diversity between juveniles and adults and
strong effects of bottlenecks in juveniles compared to the adults. To evaluate the levels
of genetic diversity and differences in juvenile and adult samples of M. cephalus, allele
frequencies will be compared between juveniles and adults and among different
juvenile age classes. The juveniles will be grouped into age classes based on the size of
the fish and the average growing rate during summer conditions. Tests for significant
changes in the effective population size between juveniles and adults and among
juvenile age classes will be performed to assess the strength of bottlenecks over time.
The proportion of migrants and levels of local recruitment in each estuary, will be
assessed. The outcome of this research could help to understand seasonal effects on M.
cephalus genetic structure that can be used to better manage fishing pressures on M.
cephalus stocks.

Chapter 1V. Population genetic structure and lineage divergence of the Kanae
(Mugil cephalus) in New Zealand based on two mitochondrial DNA markers.

To address the demographic history of M. cephalus in New Zealand and the
evolutionary processes shaping M. cephalus population genetic structure, a
phylogeographic approach will be used. The phylogeographic approach also allows for
comparisons with lineages found in other regions of the world and test whether or not
M. cephalus in New Zealand is isolated. The hypothesis is that New Zealand has unique
lineages and isolated with non-significant or limited gene flow from other regions of
the world. Two mitochondrial DNA sequences from Cytochrome Oxidase subunit 1
(CO1) gene and D-loop region, will be used to identify the phylogeographic structure,
demographic history and historical connectivity patterns of New Zealand’s M. cephalus

populations in both a local New Zealand and a broader Pacific Rim context.
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Phylogenetic analyses will be performed to identify highly divergent haplotypes,
groups of haplotypes and the percentage of differences between haplotype groups; to
assess spatial patterns and connectivity, haplotype frequencies, haplotype diversity and
®s levels of differentiation will be used. Changes in effective population size will be
used to assess for demographic events over time. The results of this research will
provide a better understanding of the diversification patterns of M. cephalus in New
Zealand and the Pacific, and the importance of New Zealand’s populations from a
global perspective.
Chapter V. General Discussion.

General discussion to review the evolutionary processes driving M. cephalus
genetic differentiation levels and examples that support uncommon patterns of gene

flow and geographic distribution.
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Insight into the contemporary genetic population structure and
connectivity patterns of Kanae (Mugil cephalus) in New Zealand
coastal and inland waters
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Abstract

Mugil cephalus in New Zealand is a commercially, customarily and recreationally
important fishery. Its distribution is mainly around the North Island and Marlborough Sounds.
There is a gap in the knowledge of M. cephalus population genetic structure and the factors
behind its distribution in New Zealand. To describe the levels of genetic variability and
connectivity, DNA was extracted from 576adult samples collected from 15 locations around
the North Island and one in the South Island (Marlborough Sounds), which were genotyped
using seven microsatellite DNA markers. The markers followed a stepwise mutation model
(SMM) of evolution and Rst was used to assess the levels of genetic differentiation. A Bayesian
cluster assignment, deviations from mutation-drift equilibrium and migration rates were
assessed. Four genetically distinct clusters with recent admixture were identified (K=4), and
the distribution of their allele frequencies were not correlated to distinct geographic locations
or show a pattern of Isolation-By-Distance (R? = 0.002; p >0.050). There were significant levels
of gene flow and ~51% of the individuals were non-migrants. Over 50% of the total genetic
variation could be explained by the four genetic clusters. The four genetic clusters had an
overlapping distribution and were more like a spatially chaotic genetic structure. This pattern
is predicted by a Sweepstakes-Reproductive-Success (SRS) model and it might have arisen
because of seasonal variability in the mortality rates of juveniles, spawning behaviour and

philopatry.

Keywords: chaotic genetic structure, bottlenecks, heterozygote excess,
sweepstakes reproductive success, philopatry

18



Introduction

Genetic population structure is determined by the relative complexity of the
environment that affect migration and may act as barriers to gene flow. Within the marine
environment, cosmopolitan fish species tend to show genetic homogeneity along their
distributional range, because it only takes a small number of migrants to homogenise the
genetic variation between populations (Hauser and Carvalho 2008; Selkoe et al. 2010;
Hedgecock and Pudovkin 2011; Ovenden 2013). The level of gene flow permeability through
environmental barriers can vary over time, which means sporadic gene flow might be a
relatively common phenomenon but one that is difficult to document without long-term
observations (Lehodey et al. 2006; Gaither et al. 2011; Reid et al. 2016; von Biela et al. 2016).
The changes produced by variable environmental barriers could lead to genetic heterogeneity
within and between populations that do not appear to be correlated with geographic distances
and/or contemporary environmental factors (e.g. Hogan et al. 2010; Broquet et al. 2013; Selkoe
et al. 2014; Selwyn et al. 2016).

Species that show genetic heterogeneity between neighbouring populations and genetic
homogeneity between distant populations, are defined as having spatial genetic patchiness, or
a chaotic genetic structure (Hogan et al. 2010; Broquet et al. 2013). Marine species that show
this type of genetic structure often have a significant amount of genetic differences between
juvenile recruits and adults (Hedgecock 1994; Hogan et al. 2010; Hedgecock and Pudovkin
2011). This is thought to be caused by the seasonal variability of local oceanographic
conditions that affect survival rates during early-life history stages (i.e. Hedgecock 1994;
Huang et al. 2001; Bekkevold 2002; Swearer et al. 2002; Bekkevold et al. 2007; Hedgecock
and Pudovkin 2011; Reid et al. 2016). The result is seasonal bottlenecks in juveniles in which
only a small fraction of the genetic diversity found in adults is represented in the surviving

recruits (Hedgecock 1994; Hedgecock and Pudovkin 2011). The reproductive success of the
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adults as a consequence of seasonal differences in juvenile mortality rates forms the basis of
the sweepstake-reproductive-success (SRS) theory (Hedgecock 1994; Hedgecock and
Pudovkin 2011).

The SRS could also be strengthened by reproductive behaviours leading to non-random
mating such as philopatry (Hendry and Day 2005; Maes et al. 2006). While migration is a key
factor that determines the amount of genetic homogeneity across large-scale distances,
immigrants that arrive successfully to a location may not be able to easily integrate into a
randomly mating group of resident individuals. Reproductive differences in mating cues (e.g.
temperature, salinity) could produce asynchronous mating times (Hendry and Day 2005; Maes
et al. 2006).

Mugil cephalus is a species closely associated with coastal environments and often
considered estuarine dependent, yet it has a world-wide distribution in temperate and tropical
waters between ~42° N and ~42°S (Whitfield et al. 2012). A variety of studies that used nuclear
DNA markers such as allozymes, single nucleotide polymorphisms (SNP’s) and microsatellite
DNA (msatDNA) to assess M. cephalus population genetic structure, reported genetically
distinct populations in Florida and along the China, Taiwan and eastern Australian coasts (see
Campton and Mahmoudi 1991; Rossi et al. 1998b; Huang et al. 2001; Liu et al. 2009b; Blel et
al. 2010; Shen et al. 2011; Kriick et al. 2013). Highly structured populations in neighbouring
estuaries were reported along the coast of China assessed with microsatellite DNA (msatDNA)
and mitochondrial DNA (mtDNA) markers (Huang et al. 2001; Liu et al. 2009b; Shen et al.
2011). However, there was a lack of differentiation across similar spatial scales in the
Mediterranean Sea that were assessed with a set of different msatDNA markers than those used
along the coast of China (Rossi et al. 1998Db; Blel et al. 2010). In the eastern coast of Australia,
a north to south break was found with single nucleotide polymorphisms (SNP’s), possibly

correlated to northern and southern populations spawning at different temperatures (Krtick et
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al. 2013). A study that used allozymes of 27 gene loci showed low differentiation levels among
North Atlantic, Mediterranean Sea, Africa and Eastern Australia; western Australia was
clustered with Galapagos Islands (Rossi et al. 1998b). There has not been a study that used the
same nuclear markers to assess the genetic structure of M. cephalus making the outcome from
each study non comparable. The seemly contradictory levels of genetic differentiation in each
location and across large spatial scales could be a result of the markers used or could be a
consequence of undetected processes. For example, sporadic migration could potentially
promote intermittent gene flow over large distances, enough to maintain the cosmopolitan M.
cephalus group as a single species with large effective population size and genetically
structured populations.

In New Zealand, M. cephalus is distributed around the North Island and as far South as
the Marlborough Sounds at the top of the South Island (Morrison et al. 2016). Local Ecology
Knowledge assessments (LEK; unpubl. data), reported an extended southwards distribution
where M. cephalus has being customarily fished in Dunedin (~45° S; Don Nelson 2016,
personal comment). Mugil cephalus is known for seasonal migrations into estuaries and fresh
water systems. Spawning typically occurs in the sea from October to March. Eggs and early
larval stage fish drift in coastal currents and use tides to get into harbours and estuaries, in
which they reach maturity at around three years old (Hartill 2004; Paulin and Paul 2006).

Commercial fishing of M. cephalus occurs predominantly in the area GMU1 (Grey
mullet Fishery Management Area 1; Figure 1.2), where most of New Zealand’s annual landings
are recorded (Hartill 2004; McKenzie and Vaughan 2008; MPI 2016). Mugil cephalus in
GMUL is considered a panmictic population comprised of two stocks (East and West),
separated by North Cape, for fishery management purposes by the Ministry of Primary
Industries in New Zealand (MP1 2016). Six administrative stocks have been recognized through

the assessment of catch per unit effort (CPUE) in the major estuaries of the GMU1 (McKenzie
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and Vaughan 2008). CPUE analysis for M. cephalus are not totally reliable because there are
different fishing practices in different areas of New Zealand; seine nets, set nets, tow nets are
some of the commercial fishing methods and the eye mesh of the net varies across New Zealand
regions (McKenzie and Vaughan 2008). For example, in Kaipara Harbour the legal eye mesh
size of the nets used to catch M. cephalus commercially is 90mm while in Wellington the legal
size is 100mm (MPI 2016).

The aim of this study was to use microsatellite DNA (msatDNA) markers used in M.
cephalus population genetic studies in the west Pacific and the Mediterranean, to determine the
genetic structure of New Zealand’s M. cephalus populations sampled from coastal, estuarine
and inland waters. The data was used to describe the levels of genetic variability, connectivity

patterns and test for evidence of genetic bottlenecks or selection.

Materials and Methods

Data collection
Tissue samples from 576 adults were collected from 15 locations around the North

Island and one the South Island of New Zealand (Figure I1.1). Tissue biopsies were taken from
the caudal peduncle and DNA extracted using a phenol/chloroform protocol followed by

ethanol precipitation. The purified DNA was re-suspended in TE buffer and stored at 4°C.

Amplification and genotyping
Seven msatDNA loci were obtained from the studies of Miggiano et al. (2005) and Shen

et al. (2010) (Table 11.1). PCRs were conducted in 15 ul volumes that contained 1.5 or 2 mM
MgClz, 0.4 uM of the forward primer labelled with M-13 tail, 0.6 UM reverse primer, 0.6 uM
of fluorescently-labelled M-13 primer, 0.6 uM dNTP’s, 0.4 pg/ul of bovine serum albumin, 20
mM Tris HCI (pH 8.4), 50 mM KCI, and 1 unit of Tag DNA-polymerase (Bioline). Between
50-80 ng/ul of template DNA was added. The thermal cycling conditions for each locus is

specified in Table I1.1. The size of the amplified products were determined using a 3730 Applied
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Biosystems Genetic Analyzer (Macrogen Inc., Korea). Resulting chromatograms were
visualized in Genemarker v2.2 (SoftGenetics, LLC), and the peaks were scored by eye and
recorded manually. The alleles were coded as three digit genotypes and the individuals

containing missing data at more than two loci were removed from the subsequent analyses.
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555 Marlborough Sounds; South Island 42000

172.000 172.800 173.600 174.400 175.200 176.000  176.800 177.600  178.400

Figure I1.1 Locations where M. cephalus samples were collected between November 2014 and April 2015.

Loci assessment and genetic diversity
Genotyping errors were evaluated using Micro-Checker v2.2.3 (Van Oosterhout et al.

2004) to check for null alleles, large allele drop-out, allele size shifts and scoring errors due to

stuttering, following the Hardy-Weinberg equilibrium (HWE) expectations of heterozygosity.
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Estimates of the number of alleles per locus, observed heterozygosity (Ho), expected
heterozygosity (He), Wright’s coefficient of inbreeding (Fis), proportion of different alleles per
locus, Shannon’s allelic diversity, and the number of alleles that are different and equally
frequent in the data set (number of effective alleles) by locus and sampling location, were
calculated in GenAlEx v6.5 (Peakall and Smouse 2012), Arlequin v3.5 (Excoffier and Lischer
2010), and FSTAT v2.9.3.2 (Goudet 1995). Allele frequency distribution plots by locus and
population were generated in GenAlEX v6.5. Exact tests for deviation from HWE by locus and
population were calculated in GENEPOP v4.2 (Rousset 2008); and pairwise linkage
disequilibrium tests were estimated using Arlequin v3.5.

Significant values of HWE were calculated using the exact test of Guo and Thompson
(1992), with a Markov chain of 10,000 dememorization steps. Significant values for linkage
disequilibrium (LD) were calculated using a likelihood-ratio test (LRT) of 20,000 permutations
(Slatkin and Excoffier 1996), both as implemented in Arlequin v3.5. Sequential Bonferroni
corrections were used to adjust p-values for multiple comparisons (Rice 1989). To identify
outlier loci that could be under the positive or balancing selection a coalescent approach was
performed with LOSITAN (Antao et al. 2008). We used the method described in Beaumont
and Nichols (1996), simulating the distribution of loci based on the Fst and He values. Both an
Infinite Allele Model (IAM) and the Step-wise Mutation Model (SMM) were used. A total of
205, 000 simulations were run with a neutral and forced Fst to improve the reliability of the
mean values of Fst and 99% confidence intervals. To assess if the sample size was sufficient
to reflect the polymorphisms in the population, allele-discovery curves were calculated in R (R
Development Core Team), using the PopGenKit v1.0 package (Rioux-Paquette 2012).
POWSIM 4.1 (Ryman and Palm 2006) was used to assess the statistical power of the sampled
loci. The statistical power and alpha values were assessed using the Chi-squared and Fisher’s

exact tests under a specified level of population divergence taken from the lowest significant
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Fst value between sampling locations, with 10,000 iterative runs and simulation of 40

generations increasing the effective population size under HWE.
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Population structure
The levels of genetic differentiation among sampled locations were evaluated

measuring the variation in allele frequencies assuming IAM with the Fst adapted from Weir
and Cockerham (1984). This approach accounts for different sample sizes and uses
standardized variation within and among sampling locations through an ANOVA approach in
GENEPOP v4.1. Also, pairwise Rst values (Slatkin 1995), were calculated in Arlequin v3.5
and GenAlIEx v6.5. Rst values assumed SMM where one mutation changes the allele’s length
by one repeat unit. Jost’s D values (Jost 2008), and F’st (maximum possible value of genetic
differentiation with pairwise comparisons given the observed amount of within-population
variation), were calculated in GenAlEx v6.5. P-values were adjusted with Bonferroni
correction for p-values under multiple comparisons.

The genetic relationships among sampling locations were evaluated using a Principal
Component Analysis (PCA) based on Fst values in PCA-GEN v1.2.1 (Goudet 1999) and a
Principal Coordinates Analysis (PCoA) based on co-dominant genetic distances in GenAlEx
v6.5. In the PCA, individuals are grouped into clusters where the variation from each cluster is
subtracted from the total variation (Goudet 1999). The PCoA maximises the correlation
between genetic distances where the coefficient of correlation is a dimension or coordinate, in
order to cluster distances with similar correlation coefficients compared to the first three
principal coordinates (Peakall and Smouse 2012). The individual genetic differences for each
sampling location were assessed with a three-dimensional Factorial Component Analysis
(FCA) using Genetix v4.05 (Belkhir et al. 2004). The linearized Fst distances and the natural
logarithm of the geographic distances along the coast line were used to test for IBD.
Significance and linear regression of pairwise combinations among both matrices were
evaluated in Arlequin v3.5 using the Mantel’s test with 10,000 permutations.

Levels of genetic diversity within and among sampling locations, across New Zealand’s

regions (East-West-South) and the groups identified in the PCA, PCoA and FCA, were
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calculated using an Analysis of Molecular VVariance (AMOVA) in Arlequin v3.5 and GenAIEXx
v6.5. AMOVA runs assuming the null hypothesis of no structure and panmixia among sites.
The F and R-statistic values and the variance components are partitioned in three levels of
hierarchical subdivision: among groups (sampling locations, geographic regions and/or PCA
groups), within population (within each of the groups) and total variance from the interaction
of among and within populations. The genetic distance matrix for AMOVA was estimated by
pairwise differences in Arlequin v3.5 and co-dominant genetic distances in GenAIEx v6.5. The
significance levels of the variance components of F and R-statistics values were tested by
20,000 nonparametric permutations and 999 permutations in Arlequin v3.5 and GenAlEX v6.5

respectively.

Bayesian population clustering and spatial distribution
In order to evaluate the extent of the genetic structure based on the allele frequencies

across the seven loci and Fst comparisons within and among localities, a Bayesian approach
was implemented using STRUCTURE v2.3.4 (Pritchard et al. 2000). STRUCTURE v2.3.4
assigns multi-locus genotypes to an ancestral cluster and calculates the maximum likelihood of
the number of clusters that contribute to each individual ancestry and can explain the allele
frequency distribution. It estimates the ancestry allele frequencies and expected allele
frequencies, minimizing the HWE and LD in the original data. A Markov chain Monte Carlo
(MCMC) simulation was run for 400,000 iterations and 1,000 permutations with 10% for burn-
in period (Falush et al. 2003). Admixture model was used with correlated frequencies, sampling
locations as a prior, K=1-16 assuming one population per sampling location as maximum
number of clusters. Admixture models assume that each individual has an ancestry from one
or more genetically distinct populations (K). Locality prior (Locprior) models were used to
detect genetic structure and they are helpful when low levels of genetic divergence are found
or there is a limited number of loci (Hubisz et al. 2009). STRUCTURE HARVESTER v0.6.92
(Earl and Von Holdt 2012), was used to evaluate the results and estimate K (number of
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ancestral clusters) using the Log probability of data (L(K)) and plotting L(K) and Delta K (AK)
across multiple runs following simulations (Evanno et al. 2005). Delta K is based on the rate
of change in the log probability of data between successive K-values (Evanno et al. 2005). The
probabilities of each model are compared for each value of K, in which individuals were
assumed to have been correctly assigned to an ancestral cluster or population when their q
value (i.e. its posterior probability of belonging to original ancestral population) was at least

80% for the population (Pritchard et al. 2000).

Mutation-drift equilibrium
It is expected that individuals coming from the same population reflect similar patterns

in genetic diversity and show similar allele frequencies. Therefore, evidence from effective
population size changes, changes in allele frequencies and drift-mutation equilibrium was
evaluated. The excess of heterozygotes was calculated in Bottleneck v1.2.02 (Piry et al. 1999),
where He was estimated from the number of observed alleles at each locus (k) and a simulated
distribution of heterozygosity was generated with the coalescence approach under the three
msatDNA evolutionary models: IAM, SMM and the Two-Phase Model (TPM). The average
expected equilibrium heterozygosity (Heq) for each locus was compared to He to assess
whether there was significant heterozygote excess or a deficit of heterozygotes at each locus
using three approaches: a Sign test, standardized differences test, and Wilcoxon’s test based on
1000 replications. The test for shifts in the allele frequency distribution from an L-shaped
(allele frequency distribution of population that are under mutation-drift equilibrium) were
performed in Bottleneck v1.2.02. Differences in population size and a population size
contraction signature were assessed with the Garza-Williamson analysis as implemented in
Arlequin v3.5 and M-RATIO (Garza and Williamson 2001). This approach calculates M,
which is the ratio of total number of alleles (k) compared to the range of allele sizes (r). A
simulated distribution of M values assumed to be under mutation-drift equilibrium were
calculated in M_P_VAL v100.0 (Garza and Williamson 2001), to evaluate the differences
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between the distribution of simulated and observed M-ratios. Mutation rates and the effective
population sizes were calculated in Arlequin v3.5 for 10,000 iterations, from expected

homozygosity assuming populations are in mutation-drift equilibrium.

Migration and contemporary connectivity patterns
Migration ratios and the number of effective migrants among sampling locations were

assessed in Migrate-n v3.6 (Beerli 2009), using a Metropolis-Hastings algorithm to sample
multi-dimensional distributions of Theta (6) with Maximum likelihood (ML) and with
Bayesian inference (BI) approaches (Beerli and Felsenstein 1999, 2001). One hundred seeds,
50, 000,000 MCMC iterations, a thinning of 1,000,000 and a sampling interval of 1,000 were
used. Migrate-n uses a coalescence approach to determine the migration rates between
locations using the genealogy to the most recent common ancestor (MRCA). The genealogy is
built including all loci in which each step to the MRCA is defined as an ancestral generation
and it is drawn as a node on a line that merges all the way back to the MRCA (Kingman 2000).
Migrate-n calculates the probability that two individuals in a particular generation have a
common ancestor (Beerli 2009). The probabilities are calculated integrating all possible
relationships in each ancestral generation following the genealogical tree. To estimate the
number of immigrants per generation, the total migration rate (M) and effective population size
(6) per generation are scaled to the mutational rate (m) (Beerli 2009). In each node or
generation, the effective population size or theta (6) is calculated. To obtain the value of ém
(theta scaled to the mutational rate), theta is multiplied by the mutation rate (m) that is usually
inferred from the data set, and multiplied by a constant that depends on the ploidy level and the
inheritance of the DNA markers (y) (Beerli 2009). In bi-parental nuclear markers y = 4 (two
allele copies per parent). The immigration rate in each generation (M) is calculated using ém
and multiplying it by the number of migrants and dividing it by the mutation rate (Beerli 2009).
The result reflects the number of variants brought to the population each generation that are
not a consequence of mutation. Migrate-n integrates all migration rates (M) and effective

30



population sizes per generation (6m) to estimate the number of migrants since the MRCA
(Beerli 2009).The results were represented graphically with the R package circlize (Gu et al.
2014). The width of the curved lines in the circular plot represents the number of migrants and
is dependent on the total volume of migrants across all regions. An assignment analysis was
calculated based on the expected frequency of each individual’s genotype and subsequently
assigned to the population where the expected frequency was highest. The highest likelihood
and p-values as first generation migrants between locations were performed using the software
Geneclass2 (Piry et al. 2004), using the Rannala and Mountain Bayesian method (Rannala and
Mountain 1997). Likelihood estimations were calculated with L_home. The probability that
each individual is not a migrant but a resident was estimated using 1,000,000 simulations

(Monte Carlo resampling) under Paetkau’s algorithm (Paetkau et al. 2004).

Results

Loci assessment and genetic diversity
The seven loci were successfully amplified for all 576 individuals and there were no

missing genotypes in the data set. Based on the He and the HWE allele frequencies, there was

no evidence of null alleles, allele drop-out or shifts in allele size due to mistakes in scoring.
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Table 11.2 Summary of the seven microsatellite DNA markers. Na= number of different alleles; A = proportion of different
alleles; Af = number of effective alleles; Ar = Shannon’s index of allele diversity; Ho = Observed heterozygosity; He =
Expected heterozygosity; Fis = inbreeding coefficient; Fir = average heterozygosity within the population relative to the total
expected heterozygosity; Fst = average heterozygosity between populations relative to the total expected heterozygosity; HWE
= probability of deviation from Hardy-Weinberg equilibrium after Bonferroni correction.

Locus Na A Af Ar Ho He Fis Fir Fst  HWE (p)
Mce3 55 18.813 7.121 2338 0.837 0.846 0.011 0.049 0.038  0.996
Mcs16EM 24 14375 9.243 2369 0.887 0.883 -0.005 0.026 0.031  0.905
Mce2 23 9.375 4513 1759 0.816 0.766 -0.064 -0.001 0.060  0.193
Mcsl6DM 16 11.438 7.177 2.121 0.883 0.847 -0.043 -0.015 0.027 0.801
Mce27 19 7250 3586 1480 0.765 0.699 -0.094 -0.056 0.035  0.957
Mcs2FH 29 13125 7.204 2.141 0959 0.847 -0.133 -0.093 0.035 0.231

Mce24 23 13563 7.029 2210 0.933 0.851 -0.096 0.055 0.037 0.737

Most of the loci were highly polymorphic with an average of 20 alleles per locus. Locus
Mcs16DM had the lowest number of alleles and Mce3 had the highest number of alleles (16
and 55 respectively; Table 11.2). The marker Mce27 had the lowest value of observed
heterozygosity (Ho = 0.765) and Mcs2FH had the highest (Ho = 0.959). The lowest proportion
of expected heterozygotes was found in the marker Mce27 (He = 0.699) and the highest value
was found in the marker Mcs16EM (He = 0.883; Table 11.2). There was no evidence of
significant deviation from HWE in each locus before and after Bonferroni correction for p-
values in multiple tests (Table 11.2). There were paired combinations of loci that showed
significant LD values (Appendix Table 11.8). The linkage of loci was not consistent across
sampling locations; for example, the msatDNA marker Mcs16DM was linked with Mcs16EM
and McS2FH markers in Waikato, and was significantly linked to Mce3 in Kaipara Harbour.
Linkage Disequilibrium is not expected to introduce bias into any of the analyses because is
not a measure of the distance between loci (Slatkin 2008). The probability to find Linkage
between pairs of loci that have been inherited from a shared recent common ancestor, even

when they are not located in the same chromosome (Marth et al. 2004; Lawrence et al. 2005;
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Achaz 2009; Huang et al. 2014; Skelly et al. 2016). Although the concept itself refers to the
genetic linkage in loci we assume physically proximate, genetic association measurements such
as LD are not a linear function of distance between loci (Lawrence et al. 2005; Skelly et al.
2016). This concept comes from the algebraic basis of how LD is calculated, where if the
probability at which the frequency of two alleles occur together is equal to the product of their
probabilities, the loci are not statistically independent and they are inherited together or linked
(Slatkin 2008).

The allele frequency distributions (Figure 11.2), showed similar allele frequencies
between Waikato and Bay of Islands, Hokianga and Dargaville, Wairarapa and Hauraki Gulf,
and Whangape and Waimihia. The distribution of allele frequencies was consistent with SMM
evolution pattern (Figure 11.2) Based on both Nei’s allele diversity (defined as the probability
of two random alleles being different in the sample), and Shannon’s diversity function modified
for allele frequencies, all sampling locations held similar levels of genetic diversity (Table 11.3).
Shannon’s genetic diversity index has a better level of resolution because it takes into account
the sample size and is not biased by the missing alleles in each locality. Waiotahe, Whakatane,
Hauraki Gulf, Wairarapa and South Island locations showed genetic diversity levels under two
(Ar=1.907; Ar=1.721; Ar = 1.877; Ar = 1.894; Ar = 1.576, respectively; Table 11.3). . Those
same locations showed low number of private alleles (zero and one; Table 11.3). The South
Island location showed the lowest value of genetic diversity and no private alleles probably as
a result of low sample size (N = 5; Table 11.3). Kaipara Harbour showed high levels of genetic
diversity (Ar = 2.117; Table 11.3); however, there were not private alleles found in this location.
Kaipara Harbour is likely to an area with high proportion of individuals coming from other
locations. Napier, Bay of Islands, Dargaville, and Waikato showed the highest numbers of

private alleles by sampling location (nine, seven, seven and six respectively; Table 11.3).
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Table 11.3 Basic statistics summaries for each sampling population. N = total number of samples; A = proportion of different
alleles; Af = number of effective alleles, Ad = allele diversity, Ar = Shannon’s index of allele diversity; Pn = number of private
alleles; Ho = Observed heterozygosity; He = Expected heterozygosity; Fis = inbreeding coefficient.

Population Latitude Longitude N A Af Ad Ar Pa Ho He Fis
Napier -39.483989 176.87965 48 16.000  7.996 0.8635 2.272 9 0.854  0.855 0.002
Waiotahe -38.038384  177.18284 12 9.000  5.888 0.8447 1.907 1 0.905 0.810 -0.124
Whakatane -37.948243 176.99674 6 7.000 5.206 0.8354 1.721 0 0.786 0.766  -0.025
Hauraki Gulf -36.829214  174.83479 48  12.000 4.996 0.7894 1.877 0 0.967 0781 -0.245
Bay of Islands -35.237716  174.09942 48  14.429 7.101 0.8357 2.169 7 0.827 0.829  0.001
Waimihia -35.327874 173.1786 47 15.143  7.892 0.8648 2.285 4 0935 0.856 -0.095
Hokianga -35.407473 173.4328 48 15.000 7.480 0.8458 2.213 3 0.821 0.837 0.014
Dargaville -35.981893 173.75731 48 15571 6.879 0.8397 2.178 7 0.899 0.831 -0.086
Pouto -36.301823 174.08338 38 12.714  6.983 0.8506 2.114 2 0.820 0.839 0.027
Kaipara Harbour -36.341742  174.22599 48  14.000 6.840 0.8335 2117 0 0.848 0.825 -0.029
Waikato -37.557986 175.12449 48 14571  7.849 0.8498 2.221 6 0.860 0.842 -0.019
Whangape -37.460357 175.06742 48 15.000 7.297 0.8593 2.234 5 0.921 0.850 -0.086
Patea -39.546669 17456649 24 12571 6.941 0.8671 2.161 2 0.905 0.849 -0.067
Porirua -41.097363 17490011 12 10.000 6.072 0.8638 2.013 2 0.833 0.828 -0.008
Wairarapa -41.256098  175.20365 48  12.286 4.786 0.7814 1.894 1 0917 0773 -0.181
South Island -41.243534  174.04032 5 5.714  4.642 0.8317 1.576 0 0.800 0.749 -0.073
Total (mean) 576 36.000 6.553  0.8410125 2.060 3.0625 0.869 0.820 -0.062

Most of the msatDNA loci appeared to conform to neutral expectations. Only the locus
Mce2 showed a pattern that could be interpreted as positive selection after the simulations
under both the IAM and SMM evolutionary models (p < 0.01; Appendix Figure 11.8). The loci
Mce3 and Mcs2FH did not reach a plateau of allele discovery (Figure 11.3), so additional alleles
could be discovered if the sample size was increased. Simulations of divergence from a single
ancestral population conducted in POWSIM 4.1, showed that the msatDNA loci used in this
study had enough statistical power to detect significant pairwise differentiation levels in Fstas

low as 0.0025 after 40 generations under HWE equilibrium (Table 11.11).

Population structure
There were low levels of genetic differentiation among sampling locations with both

pairwise Fst and Slatkin’s Rst statistics being significant (Fst < 0.05; Rst < 0.01; Table 11.4;
Appendix Table 11.7). Slatkin’s Rsr statistic is better suited to assess gene flow and isolation
when multiple loci and alleles are used. It takes into account the total variance in allele size
across all locations and the variance in allele size within each location (Slatkin 1995). Slatkin’s
Rsr statistics were more suitable for assessing differentiation with msatDNA markers under

SMM evolution like the loci in this study (Figure 11.2).
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The AMOVA analysis showed significant differences within sampling locations and
among individuals which is characteristic of highly structured populations overlapping in
geographical distribution (Table 11.5). Slatkin’s Rst showed significant levels of differentiation
in all thre hierarchical levels while Fst only showed significant differences among individuals
(Table 11.5). Four groups were identified in the PCA (Figure 11.4), where two axes explained
over 50% of the total variation. Wairarapa and Hauraki Gulf were grouped together as well as
Waikato and Bay of Islands, and Patea and Porirua. The variation of the PCA1 and PCA2 was
not enough to identify other groups in the remaining locations. The PCoA performed in
GenAlEx where the coordinates explained 14.57 and 10.16% of the variation showed no clear
groups. With the FCA performed in Genetix, the factorials explained 42% of the variation and
showed similar clusters as the ones found with PCA (see above). The individual genetic
distances are small between populations that have undergone recent admixture (Belkhir et al.
2004). Wairarapa and Hauraki Gulf, and Waikato and Bay of Islands, were clustered together
(Figure 11.5). Some of the individual genetic distances of Napier and Dargaville overlapped
forming a cluster as well as Waimimihia and Whangape Lakes which showed a cluster of
overlapping of individuals genetic distances (Figure 11.5). Samples from two contiguous
locations, Kaipara Harbour and Pouto, were scattered suggesting that the three factorial
components could not explain the variation found (Figure 11.5).

The Mantel test of correlation coefficient between the linearized Rst genetic distances
and the linearized geographical distances, showed low and no significant correlation (R? =

0.002; p > 0.05). There was no pattern of Isolation-By-Distance.
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are highlighted in red.

Table I1.5 AMOVA analysis of the Rst and Fsr variation partitioned in three hierarchical categories. Significant probabilities

RST
Source df SS MS Est. Var. % R-Statistics p Geographic regions (West-East-South)
Among Populations 15 69106.623 4607.108 46.462 4% Rt 0.179 0.001 Rir=0.180 0.001
Among Individuals 560 734193599  1311.060  167.022 14% Rsr 0.039 0.001 Rst=0.008 0.014
Within Individuals 576 562761.000 977.016 977.016 82% Ris 0.146 0.001 Ris=0.173 0.001
Total 1151  1366061.222 1190.500  100%
FST
Source df SS MS Est. Var. % F-Statistics p Geographic regions (West-East-South)
Among Populations 15 96.980 6.465 0.052 2% Fir  -0.048 1.000 Fir=-0.027 1.000
Among Individuals 560 1565.630 2.796 0.000 0%  Fsr 0017 0.000  Fsr=0.009 0.001
Within Individuals 576 1772.000 3.076 3.076 98% Fis -0.030 1.000 Fis=-0.036 1.000
Total 1151 3434.609 3.128 100%
Waiotahi
@
Patea
Porirua ®
Pouto
@ Whakatane
South Island :lap.ier
Waimihia
PCA1 aimihia @ Whangape
30.03% 3
®Dargaville Hauraki Gulf @
Hol:anga Kaipara Harbour Wairarapa @
Waikato  Bay of Islands
@
PCA2 17.82%

Figure 11.4 Principal Component analysis of the genetic relationship between sampling locations
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Bayesian population clustering and spatial distribution
The Bayesian approach of genetic structure analysis using an admixture model grouped

the individuals into four clusters based in their allele frequencies and Fst pairwise comparisons
by individual and locations. (Figure 11.6). The mean probability reached a plateau after four
clusters, representing four ancestral populations that could explain the observed allele
frequency distribution. The validation approach of probability comparisons described by
Evanno et al. (2005), K= 4 showed the highest number of differences in the AK value

(Appendix Figure 11.9).
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Figure 11.6 Bayesian cluster analysis showing the proportion of ancestry in each individual from four genetically distinct
populations (K = 4), that can explain the observed distribution of allele frequencies.
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Mutation-drift equilibrium
There was no evidence of genetic bottlenecks under the TPM and SMM evolutionary

models (Table 11.6). However, under the IAM evolutionary model, Waikato, Bay of Islands,
Hokianga, Napier, Kaipara Harbour and Pouto samples showed a significant excess of
heterozygotes. The distributions of allele frequencies were L-shaped, the expected shape for a
population in mutation-drift equilibrium except for the South Island which had a shift mode
allele frequency distribution probably due to the low sample size (N = 5; Table 11.3). The Garza-
Williamson index shows M values that are lower than the critical value of a genetic bottleneck
(M < 0.68 (Garza and Williamson 2001); Table 11.6), suggesting recent bottlenecks among the

sampling locations.

Table 11.6 Mutation-drift equilibrium analysis under 1AM (Infinite allele model), SMM (Step-wise mutation model), TPM
(Two-phase mutation model); mode-shift of allele frequencies and Garza-Williamson M-ratio for each sampling location and
locus. Red p values are significant and red M values are below the 0.68 for populations with no effects of recent bottleneck
according to Garza-Williamson, 2001.

Wilcoxon's test Garza-Williamson

Sampling location 1AM TPM SMM Allele frequency distribution 0 Nef M
Napier 0.011719 0.8125 0.99219 normal L-shaped 3.74293 93.57325 0.29768
Waiotahe 0.234375 0.710938 0.96094 normal L-shaped 3.31191  82.79775 0.28824
Whakatane 0.710938 0.945313 0.97266 normal L-shaped 3.13792 78.448 0.20039
Hauraki Gulf 0.34375  0.972656  0.99219 normal L-shaped 2.50833 62.70825  0.28339
Bay of Islands 0.039063  0.65625 1 normal L-shaped 3.14289 7857225 0.27564
Waimimihia 0.148438  0.34375  0.97266 normal L-shaped 3.77688 94.422 0.31654
Hokianga 0.039063 0.46875  0.98828 normal L-shaped 3.33438 83.3595 0.26871
Dargaville 0.34375  0.765625 0.99609 normal L-shaped 3.21506  80.3765  0.28032
Pouto 0.039063  0.40625  0.94531 normal L-shaped 3.43512 85.878 0.26497
Kaipara Harbour 0.011719  0.59375  0.99609 normal L-shaped 3.10379  77.59475 0.30728
Waikato 0.011719 0.34375  0.85156 normal L-shaped 3.4182 85.455 0.27193
Whangape 0.148438 0.40625  0.99219 normal L-shaped 3.63713  90.92825 0.2955
Patea 0.148438 0.46875  0.97266 normal L-shaped 3.84019 96.00475  0.26959
Porirua 0.34375 0.8125 0.98828 normal L-shaped 3.75179  93.79475  0.24082
Wairarapa 0.53125  0.992188 1 normal L-shaped 242738  60.6845  0.27409
South Island 0.1875 0.148438  0.14844 Shifted Mode 3.07284 76.821 0.22744

Migration and contemporary connectivity patterns
The assignment analysis under the Rannala and Mountain (1997) algorithm, showed

only 134 individuals out of 576 correctly assigned to the location of origin (23.3%). Of those,
fifteen individuals from ten locations could be considered first generation migrants (Fo) with a
probability below 0.01 (Appendix Table 11.9). The Bayesian analysis of migration rates in

Migrate-n showed Wairarapa and Hauraki Gulf as the locations with more immigrants
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(Appendix Table 11.10; Figure 11.7). The rest sampling locations showed a low proportion of

migrants (Appendix Table 11.10; Figure 11.7).
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Figure 11.7 Connectivity patterns of M. cephalus in New Zealand based on the proportion of migrants and the proportion of
non-migrants by sampling location. Only the flows that are representing a migration volume of more than 15% are shown.
The colour pattern follows regional distribution: Blue = South Island and southern North Island; red/orange = west coast
North Island; green = east coast North Island. The outer circle segments below the locality name represent the total number
of migrants moving to and from the locality. The inner bars show the total volume of migration encoded in the circle segments.
To define directionality, in each location emigrants are represented with the same colour of the location and immigrants are
coloured as the locality of origin. The width of the curved line is the volume of movements where the exact volume of movements
can be visualized only at the beginning and end points. The width of the curved line depends on number of migrants relative
to the total volume of migrants across all regions indicated by the outside circle segments.
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Discussion

The msatDNA markers used in this study were highly polymorphic and showed enough
statistical power to assess the genetic differences found among populations. The msatDNA
analysis showed that the distribution of allele frequencies of M. cephalus throughout the North
Island, New Zealand could be explained by the recent admixture of four genetically distinct
ancestral populations that overlap geographically. There was no evidence of spatial correlation
with the levels of genetic differentiation among the four clusters, neither Isolation-By-Distance.
High levels of gene flow among locations were identified and the four clusters showed a spatial

chaotic genetic structure and He excess characteristic of recent bottlenecks.

Linkage disequilibrium
There was linkage disequilibrium (LD) between some of the msatDNA loci but it was

not consistent among all population comparisons. This pattern of LD could be the result of low
effective population sizes and genetic structuring of M. cephalus populations. Alternatively, it
could be a consequence of secondary contact and recent admixture of genetically distinct
populations (Lawrence et al. 2005; Sedghifar et al. 2015; Skelly et al. 2016).

There are three main reasons why LD could be seen in nuclear DNA markers or genes
that are not physically proximate. First, the interaction of genes, or epistasis, where one locus
is altered or masked by the effects in another locus (Cordell 2002). This pattern will show a
consistent linkage between two markers situated in different chromosomes such as the case of
the human chromosomes from Mexican-Americans in USA, where the interaction of genes in
chromosome 2 and 15 increases their susceptibility to acquire type 2 diabetes (Cox et al. 1999;
Cordell 2002). For M. cephalus in New Zealand, there was not a consistent linkage pattern
across the individuals assessed.

A second possibility is that two loci show LD due to the effects of recent bottlenecks
(Lawrence et al. 2005; Slatkin 2008). In random mating populations under population

expansion and with a large population size, all possible allelic configurations are assumed to
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occur at random (Lawrence et al. 2005; Skelly et al. 2016). In those populations, the probability
of finding allele configurations that show linked loci when they are not physically proximate,
is typically low (Slatkin and Excoffier 1996). The probability of finding linked alleles that are
not physically proximate increases when the recent bottlenecks lead to a temporary excess of
He in comparison to the expected levels of He (e.g. Marth et al. 2004; Lawrence et al. 2005;
Achaz 2009; Huang et al. 2014; Skelly et al. 2016). Species that show an excess of
heterozygotes in their populations will show linkage between pairs of loci in one population
that may not be present in other populations (Lawrence et al. 2005; Slatkin 2008; Skelly et al.
2016). In New Zealand, the effects of recent bottlenecks were found in all sampled locations
and significant He excess was detected in only six of them (Waikato, Bay of Islands, Hokianga,
Napier, Kaipara Harbour and Pouto). The reduction in effective population size and the
subsequent effect of genetic drift may account for the presence of random associations between
pairs of loci. Mugil cephalus showed ancestry of four ancestral and genetically distinct
populations with overlapping geographic distribution, which could be a result of sweepstake-
reproductive-success, in which bottlenecks in juveniles due to seasonal variability in their
mortality rates, causes different reproductive success of the adult and a patchy spatial
distribution of the allele frequencies (see below) (Hedgecock 1994; Hedgecock and Pudovkin
2011).

The bottleneck effects found in this study could also be an artefact of low number of
loci used. Low number of loci and skewed sample sizes could fail to detect changes in the
effective population size (bottleneck) and differentiation between populations (Laikre et al.
2005; Ryman and Palm 2006; Jorde and Ryman 2007). The seven loci used in this study
showed significant levels of differentiation and they were powerful enough to detect significant
differentiation (levels as low as significant Fst = 0.025), even after 40 generations under HW

equilibrium. The sample size used for each location allowed to detect high levels of
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polymorphisms in each locus. Most of the loci used in this study will require >10 samples to
discover a new allele in the population which increases exponentially the sampling effort in
order to add little more variation to be assessed in the population analysis.

The third possibility for significant linkage of non-proximate alleles is that allopatric
populations came into contact. In secondary contacts, the differentiated genes from the founder
populations will be affected at each generation by segregation and recombination of
chromosomes, homogenizing the allele frequencies after a few generations (Sedghifar et al.
2015). During admixture, alleles of the same ancestry will be co-inherited leading to a non-
random association of alleles showing significant linkage between pairs of loci even when they
are not proximate or in the same chromosome (Sedghifar et al. 2015; Skelly et al. 2016).

The analysis of mtDNA markers could help to understand the demographic processes
that could be involved in significant LD found. The effect of recent bottlenecks or admixture
between allopatric populations could result in the non-random association of alleles in pairs of

loci that are not physically proximate for M. cephalus in New Zealand.

Chaotic population genetic structure
High levels of allele diversity were identified at the loci sampled in this study. Although

there was gene flow among the sampled locations and admixture was identified, ancestry of
four genetically distinct populations was identified where one population was predominantly
found in freshwater locations. The analysis performed in the software STRUCTURE that
assigns individuals into ancestral clusters could underestimate the number of contributing
populations when there are unbalanced sample sizes (Wang 2017). Specifically, it merges
populations with small sample size (Wang 2017). It is possible that the population distributed
mainly in freshwater systems, the South Island and Porirua is an artefact of the uneven sample
sizes and STRUCTURE could not accurately identify the real number of genetically distinct

clusters within those locations.
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Genetic distances showed no correlation with geographic distance. The hypothesis of
IBD was rejected (R? = 0.02 p>0.05). The general spatial pattern of the allele frequencies did
not correspond to a geographic cline or position. The four genetically distinct populations were
consistently presented across the analyses used.

Species such as M. cephalus in New Zealand that showed genetic heterogeneity but no
correlation with geographic distances are considered to have a chaotic genetic structure (Hogan
et al. 2010; Broquet et al. 2013; Selwyn et al. 2016). One of the factors that is argued to cause
this type of structure in marine species is when there is a significant variance in reproductive
success that occurs during larval and juvenile recruitment stages (Selwyn et al. 2016). The
allele frequency differences between generations of offspring is determined by differential
mortality of larvae and juveniles that occurs between seasons leading to seasonal bottlenecks
with different effects of drift (Hedgecock and Pudovkin 2011). In this situation only the
offspring from a portion of the reproducing adults are successful in any given season. This
phenomenon is called Sweepstake-Reproductive-Success or SRS (Hedgecock 1994,
Hedgecock et al. 2007a; Christie et al. 2010; Hedgecock and Pudovkin 2011).

The factors affecting the mortality of larvae and juveniles could be different in each
locality and different each season, resulting in neighbouring locations that are genetically
different, and also some genetically distinct populations with overlapping geographic
distributions (Hedgecock 1994; Hogan et al. 2010; Selkoe et al. 2010; Broquet et al. 2013).
The genetic diversity of the whole population is maintained because of the combined
contribution all the cohorts make to the adult population, i.e. the adults are comprised of
overlapping generations (Hedgecock 1994; Hogan et al. 2010; Selkoe et al. 2010; Broguet et
al. 2013).

Mugil cephalus in New Zealand showed the effect of recent bottlenecks and significant

He excess was detected in Waikato, Bay of Islands, Hokianga, Napier, Kaipara Harbour and
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Pouto. The differences in effective population sizes among New Zealand locations may be the
result low sample sizes of the sympatric populations; however, this fails to explain the levels
of gene flow and the geographical patchiness of the genetic structure of M. cephalus. A most
likely explanation is that M. cephalus is chaotic genetic structure is an outcome of dissimilar
seasonal contribution of genetic diversity from recruited juveniles as predicted by the
Sweepstakes-Reproductive-Success hypothesis (SRS) (Hedgecock 1994; Hogan et al. 2010;
Selkoe et al. 2010; Broquet et al. 2013). In the SRS hypothesis the fluctuations in rates of
survival of larvae and juveniles could lead to seasonal bottlenecks and shifted allele frequencies
in which the overall genetic diversity could be maintained by the seasonal contribution of
overlapping generation (Hedgecock 1994). The SRS could be tested including juveniles
assessing the levels of genetic diversity compared to the adults and testing for effects of
bottlenecks in juveniles from different spawning seasons.

One of the consequences of rapid reductions in allele diversity is a He excess when
compared to the expected heterozygosity (Ho) levels (Maruyama and Fuerstt 1985; Cornuet
and Luikart 1996; Piry et al. 1999; Galtier et al. 2000). Loci under SMM could look like more
suited to a IAM model when strong drift eliminates alleles and the allele frequency distribution
appears to be fragmented (Piry et al. 1999). Unfortunately, despite M. cephalus populations
showing the effects of SRS model in this study, the factors behind the shifts in Ne and He
excess are difficult to identify with any certainty. It could be the result of kinship aggregations
of larvae and juveniles that settled in the same location as the adults (Broquet et al. 2013;
lacchei et al. 2013; Selwyn et al. 2016). It could also be the result of reproductive behaviours
such as philopatry or a strong correlation with environmental variables (Bentzen and Bradbury
2016; Bonanomi et al. 2016; Selwyn et al. 2016).

Previous fisheries management studies of M. cephalus in New Zealand have identified

SiX putative sub-stocks based on catch per unit effort and landings in the GMUL1 fishery area
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(McKenzie and Vaughan 2008; Figure 1.2). The sub-stocks identified were the Lower Waikato
River, Manukau Harbour, Kaipara Harbour, North West Coast, East Northland (including Bay
of Islands) and Hauraki Gulf (McKenzie and Vaughan 2008). These are some of the locations
analysed in this study with strong effects of bottlenecks. Future studies could investigate how
the environment and human activities contribute to genetic diversity patterns.

The Kaipara Harbour and the other areas mentioned above are used as nursery areas by
M. cephalus along with other major estuaries around the North Island (Francis et al. 2005;
Morrison et al. 2016). Fish species with nursery areas in environments such as estuaries seem
to be sensitive to the effects of SRS (Christie et al. 2010; Hedgecock and Pudovkin 2011;
Broquet et al. 2013). Estuaries act as sink environments for larvae and juveniles, and typically
hold populations with overlapping generations (Christie et al. 2010; Broquet et al. 2013). The
collective contributions from multiple cohorts made to the adult population ensure that the
overall level of diversity is maintained (Hedgecock 1994; Hedgecock and Pudovkin 2011). The
risk is that if one season’s cohort is lost, there could be a gap for the transmission of alleles to
the adult population. The more often these gaps occur, the levels of genetic diversity are more
likely to decline over time (Palumbi 1994; Hedgecock and Pudovkin 2011; Broquet et al.
2013). Some of the nursery estuarine environments are surrounded by areas of intensive land-
use, which increase sediment and nitrogen loads that modifies or degrades the suitable habitat
(Larned et al. 2015). There is growing need to assess the impacts of human-based activities and
the threat they might pose to species with sensitive nursery grounds and which rely on sustained

cohort success to maintain genetic diversity.

Mugil cephalus population genetic structure in the world
Significant levels of genetic differentiation with msatDNA markers have been found in

other M. cephalus populations in Tunisia and the western Pacific (Liu et al. 2009b; Blel et al.
2010; Shen et al. 2011; Kriick et al. 2013). Mugil cephalus populations in New Zealand showed
similar levels of heterozygosity to their counterparts in Tunisia and higher levels than those
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from the China Sea (New Zealand, He = 0.749 — 0.856; Table 11.3; Tunisia, He = 0.8 — 0.93;
Blel et al. 2010; China Sea, NWP1: He = 0.6; NWP2: He = 0.57; NWP3: He = 0.33; Shen et
al. 2011). The main differences among studies were the factors identified driving the genetic
structure in each geographic region.

In Tunisia, the significant level of differentiation was caused mainly by a habitat
preference resulting in what appeared to be selection at the locus Prl, which encodes the
prolactin protein (Blel et al. 2010). The prolactin protein plays a role in the ability to tolerate
movements from a saline to freshwater environments and is the most important hormone that
controls the acclimation to different salinity levels in fish (Pickford and Phillips 1959; Manzon
2002; Sakamoto and McCormick 2006). In Tunisia, a panmictic population was identified with
extensive gene flow among locations, only the allele frequencies of the Prl locus in individuals
from each location were positively correlated with different salinity levels (Blel et al. 2010).

In the China Sea and west Pacific, the genetic differentiation levels of M. cephalus
populations determined using mtDNA and msatDNA markers, were correlated with spatial
factors (Shen et al. 2011). The study suggested that the finding of genetically distinct
populations could be explained as a consequence of Pleistocene glaciation events. Each
glaciation during the Plio-Pleistocene changed the sea level and modified the major current
patterns in the China Sea. The results of these major climatic changes were periods of isolation
among the three M. cephalus populations followed by secondary contact as the climate warmed
and the sea level rose (Shen et al. 2011). The pattern of genetic structure was one of
differentiated populations that overlapped in their geographic distribution, but without any
significant gene flow among them.

Mugil cephalus in New Zealand might possible follow similar correlation with
environmental variables as the populations found in Tunisia (Blel et al. 2010). Individuals

clustered in a population with a predominant ancestry of one of the four populations identified
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in this study were distributed mainly in freshwater locations including the Patea River in the
south west, Whangape Lake off the Waikato River, Waimimihia Lake in the northwest coast,
Whakatane and Waiotahe Rivers in Bay of Plenty on the east coast. The variation in the allele
frequencies of the locus Prl was not assessed in this study; however, the variation in the allele
frequencies in New Zealand freshwater locations and Porirua Harbour seemed to be influenced
by the concentration of Escherichia coli which is mainly related to human-based activities
(Appendix Figure 11.10; measured with distance-based redundancy analysis (dbRDA),
generated to visualise the results of distance-based linear models (DistLM), correlating
environmental variation matrices with similarity distances of allele frequencies; Jimenez 2017
unpubl. data). High levels of pollution can influence the survival of the organisms leading to a
selection scenario with the fixation of alleles. Human activities may also be responsible for the
strong effects of bottlenecks in the Waikato River, the Kaipara Harbour, Bay of Islands and the
Hauraki Gulf which were some locations identified as heavily impacted by the fishery
(McKenzie et al. 1999; Watson et al. 2005; McKenzie and Vaughan 2008; Morrison et al.
2014a,c). A more thorough analysis is required to assess the human impact on genetic diversity
and the genetic structure of M. cephalus in New Zealand.

Genetically differentiated populations of M. cephalus as a consequence of philopatry
have been reported in Taiwan (Huang et al. 2001). Two sub-populations share spawning
grounds in Taiwan’s coastal waters; a nomadic population that travels to the Chinese sea after
the spawning season and a resident non-migratory population. These appear to have become
two differentiated populations because of the fixation of one allele of the glucose 6-phosphate-
isomerase-A (GPI-A) locus in the nomadic population. The protein produced by the GPI-A
gene is involved in glycolysis, gluconeogenesis and as a neurotrophic factor. In comparison,
our study showed gene flow among locations in the east, west and south coasts of New Zealand

but there were also high rates of non-migratory individuals, which is a finding other M.
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cephalus studies have not reported. It is possible that a combination of different spawning
grounds, key reproductive behaviours such as philopatry (natal homing) and season-based
differential reproductive success, are isolating M. cephalus individuals into groups with similar
characteristics.

Marine fish species such as the Atlantic cod Gadus morhua in Iceland and Greenland
have shown a chaotic genetic structure as a result of philopatry (Bonanomi et al. 2016). This
species has genetically structured populations in neighbouring locations in Iceland, but high
levels of gene flow between Iceland and Greenland populations. By analysing msatDNA from
stored voucher specimens collected in both locations since the 1960’s and the historical records
of their migration movements, Greenland populations returning to Iceland to spawn each
season were identified (Bonanomi et al. 2016). Sampling of juvenile M. cephalus in New
Zealand has shown that juveniles are estuary-dependent (Francis et al. 2011; Morrison et al.
2016). The precise location of spawning grounds in New Zealand are unknown although it is
most likely to be in the marine environment which is consistent with observations of M.
cephalus in other parts of the world. While juveniles are known to be dependent of low-salinity
conditions for successful growth, spawning is strictly marine-based (Whitfield et al. 2012;
Gorski et al. 2015; Morrison et al. 2016). Otolith-chemistry analysis of the same adults used in
this genetics study, and other adults collected in the same locations, showed that there were
different migratory and non-migratory groups (Goérski et al. 2015; Morrison et al. 2016;
Gillanders et al. unpubl. data). Some individuals appear to often move between marine and
estuarine/freshwater systems, while others migrate from marine to freshwater environments
and did not seem to return to the sea; other M. cephalus individuals remained in the marine
environment for all of their lives (Morrison et al. 2016). Some adults spawn at least once in
their life and others spawn intermittently without any particular periodicity, which would be

typical features of species with SRS (Hedgecock and Pudovkin 2011; Morrison et al. 2016). It
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is possible that there are multiple spawning grounds in New Zealand and that each population
identified in this study has a different spawning ground. The spawning behaviour of M.

cephalus in New Zealand could be the cause for the SRS and the chaotic genetic structure.

Conclusion

Mugil cephalus in New Zealand showed ancestry and recent admixture of four
genetically differentiated populations, which overlap in their geographic distribution. Gene
flow among locations and a high rate of non-migratory individuals in each location were
identified. To date there has been no reported evidence of morphological characters that could
affect mating or niche specialization that could have caused the population genetic
differentiation levels. The chaotic spatial pattern observed with msatDNA markers in the
genetic structure of New Zealand M. cephalus may be a consequence of variability in the
reproduction success of adults due to their spawning behaviour. This would be typical of a
species with a SRS pattern. The chaotic distribution of genetic diversity is also reflected in
significant shifts in Ne among locations. Comparing levels of genetic variation between adults
and larvae or juvenile samples, can help to assess the applicability of the SRS model. Philopatry
could be another factor driving the chaotic genetic structure of M. cephalus in New Zealand
that would explain the patchy geographical distribution of the four populations.

The proportion of genetic variation that is caused by environmental variability and
human-based activities still needs to be evaluated. Human activities could also accentuate the
bottlenecks and affect the genetic diversity and structure of M. cephalus in New Zealand. The
six locations in the GMUL fishery area showed the strongest effects of recent bottlenecks;
which matched those areas with high fishery pressure and were identified as putative fishery
stocks based on CPUE (McKenzie and Vaughan 2008). Whether the genetic bottlenecks are a
consequence of the small effective population sizes of the four genetically distinct populations,
the consequence of fishery pressure and human-based activities in estuarine nursery areas for
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the management GMUL area, or a combination of both, remains uncertain and further work is
needed. This is the first study reporting a chaotic population genetic structure in M. cephalus

species; however, further studies are required to disentangle the causal factors behind it.
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Appendix

Table 11.7 Basic statistics summary by sampling location and microsatellite DNA marker. N = number of samples; A = number
of different alleles; Af = number of effective alleles; Ar = Shannon’s index of allele diversity; Ho = Observed heterozygosity;

He = Expected Heterozygosity; Fis = inbreeding coefficient.

Population/Locus

Napier

Waiotahe

Whakatane

Hauraki Gulf

Bay of Islands

Waimimihia

Hokianga

Mce3
48
29

12.872

2.920

0.875

0.922

0.051
12
16

10.667

2.590

1.000

0.906

-0.103

5.143
1.792
0.833
0.806
-0.034
48
19
6.312
2.277
1.000
0.842
-0.188
48
19
5.519
2.286
0.667
0.819
0.186
48
23
6.630
2.485
0.875
0.849
-0.030
48
23
7.629
2.543
0.750

Mcs16EM

48
17
12.625
2.649
1.000
0.921
-0.086
12
8
6.545
1.955
0.667
0.847
0.213

10
8.000
2.210
0.833
0.875
0.048

48

15
5.499
2.149
1.000
0.818
-0.222

48

17
10.642
2.540
0.875
0.906
0.034

48

15
10.691
2.492
0.938
0.906
-0.034

48

19
12.800
2.694
0.896

Mce2

48

9

4.122
1.734
0.771
0.757
-0.018

12

5.236
1.885
1.000
0.809
-0.236

6.545
1.979
0.833
0.847
0.016
48

3.752
1.576
0.958
0.734
-0.307
48
11
3.303
1.616
0.667
0.697
0.044
48
11
5.633
1.970
0.958
0.822
-0.165
48
10
3.749
1.717
0.771

Mcs16DM Mce27

48
13
7.529
2.225
0.917
0.867
-0.057
12
8
5.878
1.910
1.000
0.830
-0.205

3.273
1.474
0.667
0.694
0.040
48
12
7.303
2.169
1.000
0.863
-0.159
48
14
8.565
2.339
0.896
0.883
-0.014
48
14
9.846
2.428
1.000
0.898
-0.113
48
13
8.214
2.298
0.750

48
14
5.284
1.938
0.646
0.811
0.203
12

3.200
1.485
0.917
0.688
-0.333

1.946
0.824
0.500
0.486
-0.029
48

3.678
1.456
0.813
0.728
-0.116
48

3.526
1.550
0.813
0.716
-0.134
48

3.666
1.620
0.875
0.727
-0.203
48

3.368
1.491
0.771

Mcs2FH

48
15
7.211
2.222
0.917
0.861
-0.064
12

4.966
1.676
0.917
0.799
-0.148

6.000
1.864
1.000
0.833
-0.200
48
10
3.026
1.411
1.000
0.669
-0.494
48
15
8.727
2.369
0.938
0.885
-0.059
48
16
9.179
2441
1.000
0.891
-0.122
48
19
9.216
2.489
0.896

Mce24
48
15

6.330
2.214
0.854
0.842

-0.014

12

4721
1.846
0.833
0.788
-0.057

5.538
1.907
0.833
0.819
-0.017
48
14
5.402
2.100
1.000
0.815
-0.227
48
16
9.423
2.482
0.938
0.894
-0.049
48
18
9.600
2.561
0.896
0.896
0.000
48
14
7.385
2.259
0.917
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Population/Locus

Dargaville

Pouto

Kaipara Harbour

Waikato

Whangape

Patea

Porirua

Wairarapa

He
Fis

Af
Ar
Ho
He
Fis

Af
Ar

He
Fis

Af
Ar
Ho
He
Fis

Af
Ar
Ho
He
Fis

Af
Ar
Ho
He
Fis

Af
Ar
Ho
He
Fis

Af
Ar
Ho
He
Fis

Mce3
0.869
0.137
48
29
8.199
2.720
0.792
0.878
0.098
38
16
5.213
2.090
0.632
0.808
0.219
48
25
9.501
2.666
0.792
0.895
0.115
48
21
7.100
2.469
0.771
0.859
0.103
47
25
7.670
2.572
0.915
0.870
-0.052
24
18
6.583
2.370
0.875
0.848
-0.032
12
13
6.261
2.210
0.833
0.840
0.008
48

Mcs16EM
0.922
0.028

48
18
11.434
2.603
0.938
0.913
-0.027
38
15
11.194
2.534
0.921
0.911
-0.011
48
16
8.170
2.369
0.958
0.878
-0.092
48
18
12.420
2.663
0.958
0.919
-0.042
47
18
10.909
2.600
0.957
0.908
-0.054
24
12
7.024
2.152
0.750
0.858
0.126
12
11
7.200
2.167
0.500
0.861
0.419
48

Mce2
0.733
-0.051
48
12
3.303
1.615
0.813
0.697
-0.165
38
10
5.776
1.930
0.789
0.827
0.045
48

3.932
1.663
0.896
0.746
-0.201
48

3.418
1.560
0.750
0.707
-0.060
47
11
4.942
1.922
0.809
0.798
-0.014
24

5.703
1.940
0.875
0.825
-0.061
12

5.434
1.921
0.750
0.816
0.081
48

Mcs16DM
0.878
0.146

48
12
7.178
2.181
0.979
0.861
-0.138
38
12
8.997
2.306
0.974
0.889
-0.095
48
13
7.291
2.207
0.854
0.863
0.010
48
14
9.462
2417
0.938
0.894
-0.048
47
13
8.513
2.309
0.872
0.883
0.012
24
11
7.385
2.170
0.875
0.865
-0.012
12

4.364
1.807
0.833
0.771
-0.081
48

Mce27
0.703
-0.096
48
8
4.295
1.673
0.854
0.767
-0.113
38

3.698
1.529
0.684
0.730
0.062
48

2.801
1.302
0.604
0.643
0.060
48

3.640
1.491
0.667
0.725
0.081
47

4.277
1.720
0.979
0.766
-0.277
24

4.535
1.688
0.958
0.780
-0.229
12

4.645
1.632
0.917
0.785
-0.168
48

Mcs2FH
0.891
-0.005

48
16
7.986
2.296
0.958
0.875
-0.096
38
14
7.640
2.264
0.895
0.869
-0.029
48
15
7.257
2.246
0.938
0.862
-0.087
48
19
10.195
2.559
0.958
0.902
-0.063
47
14
8.004
2.255
0.936
0.875
-0.070
24
15
9.071
2.396
1.000
0.890
-0.124
12
10
7.024
2.109
1.000
0.858
-0.166
48

Mce24
0.865
-0.060
48
14
5.760
2.159
0.958
0.826
-0.160
38
14
6.361
2.143
0.842
0.843
0.001
48
14
8.930
2.366
0.896
0.888
-0.009
48
15
8.711
2.391
0.979
0.885
-0.106
47
15
6.766
2.262
0.979
0.852
-0.148
24
16
8.288
2.412
1.000
0.879
-0.137
12
12
7.579
2.246
1.000
0.868
-0.152
48
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Population/Locus

South Island

A

Af
Ar
Ho
He
Fis
N

A

Af
Ar
Ho
He
Fis

Mce3
13
4,785
1.949
0.979
0.791
-0.238

3.846
1.471
0.800
0.740
-0.081

Mcs16EM
13
5.5685
2.101
1.000
0.821
-0.218
5
8
7.143
2.025
1.000
0.860
-0.163

Mce2
11
3.193
1.606
0.813
0.687
-0.183

4.167
1.505
0.600
0.760
0.211

Mcs16DM Mce27

14
6.867
2.188
0.979
0.854
-0.146

5

5
4.167
1.505
0.600
0.760
0.211

6
2.894
1.336
0.646
0.655
0.013

5

4
1.923
0.940
0.600
0.480
-0.250

Mcs2FH
13
4.760
1.959
1.000
0.790
-0.266
5
6
5.000
1.696
1.000
0.800
-0.250

Mce24
16
5.415
2.123
1.000
0.815
-0.227

6.250
1.887
1.000
0.840
-0.190

Table 11.8 Significant linked pairs of loci by sampling location after Bonferroni correction for uneven sample sizes. The

sampling locations that are not shown did not show any linked pair of loci.

Population
Napier

Whakatane

Hauraki Gulf

Bay of Islands
Waimimihia

Hokianga

Dargaville

Kaipara Harbour

Waikato
Whangape

Patea

Porirua

Wairarapa

Linked loci
Mce27/Mcs2FH
Mcs16DM/Mce27
Mce2/Mce24
Mce3/Mcs2FH
Mcs16EM/Mcs2FH
Mce2/Mcs2FH
Mce3/Mce24
Mcs2FH/Mce24
Mce3/Mcs2FH
Mcs16EM/Mce24
Mce2/Mcs 16 DM
Mcs16EM/Mcs2FH
Mce27/Mce24
Mce27/Mce24
Mcs2FH/Mce24
Mce3/Mcs16DM
Mce3/Mcs16DM
Mce27/Mce24
Mcs16DM/Mcs2FH
Mce27/Mcs2FH
Mce3/Mcs16EM
Mce3/Mcs16EM
Mcs16DM/Mce27
Mce3/Mcs2FH
Mce2/Mcs2FH
Mcs2FH/Mce24

LD(p)
0.00505

0.02188
0.00129
0.00485
0.00752
0.00356
0.00050
0.00010
0.02287
0.04436
0.02208
0.02188
0.02337
0.01158
0.00356
0.00574
0.03614
0.04030
0.02297
0.01030
0.04119
0.01050
0.00921
0.01327
0.00832
0.04723
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Table 11.9 Significant probabilities of the first generation migrants. The assignment analysis was calculated based on the

expected frequency of each individual’s genotype and subsequently assigned to the population where the expected frequency

was highest. The highest likelihood and p-values as first generation migrants between locations were performed using the
Rannala and Mountain Bayesian method. Likelihood estimations were calculated with L_home. The probability that each
individual is not a migrant but a resident was estimated using 1,000,000 simulations (Monte Carlo resampling) under

Paetkau’s algorithm (Paetkau et al. 2004).

1st generation immigrants

WAIK38
BOI42
BOI43
BOI148

HOKI06

NAPI34
NAPI36
NAPI37
KAl44
WAIR48
WHAK?2
PORIOS
WHAN26
WAIMI04
WAIMI10

=-Log(L_home/L_max)

2.382
3.546
3.275
2.999
3.839
3.243
3.593
3.095
3.156
2.858
6.979
4.044
3.238
3.213
3.155

0.009
0.003
0.005
0.009
0.001
0.004
0.002
0.006
0.005
0.005
0.007
0.007
0.006
0.006
0.007

Receiving
populations
Bay of Islands

Waiotahe
Dargaville
Dargaville
Whakatane
South Island
Pouto
Pouto
South Island
South Island
Bay of Islands
Bay of Islands
Waikato
South Island
Porirua
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Table 11.11 Results of POWSIM 4.1 (Ryman and Palm 2006) to show the statistical power of the genetic markers used in this
study. The simulation was conducted for 40 generations adrift for 10, 000 runs or replicates.

Proportion of significance (p < 0.05) for
summed/combined test statistics
# #
Loci Alleles runs Chi2 Fisher
Chi2 Fisher

7 184 10000 10000 1 9999 0.999
Total 184 10000 10000 1 9999 0.999
Average F’st over al 10, 000 runs = 0.0025

Expected Fst = 0.0025

F’st calculated from average Hs and HT = 0.0025

Fst/He IAM

Fst

000 005 010 015 020 025 030 035 040 045 0S0 055 060 065 070 075 080 08 090

He

Fst/He SMM

Fst o

10
0.00 0.05 0.10 0.15 0.20 0.25 0.30 035 0.40 0.45 0.50 055 0.60 0.65 0.70 0.75 0.80 0.85 0.90
He
©® Markers Candidate Balancing Selection % Candidate Neutral Wl Candidate Positive Selection

Figure 11.8 Distribution of loci that could be under positive or balancing selection based on the Fst and He values.
Simulation were ran under IAM and SMM evolutionary models with a p<0.01.
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Figure 1.9 Number of genetic clusters (K) of best fit for the seven microsatellite DNA loci under AK (Evanno et al. 2005); and
the log probability data approaches. a) Delta K = mean (|L"(K)|) / sd (L(K)), b) rate of change of the likelihood distribution
(mean); c) absolute value of the second order rate change of the likelihood distribution (mean); d) L(K) (mean + SD).
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Figure 11.10 Distance-based redundancy analysis (dbRDA), generated to visualise the results of distance-based linear model
(DistLM), correlating environmental variation matrices with similarity distances of allele frequencies. The allele frequencies
used were from individuals clustered in the population distributed in freshwater systems and Porirua. Similarity matrices
were built using Bray-Curtis resemblance matrices of allele frequencies. The p-values for individual predictor variables
were obtained using 9,999 permutations.

71



72



Mugil cephalus reproductive success and temporal fractioned genetic
diversity between adults and juveniles in New Zealand
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Abstract

Four genetically distinct populations of Mugil cephalus have been identified in New
Zealand, which showed a chaotic genetic structure. The aim of this study was to test whether
the genetic variation in those four populations is a result of differences in the reproductive
success of adults following the SRS hypothesis. Seven microsatellite DNA markers were
amplified from 210 adults collected in 2014 and 274 juveniles collected in 2010, sampled in
five estuaries in the North Island, New Zealand. The data collected from the juveniles was
grouped in four age-classes based on their size and average growth rate during summer. The
levels of genetic diversity within the groups of juveniles were compared to the adult population
by calculating the differences in allele frequencies, effective population size (Ne), number of
breeders (Nb) and He-excess. Significant differences between the Ne of juveniles and adults
were detected, which was consistent with the SRS hypothesis. Different spawning groups were
identified, an early spawning group and a late group of spawners. It is also possible that the
late spawning group might undergo multiple spawning events during summer. Approximately
40% of the genetic variation between adults and juveniles could be explained by the SRS. The
observed He excess could not be explained by the seasonal variation in Ne between juveniles
and adults in which environmental variables and human-based activities could play an

important role.

Key words: chaotic genetic structure, temporal genetic variability,
single-sample and temporal effective population size methods,
effective population size, Mugil cephalus
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Introduction

Traditionally, marine populations have been viewed as demographically open with
individuals moving freely between locations. In the locations that are connected by the
migratory movements of some individuals gene flow occurs when there is random mating
between migrants and residents at a site, if not, the population would remain genetically
heterogeneous (Palumbi 1994; Cowen 2006; Hedgecock and Pudovkin 2011). The
maintenance of genetic heterogeneity across the geographic distribution of species could be
caused by a variety of processes, including the availability of suitable habitat, the direction and
routes of migration, whether there are mating opportunities for migrants and the fitness of
offspring (Flowers et al. 2002; Waters et al. 2013b). The natural variability of environmental
or climatic conditions can cause changes in the reproductive success of adults and in the
offspring survival rates during dispersal and settlement (see Hedgecock 1994; Parsons 1996;
Grant and Bowen 1998; Ball et al. 2000). One of the consequences of the variability in
reproductive success is the development of a population genetic structure that is spatially

patchy, or seemingly chaotic (Hogan et al. 2010; Broquet et al. 2013; Selwyn et al. 2016).

The unseasonal fluctuations in environmental conditions can disrupt breeding success
and juvenile recruitment. These can have significant impacts on the levels of genetic variability
seen in juveniles compared to that in adults (Hedgecock 1994). If the offspring from one season
have limited ability to tolerate or adjust to environmental changes, the increased mortality
could cause a strong genetic bottlenecks. Larvae and juveniles that survive the environmental
pressures will only be a subset of the total genetic variation found in the adult population
(Hedgecock 1994; Flowers et al. 2002; Hedgecock et al. 2007a; Hedgecock and Pudovkin
2011). The genetic variation in the adults will be maintained by the cumulative contribution
from subsets of offspring over successive generations (Hedgecock 1994). The difference in

levels of genetic diversity between adults and offspring cohorts, is strongly influenced by the
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dispersal and settlement success of juveniles and what proportion of the genetic diversity each

cohort represents (Hedgecock and Pudovkin 2011).

The observation of lower levels of genetic diversity within a cohort of offspring
compared to the adult population, forms the basis of the Sweepstakes-Reproductive-Success
(SRS) hypothesis (Hedgecock 1994). The hypothesis suggests that allele frequency differences
observed among juvenile cohorts are caused by extreme variation in the success of offspring
produced by parents. The difference often occurs by chance. The high levels of relatedness
among the success offspring that form a cohort only amounts to a partial representation of the
variation in the adult population (Flowers et al. 2002).

Siblings experience similar fates because they share the same time and location at
conception. Time and location at conception could be two crucial factors that determine the
likelihood of juvenile survival (Christie et al. 2010; Hedgecock and Pudovkin 2011; Broquet
et al. 2013). If a cohort of offspring completely fails (does not survive) it could impact the
ability of a population to maintain its genetic variation (Hedgecock 1994). For example, species
that have nursery grounds such as estuaries, might be particularly vulnerable to the loss of a
year-class of recruits. High nutrient loading, pollution and increased sedimentation from
intensified land use often have a detrimental impact on estuarine environments (Hurst et al.
2009; Elliott and Whitfield 2011; Francis et al. 2011). These types of stressors on estuaries
might increase the levels of offspring mortality or reduce the success rates of adult
reproduction. This has been documented in areas such as Chesapeake Bay, USA (see Richards
and Rago 1999; Kemp et al. 2005; Buchheister et al. 2013).

Estuaries in New Zealand play an important role in the reproductive cycle of fish
species such as the kanae/grey mullet Mugil cephalus, the snapper Pagrus auratus and the
kahawai Arripis trutta, by providing food sources, refuge from predators, and protection from

high-energy coastal waters (Francis et al. 2005). Populations of M. cephalus in New Zealand
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were found to have a spatial chaotic genetic structure in their distribution that could be
dependent of seasonal reproductive success of the adults (Chapter I1). The nursery grounds for
M. cephalus are estuaries with extensive, shallow and open tidal mud flats in northern New
Zealand (Morrison et al. 2016). Otolith chemistry analysis of M. cephalus fish from harbours
of the GMUL1 (Figure 1.2) showed that it is likely M. cephalus has a protracted spawning season
(Morrison et al. 2016).

There was evidence of bottlenecks in the adults from the main estuaries used by M.
cephalus in GMUL (Chapter I1). Waikato, Kaipara Harbour, Hokianga, Bay of Islands, Hauraki
Gulf and Bay of Plenty showed significant bottlenecks and have been previously thought as
possible distinct stocks (Figure 1.2) based on CPUE assessments (McKenzie and Vaughan
2008). The bottlenecks of M. cephalus in the GMUL harbours and the use of estuaries as nursey
areas, both suggest that M. cephalus might be a species with a seasonal sweepstakes-like effect.
The aim of this study was to test for the predicted SRS of genetic diversity in M. cephalus by
comparing the levels of diversity between juvenile cohorts and the adult population.
Understanding the spatial and temporal patterns of genetic variation of M. cephalus is
important for the long-term management of their genetic variation and the evolutionary

potential of its populations.

Methods

Data collection
Seven microsatellite DNA (msatDNA) loci were amplified from 274 juvenile samples

collected in five major estuaries in the North Island, Kaipara Harbour, Hokianga, Bay of
Islands, Hauraki Gulf and Bay of Plenty, during summer 2010; and, 210 adult samples collected
in the same locations during summer 2014. The DNA was extracted from tissue biopsy from
the caudal peduncle following the phenol/chloroform extraction protocol and DNA was stored

in TE buffer at -4°C. In order to make any comparisons between juveniles and adults, the
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juveniles were grouped in age classes. The age of the juveniles was estimated with an average
hatch length of 2.6 mm, an average monthly growth rate of 17 mm (for summer conditions)

and the length of each individual as shown in equation 1 (Whitfield et al. 2012).

=

17 ) 30days} - 30

Equation I11.1 Age class delimitation of M._cephalus juveniles. A = Age class; L = length of the fish when caught; 2.6mm =
average hatching length for M._cephalus; 17mm = average growth rate of M._cephalus during summer conditions; 30 days
refers to the total growth in a 30-day period; -30 refers to the average drifting time of larvae before settlement in nursery
areas.

Where A is the age class, L is the length of the juvenile fish when caught, 2.6 is the
hatching length (mm) and 17 (mm) the average monthly growth rate (Whitfield et al. 2012).
The time larvae expend drifting in coastal currents was subtracted from the equation. The
juveniles were grouped into four age classes: 30-60 days, 90-120 days, 150-180 days, 210-330

days and the adults.

Amplification and genotyping
The amplification of the seven msatDNA loci, PCR primers and PCR conditions were

provided in Chapter Il (Table 11.1). Amplified fragments were sent to Macrogen Inc. for
fragment analysis. Resulting chromatograms were visualized in Genemarker v2.2 Demo
version (Softgenetics), and the peaks were scored by eye and recorded manually. The alleles
were coded as three digit genotypes and the individuals containing missing data at more than

two amplified products were removed from the analysis.

Loci assessment and genetic diversity
Genotyping errors were evaluated in Micro-Checker v2.2.3 (Van Oosterhout et al.

2004) separately on juveniles and adults in order to identify the presence of null alleles, large
allele drop-out, allele size shifts and scoring errors due to stuttering under the Hardy-Weinberg
equilibrium (HWE) and expected heterozygosity (He). Estimates of number of alleles per locus,
observed heterozygosity (Ho), He, Wright’s coefficient of inbreeding (Fis), allelic richness,
Shannon’s allelic diversity, number of private alleles by locus, sampling location and age class
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were calculated in GenAlEx v6.5 (Peakall and Smouse 2012), Arlequin v3.5 (Excoffier and
Lischer 2010), and FSTAT v2.9.3.2 (Goudet 1995). Allele frequency distribution plots by
locus, sampling location and age class were generated in GenAlEx v6.5. Exact tests for
deviation from HWE and allele counts were calculated in GENEPOP v4.2 (Rousset 2008);
Significant values of HWE were calculated using the exact test of Guo and Thompson (1992),
with a Markov chain of 10,000 dememorization steps. Bonferroni corrections were used to

adjust p-values for multiple comparisons (Rice 1989).

Juvenile and adult genetic structure and differentiation levels
The differences between the allele frequencies of each age class was tested with non-

parametric multiple comparisons of non-independent samples with Friedman’s ANOVA and
Kendall's coefficient of concordance in Dell Statistica. A factorial correspondence analysis was
performed in Genetix v4.05 (Belkhir et al. 2004) in order to visualize the genetic distances
between samples. Pairwise Rst values (Slatkin 1995), and the levels of genetic differentiation
within and among age classes and adults were calculated using an analysis of molecular
variance (AMOVA) in Arlequin v3.5 and GenAlEx v6.5. The genetic distance matrix for
AMOVA was estimated by pairwise differences in Arlequin v3.5 and co-dominant genetic
distances in GenAlEx v6.5. The significance levels of the variance components of R-statistics
values were tested by 20,000 nonparametric permutations and 999 permutations in Arlequin

v3.5 and GenAlEx v6.5 respectively.

Mutation-drift equilibrium
The excess of heterozygotes for juveniles age classes and adults was calculated in

Bottleneck v1.2.02 (Piry et al. 1999), where He was estimated from the number of observed
alleles at each locus (k), and a simulated distribution of heterozygosity was generated with the
coalescence approach under the three msatDNA evolutionary models: IAM, SMM and the two-
Phase Model (TPM). The average expected equilibrium heterozygosity (Heq) for each locus
was compared to He and used to assess whether there was a significant heterozygote excess or
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deficit using a Wilcoxon’s test based on 1,000 replications. The test for shifts in the allele
frequency distribution from an L-shaped (allele frequency distribution of population that are
under mutation-drift equilibrium) was performed in Bottleneck v1.2.02. The effective
population sizes calculated from expected heterozygosity and assuming populations that are in
mutation-drift equilibrium and the mutation rate were calculated in Arlequin v3.5 for 10,000
iterations. Differences in population size and a population size contraction signature were
assessed with the Garza-Williamson analysis as implemented in Arlequin v3.5 and M-RATIO

(Garza and Williamson 2001).

Effective population size estimations
An isolation by Time scenario was assessed with a partial Mantel test correlation

between the Shannon’s allelic diversity indexes, Rst and age class differences in GENEPOP
v4.1. Temporal changes in the effective population size (Ne) between samples were estimated
using a temporal approach to assess the differences in age classes and a single-sample approach
for punctual comparisons among juvenile and adults. The temporal variance of Fst was
estimated with pairwise comparisons between age classes and generations (adults = generation
0; juveniles = generation 2) following the Jorde and Ryman (2007) method such as
implemented in NeEstimator v2 (Do et al. 2014). Three single-sample comparisons were used
to assess differences in Ne and the number of breeders (Nb) in NeEstimator v2 (see below). A
method assuming molecular co-ancestry to estimate the possible Nb in the adult sample that
could explain the variation in each age class based in Nomura algorithm (Nomura 2008). Two
methods were used to evaluate the variation in the Ne; one based in He excess and the second
based in linkage disequilibrium (LD) as the non-random association of alleles across the seven
loci among and within samples (Waples and Do 2008). A kinship reconstruction of Ne was

performed in COLONY (Jones and Wang 2010).
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Relatedness
Mugil cephalus juveniles swim in schools of siblings into estuaries a month after

spawning (Whitfield et al. 2012). We tested whether juvenile samples showed a higher level
of relatedness to each other compared to a similar number of samples taken from the adult
population. Relatedness pairwise comparisons were calculated in GenAlEx v 6.5 under the
indices developed by Queller and Goodnight (1989), Ritland (1996) and Lynch and Ritland

(1999).

Proportion of non-migrant juveniles
Recruitment ratios and the number of effective migrants between sampling locations

were tested in Migrate-n v3.6 (Beerli 2009), using a Metropolis-Hastings algorithm to sample
multi-dimensional distributions of Theta (6) with Maximum likelihood (ML) and with
Bayesian inference (BI) approaches (Beerli and Felsenstein 1999, 2001). One hundred seeds,
50, 000,000 MCMC iterations, a thinning of 1,000,000 and a sampling interval of 1,000 were
used. Migrate-n calculates the probability that two individuals in a particular generation have
a common ancestor (Beerli 2009). The probabilities are calculated integrating all possible
relationships in each ancestral generation following the genealogical tree. To estimate the
number of immigrants per generation, the total migration rate (M) and effective population size
(6) per generation are scaled to the mutational rate (m) (Beerli 2009). In each node or
generation, the effective population size or theta (6) is calculated. To obtain the value of ém
(theta scaled to the mutational rate), theta is multiplied by the mutation rate (m) that is usually
inferred from the data set, and multiplied by a constant that depends on the ploidy level and the
inheritance of the DNA markers (y) (Beerli 2009). In bi-parental nuclear markers y = 4 (two
allele copies per parent). The immigration rate in each generation (M) is calculated using &m
and multiplying it by the number of migrants and dividing it by the mutation rate (Beerli 2009).
The result reflects the number of variants brought to the population each generation that are

not a consequence of mutation. Migrate-n integrates all migration rates (M) and effective
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population sizes per generation (6m) to estimate the number of migrants since the MRCA
(Beerli 2009). The results were represented graphically with the R package circlize (Gu et al.
2014). The width of the curved lines in the circular plot represents the number of migrants and

is dependent on the total volume of migrants across all regions.

Results

Loci assessment and genetic diversity
Based on the He and the HWE allele frequencies, null alleles were identified in all

markers at 95% confidence interval in the juveniles and none in the adults (Appendix Table
111.9). The frequency of null alleles in each locus was low (average frequency = 0.05 + 0.03;
Appendix Table 111.9). The null alleles are often the result of scoring mistakes, stuttering and
amplification failure, resulting in missing alleles and low levels of heterozygosity (Van
Oosterhout et al. 2004). Heterozygote excess was identified in Mcs16EM, Mce2 and Mce24
loci (Table 111.1), and the genotyping failure rate was 0.000 for all loci (Appendix Table 111.9).
Two loci showed significant deviation from HWE expectations (loci Mce3 and Mce27; Table
111.1). The msatDNA loci were highly polymorphic and showed similar levels of allele diversity
among age classes and compared to the adults (Table 111.2). Kaipara Harbour showed significant
inbreeding in the adults and with the exception of Bay of Plenty, all juvenile sample locations

and all juvenile age classes showed significant inbreeding (Table 111.2).

Table 111.1 Basic Statistics of seven msatDNA loci limited to the adult samples and juveniles in Bay of Islands, Bay of Plenty,
Hauraki Gulf, Hokianga and Kaipara Harbour. Na= number of different alleles; A = proportion of different alleles; Af =
number of effective alleles; Ar = Shannon’s index of allele diversity;, Ho = Observed heterozygosity; He = Expected
heterozygosity; Fis = inbreeding coefficient; Fir = average heterozygosity within the population relative to the total expected
heterozygosity; Fst = average heterozygosity between populations relative to the total expected heterozygosity; HWE(p) =
probability of deviation from Hardy-Weinberg equilibrium. In red are the significant values at p < 0.05.

Locus Na A As Ar Ho He Fis Fir Fst HWE (p)
Mce3 91 28 11.602 2.726 0.784 0.904 0.133 0.158 0.030 0.000
Mcs16EM 65 144 9.013 2.359 0.914 0.886 -0.032 0.004 0.034 0.082
Mce2 80 10.4 3.968 1.642 0.755 0.739 -0.021  -0.007  0.014 0.633
Mcs16DM 72 13.6 8.139 2.257 0.811 0.872 0.070 0.088 0.019 0.575
Mce27 80 16 7.613 2.203 0.681 0.833 0.183 0.222 0.049 0.000
Mcs2FH 91 18.2 7.230 2311 0.787 0.860 0.085 0.098 0.014 0.069
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Mce24 72 16 8.519 2.354 0.887 0.873 -0.015 0.029 0.043 0.925

Table 111.2 Basic statistics of sampling locations, development stage and juvenile age classes. N= sample size; A = proportion
of different alleles; Af' = number of effective alleles;, Ar = Shannon’s index of allele diversity;, Ho = Observed heterozygosity;
He = Expected heterozygosity; Fis = inbreeding coefficient; p = probability of the inbreeding coefficient (Fis). In red are the
significant values at p < 0.05.

Development stage Population N A A¢ Ay Ho He Fis P
Bay of Plenty 18 14 6.840 2117 0.848 0.824  0.26328 0.051
Hauraki Gulf 48 1114 6242 2023 0865 0815 -0.14288 0.955
Adults Bay of Islands 48 12 4995 1877 0967 0781  0.09472 0.095
Hokianga 48 1442 7100 2169 0.827 0828  0.06736 0.188
Kaipara Harbour 48 15 7.480 2213 0821 0.837  0.29945  0.000198
Bay of Plenty 58 1814  9.602 2462 0.800 0879  0.03706 0.374
Hauraki Gulf 31 1314 8537 2258 0799 0862 057414 0
Juveniles Bay of Islands 51 1628 8773 236 0808 0.866  0.33409  0.000099
Hokianga 47 1471 6744 2187 0797 0839  0.48696 0
Kaipara Harbour 60 1528 8183 2306 0777 0866  0.38018  0.000198
Class 30-60 days 115 1942 8529 2380 0777 0867  0.50079 0
Juvenile Age Class 90-120 days 81 1971 10622 2536 0801 0.888  0.16464  0.013685
Classes Class 150-180days 26 ~ 1357  7.557 2223 0.810 0.850  0.67926 0
Class 210-330 days 25 9.28 6.248  1.953 0759 0.822  0.27693 0.02737
Adults pooled 210 21.28  7.105 2234 0865 0.836  0.16231  0.000978
Total 457  16.65 8012 2265 0.803 0852  0.05739 0.0001

Juvenile and adult genetic structure and differentiation levels
The combined distribution of allele frequencies of juvenile age classes and adults in

each locus seemed to complement each other covering the whole allelic range found in each
location (Figure 111.1; Figure 111.2). Each juvenile age class contribute with a different subset of
alleles (Figure 111.1; Figure 111.2). The differences in the allele frequencies of each age class and
adults were statistically significant after multiple comparisons assuming non-independent
samples and different sample sizes (Figure 111.1 and Figure 111.2; Friedman ANOVA Chi Sqgr. (N
=195, df = 9), F-value = 19.25808 p = 0.02309; Kendall's Coefficient Concordance = 0.01097

Average rank r = 0.00588).

The factorial correspondence analysis of the distances of individual allele frequencies

showed subdivision among juvenile age classes and between juveniles and adults (Figure 111.3).
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There was a subdivision between the 210-330 days M. cephalus age class and the other juvenile
age classes with Axis 1 explaining 47.51% of the total variation (Figure I11.3a). There was an
overlap in the genetic distances between 30-60 and 90-120 days age classes suggesting they
were no significant differences between them (Figure I11.3a). The age class 150-180 days
showed no overlap in the genetic distances same as the 210-330 days age classes, suggesting
distinctive groups. The adults and juveniles were highly differentiated where the Axe 1
explained 48.79% of the total variation (Figure 111.3b). Three different groups were identified
with the PCA analysis where the 30-60 days and 90-120 days age classes were clustered
together (Figure 111.4). The 210-330 days age class and the adults were the other two distinct

groups (Figure 111.4).

The levels of genetic differentiation among locations were different between adults and
juveniles (Table 111.3). Bay of Islands showed significant levels of genetic differentiation with
all sampling locations with the exception of Kaipara Harbour (Table 111.3). In the juveniles,
Hokianga showed levels of genetic differentiation among sampling locations with the
exception of Bay of Islands (Table 111.3). In the age class comparisons, significant levels of
genetic differentiation were found in the age class of 210-330 days and the adults. The youngest
age class (30-60 days), was not significantly different from the adults. The rest of the age

classes did not show significant levels of genetic differentiation among them (Table 111.3).
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Table 111.3 Levels of genetic differentiation among sampling locations grouped by development stage and levels of genetic
differentiation among age classes. Below the midline are the Rst genetic differentiation values. Above the midline are the

probability of each Rst value in which significant values are highlighted in red (p < 0.05).

Bay of Plenty
Hauraki Gulf
Bay of Islands
Hokianga
Kaipara Harbour

Bay of Plenty
Hauraki Gulf
Bay of Islands
Hokianga
Kaipara Harbour

Class 30-60 days
Class 90-120 days
Class 150-180 days
Class 210-330 days
Adults

Bay of Plenty

*

0.06735
0.10069
0.04608
0.02049

Bay of Plenty

*

-0.00209
-0.00473

0.01216
0.00918

Class 30-60 days

*

0.01698
-0.00127
0.09628
0.00243

Rst Adults
Hauraki Gulf Bay of Islands
0.00644 0.00089
* 0.00198
0.02896 *
0.00543 0.00231
0.00306 0.02804
Rst Juveniles
Hauraki Gulf Bay of Islands
0.53698 0.59925
* 0.4457
0.00224 i
0.044 0.05406
-0.00517 0.02006
Rst Classes
Class 90-120 days  Class 150-180 days
0.12356 0.53079
& 0.2296
0.01053 *
0.04839 0.15312
0.03584 0.03651

Hokianga
0.02109
0.17325

0.3267

*

-0.001

Hokianga
0.2179
0.02317
0.00772

*

0.0435

Class 210-330 days
0.00752
0.01554
0.00337

*

0.07696

Kaipara Harbour
0.17553
0.29779

0.0196
0.53005

*

Kaipara Harbour

0.25106
0.73161
0.09484
0.01445

*

Adults
0.36198
0.0004
0.0297
0.00257

*

The hierarchical assessment of genetic differences showed that most of the variation is

held among individuals, between age classes and within sampling locations. The total genetic

differentiation among sampling locations was non-significant (Table 111.4).

Table I11.4 Analysis of Molecular Variance of differentiation levels within individuals (Ris), among individuals (Rst), among
geographic regions (Rcr; within individuals respective to the total variation), and total variation (Rit); grouped by
development stage and age classes. Significant probabilities (p < 0.05) are highlighted in red.

Within locations
Among locations

Within Individuals
respective to the
total variation
Total variation

AMOVA Adults

Ris
Rst

Rcr

Rit

0.11092
0.01035

0.01331

0.13183

p AMOVA Juveniles p AMOVA Age Classes
0.0005 Ris 0.38324 0 Ris 0.24134
0.00396 = Rst 0.01832 0 Rst 0.03013
0.04554  Rcr -0.00047 0.05505 Recr 0.00364
0.2001 RiT 0.39425 0.48149 Rt 0.26688

0.0048

0.4125
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Figure 111.3. Factorial correspondence plot of genetic variation between age classes. a) Juvenile age classes comparison; the
red dots are the highlighted individuals of that particular age class b) Juvenile age classes compared with the adult genetic

variation; adults are in red.
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Figure I11.4 Principal component analysis between juveniles and adults. Both axes explain 83.34% of the total genetic

variation.
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Mutation-drift equilibrium
There was evidence of genetic effects of a contraction of population size due to

significant changes in mutation-drift equilibrium. Under 1AM evolutionary model, the adults
showed an excess of heterozygotes in Bay of Islands, Hokianga and Kaipara Harbour. The
juveniles showed heterozygote excess in all sampled locations except Hokianga, and in the age
classes 90-120 days and 210-330 days. The excess of heterozygotes is a characteristic signal
of populations that have gone through recent genetic bottlenecks. In recent bottlenecks, the
allele diversity is reduced faster than the heterozygosity where the observed heterozygosity
(Ho) is larger than the expected heterozygosity (He) of a population in mutation-drift
equilibrium (Piry et al. 1999). While the reduction in allele diversity could be seen after the
bottleneck, the loss of heterozygosity occurs due to the effect of genetic drift each generation

after the bottleneck (Maruyama and Fuerstt 1985; Piry et al. 1999).

Under the TPM and SMM evolutionary models there was no evidence of significant
changes in mutation-drift equilibrium (Table 111.5). The exception was the age class 210-330
days in the age class comparison that showed a significant effect of genetic bottlenecks in the
TPM evolutionary model (Table 111.5). The distribution of allele frequencies was normal L-
shaped without significant shifts in the mode. Populations that are in mutation-drift equilibrium
with large Ne are expected to have high proportion of low frequency alleles (Piry et al. 1999).
Plotting the allele groups against their frequencies the plot resembles an “L” in which the mode

shifts if there is allele diversity loss (Piry et al. 1999).

The Garza-Williamson index showed M values that are lower than the critical value (M
< 0.68; Table I11.5), suggesting a reduction of the effective population size in the sampling
location in adults and juveniles, and each age class. The effects of recent genetic bottlenecks

were stronger in the age class 210-330 days.
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Table 111.5. Mutation-drift equilibrium analysis of under infinite allele model (IAM),;two-phase model (TPM) andstep wise
mutation model (SMM); mode shift of allele frequencies and Garza-Williamson index for allele diversity loss (M). The
comparisons were made by sampling location, development stage and age classes. In red are the values that were significant
with a p < 0.05 for the evolutionary model comparisons. The M values that were significant were below the expected 0.68 for
populations with in mutations-drift equilibrium.

Wilcoxon's test Allele frequency Garza-Williamson
Stage distribution

Sampling location IAM TPM SMM 0 Ne M
Bay of Plenty 0.46875 0.96094  0.96094  normal L-shaped 3.19318 79.8295  0.19334

Hauraki Gulf 0.34375 0.97266  0.99219  normal L-shaped 2.50833 62.70825  0.20381

Adults Bay of Islands 0.03906  0.65625 1 normal L-shaped 3.14289 7857225  0.24756
Hokianga 0.01172 059375 0.99609  normal L-shaped 3.33438 83.3595 0.2367

Kaipara Harbour 0.03906  0.53125 0.98828  normal L-shaped 3.10379 77.59475  0.22783

Adults pooled 0.03906  0.85156 1 normal L-shaped 318399  79.59975  0.21693

Bay of Plenty 0.00391  0.65625  0.99219  normal L-shaped 4.71859 117.96475  0.25857

Hauraki Gulf 0.00781 0.1875 0.46875  normal L-shaped 443611  110.90275 0.18673

Juveniles Bay of Islands 0.00781  0.65625  0.99219  normal L-shaped 416305  104.07625 0.24037
Hokianga 0.14844  0.94531  0.99609  normal L-shaped 3.42792 85.698 0.224

Kaipara Harbour 0.00391  0.34375 0.98828  normal L-shaped 4.18452 104.613  0.22102
Class 30-60 days 0.40625 0.98047  0.99609  normal L-shaped 4.50638 112.6595 0.1814
Juvenile Age Class 90-120 days 0.00781  0.53125  0.8125 normal L-shaped 494167 12354175 0.19114

Classes Class 150-180 days  0.34375  0.53125 0.99219 normal L-shaped ~ 3.97207  99.30175  0.13281
Class 210-330days ~ 0.00391  0.01953  0.53125  normal L-shaped 3.64285 91.07125  0.09654
Juveniles pooled 0.00391  0.76563 1 normal L-shaped 4.18604 104.651  0.22164

Effective population size estimation
The IBT assessment correlating Shannon’s allele diversity index, Rst genetic distances

and age class differences using a Mantel test was non-significant (R = 0.0475 p = 0.409). The
sample sizes used to assess the single-sample estimates of effective population size and number
of effective breeders (Ne/Nb), ranged from 25 in the 210-330 days age class to 210 in the adults
(Table 111.6). The assessment of the Nb under the co-ancestry method showed an increase from
the age class 30-60 days to 90-120 days (Nb = 17.6 and Nb = 64.3, respectively; Table 111.6).
The age class to 150-180 days showed a reduction in the Nb to 21.7 and there was a significant
increment in the Nb in the adults reaching Nb = 91.5 (Table I11.6). The assessment was not
useful to describe the Nb that could explain the genetic diversity in the 210-30 days age class

that showed Nb = infinite (Table 111.6).
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The single-sampled methods to assess Ne and Nb used in this study, might show
negative and infinite values as a result of low sample size (Do et al. 2014). Negative and infinite
Ne values could usually be interpreted as sampling error where there is no evidence for
variation in genetic diversity as a result of a finite number of parents (Do et al. 2014). The
single-sampled method based on He excess showed all Ne as infinite for all age classes for all
the critical values with the exception of the adults (Table 111.6). There was no evidence of He
excess and is showed by negative values of the He excess index (D; Table 111.6). The biological
meaning is that the parents that could explain the variation in the He excess between juveniles

and adults were not sampled.

The linkage disequilibrium method used to assess Ne showed significant results for the
P critical value of 0.05. There was a reduction in the Ne from the age class 30-60 days to 90-
120 days (Ne = 282.5 and Ne = 87.5, respectively; Table 111.6), followed by an increase in the
150-80 days age class (Ne = 190; Table 111.6), suggesting that a different group of parents could
explain the genetic variation found in the 150-180 days age class compared to the age classes
30-60 days and 90-120 days . The adults showed the highest value for Ne (Ne = 947.7; Table
111.6). The age class 210-30 days under the LD method showed negative values of Ne (Table
111.6). The comparisons of Ne/Nb between juveniles and adults by sampling locations, showed
significant differences in Nb between juveniles and adults in the Co-ancestry method and
significant differences in Ne between juveniles and adults with different P critical values in the
LD method (Appendix Table 111.10). The method of He excess showed infinite and negative
values the same as in the age-class analysis and is not shown in the table (Appendix Table

111.10).

The temporal estimate of Ne based on F-statistics differences among generations,
showed that there is a significant inbreeding in the juveniles (generation 2) compared to the
adults (generation 0; Table 111.7). This pattern was shown independently in each method used
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to estimate Ne and calculate F in generation 0 and £’ in generation 2 at three different critical

values of P (Table 111.7).

Table 111.6 Single-sample methods to assess the differences in the effective population size (Ne) and Number of breeders (Nb)
among juvenile age classes and the adults. N = number of samples; H = Harmonic mean size; F1 = single-sample variation
of F-statistics; Nb = Number of breeders; CI = Confidence intervals for Ne with non-parametric Jacknife loci; p = critical
value; Ai = Number of alleles that are independent; D = index for the excess or deficiency of heterozygotes; Ne = effective
population size; inf = infinite.

Age

Ne/Nb estimator H F1 Nb Cl
class
30-60 40 28 0.0284 17.6 7.8 313
days
90-120 81 49 0.00777  64.3 0.1 322.8
days
Sole 150-180 o6 505 002304 217 0.5 80.1
days
210330 o5 112 000009 Inf Inf Inf
days
Adults 210 210  0.00546 915 0.1 459.3
P H Ai D Ne Cl
_ 0.05 28 48  -0.13263 Inf Inf Inf
days 40  0.02 28 75  -0.12021 Inf Inf Inf
0.01 28 121 -0.06613 Inf Inf Inf
90-120 0.05 49 49  -0.13095 Inf Inf Inf
days 81  0.02 49 88  -0.15033 Inf Inf Inf
0.01 49 113 -0.11895 Inf Inf Inf
0.05 205 46 -0.09226 Inf Inf Inf
He excess 15;;‘;580 26 0.02 205 60  -0.11493 Inf Inf Inf
0.01 205 88  -0.08354 Inf Inf Inf
0.05 11.2 44 -0.07422 Inf 47.6 Inf
21d0a-5530 25  0.02 11.2 58  -0.04975 Inf 373 Inf
0.01 11.2 58  -0.04975 Inf 373 Inf
0.05 210 43 0.01566 32.4 11.7 Inf
Adults 210  0.02 210 71 -0.00165 Inf 235 Inf
0.01 210 83 0.00073 682.1 23.9 Inf
p H Ai r rzexpected Ne Cl
0.05 221 811  0.044944  0.04386  282.5 34.9 Inf
SdOafSO 40  0.02 22.2 2043  0.042607  0.043022  -745.4 49 Inf
0.01 25.7 4269 0.036438 0.038148 -181.8  33.3 Inf
90-120 0.05 35.8 1134 0.026909  0.02319 875 37.4 Inf
days 81  0.02 40.4 2621  0.022444 0.019782  123.1 35.2 Inf
0.01 40.1 4151  0.020904 0.019521  238.9 46 Inf
Linkage S 0.05 18.5 760  0.058677  0.057071 190 24.1 Inf
Disequilibrium days 26 0.02 17.5 1951 0.060761  0.061977 -2549  39.9 Inf
0.01 18.9 2535 0.053614 0.055092 -210.1 3238 Inf
210.330 0.05 12 527  0.056046 0.056649 -512.1  20.9 Inf
days 25  0.02 15 971  0.053817 0.054828 -306.3 405 Inf
0.01 15 971  0.053817 0.054828 -306.3 405 Inf
0.05 210 785  0.005185 0.004834  947.7 4025 Inf
Adults 210  0.02 210 2133 0.005229 0.004834 8413  499.8  2287.6
0.01 210 2910 0.005163 0.004834 10118 599.6  2836.6

The inbreeding in juveniles was stronger when assessed by location which showed

lower values of F” at generation 2 compared to F at generation 0 (Table 111.7). The estimated Ne
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based on mating behaviour did not showed strong differences between a random mating and
non-random mating based on the kinship relationship among adults and juveniles, and within
juveniles. The estimated Ne based on random mating and partial kinship between juveniles and

adults showed a lower Ne in juveniles (Ne = 215) compared to the adults (Ne = 293;Table 111.8).

Table 111.7 Temporal comparisons of the variation of F-statistics between adults (generation 0) and juveniles (generation 2)
at three critical values. Method Pk = Pollak (Pollak 1983); method NT = Nei-Tajima (Nei and Tajima 1981); method JR =
Jorde-Ryman (Jorde and Ryman 2007); p = critical value (0.05, 0.02 and 0.01); H = harmonic mean; Ai = number of
independent alleles; F = F-statistics at generation 0; F’ = F-statistics at generation 2; Ne = harmonic mean of the effective
population size in generations 0 through 2); CI = Confidence intervals (non-parametric Jacknife). In red are the values that
showed a significant reduction in the F-statistics as result of reduction in the Ne at each critical value.

Generations Method P H Ai F F' Ne Cl
0.05 148.1 42 0.06825 0.0615 16.3 7.5 29.7
Pk 0.02 148.8 80 0.05531 0.0486 20.6 12.4 31.8
0.01 152.6 102 0.04584 0.03929 25.5 17.7 35.4
aul 0.05 148.6 42 0.0694 0.06268 16 7.2 29.5
JAU\:Jertﬂ(lg)QZ) NT 0.02 149.1 80 0.05471 0.04801 20.8 12.4 32.5
0.01 152.6 102 0.04555 0.03899 25.6 175 36.1
0.05 148.6 42 0.10387 0.09488 10.5 5.5 123.7
JR 0.02 149.1 80 0.08338 0.07527 13.3 7.2 82.3
0.01 152.6 102 0.06002 0.05267 19 125 39.7

Table 111.8 Single sample method full likelihood procedure of the population size differences assuming random mating and
non-random mating such as implemented in COLONY. Ne = effective population size; Cl = confidence intervals (95%).

Development Stage Ne Cl
Adults 293 240 357
Juveniles 215 175 269

Relatedness
The mean values of relatedness between juveniles and adults were similar (r = -0.02;

Figure 111.5), and there were significant differences between juveniles and adults with N of
21945 (p < 0.0001) in the three methods used to calculate relatedness. Only one average value
for LRM is shown and represents the relatedness in juveniles. The adult relatedness was not

applicable under LRM algorithm.
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Figure 111.5 Relatedness levels comparison between juveniles and adults, assessed as the mean within population pairwise
values (r). Three estimators were used to calculate the levels of relatedness: Ritland (1996) estimator (RI), Lynch and Ritland
(1999) estimator (LRM), and Queller and Goodnight (1989) estimator (QG). The differences between juveniles and adults
were significant (p < 0.05) and were tested with Wilcoxon’s pair comparisons between dependent samples with N of 21945.
There only one average value for LRM which represent the relatedness in juveniles. The adult relatedness was not applicable
under LRM algorithm.

Proportion of non-migrant juveniles
There was a high proportion of non-migrant juveniles in each sampling location (~85-

90%; Figure 111.6). Migrants were detected among Hauraki Gulf, Bay of Islands, Hokianga and
Kaipara Harbour. The levels of connectivity identified among locations indicated that some
juveniles recruited to different locations even when they potentially shared parents (Figure

111.6).
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Figure 111.6 Proportion of non-migrants and connectivity patterns by sampling location of M. cephalus juveniles in New
Zealand. In green are East-coast locations and in red are West-coast locations. Only the flows that are representing a
migration volume of more than 5% are shown. The outer circle segments below the locality name represent the total number
of individuals in each location. The inner bars show the total volume of migration encoded in the circle segments. To define
directionality, in each location emigrants are represented with the same colour of the location and immigrants are coloured
as the locality of origin. The width of the curved line is the volume of movements where the exact volume of movements can be
visualized only at the beginning and end points. The width of the curved line depends on number of migrants relative to the

total volume of migrants across all regions indicated by the outside circle segments.

Discussion
Mugil cephalus population genetic structure in New Zealand showed no correlation

with geographic distances and showed recent admixture of four genetically distinct ancestral

populations with a chaotic spatial distribution (Chapter II). In this study, the Sweepstake-
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Reproductive-Success (SRS) hypothesis, which is a factor that leads to a pattern of chaotic
spatial distribution of the four populations identified in the previous chapter, was tested. The
overall pattern found in this study was a significant allele frequency difference between the
juvenile age classes when compared to a sample of the adult population. There were lower
genetic diversity levels within a juvenile age class and higher levels of genetic differentiation.
There was a significant reduction in the effective population size of the pooled juvenile samples

and when each age class was treated separately, when they were compared to the adults.

Sweepstake Reproductive Success
The chaotic genetic structure in marine species is often a consequence of seasonal

variation in the reproductive success of adults (see Flowers et al. 2002; Hedgecock and
Pudovkin 2011; Johnson et al. 2011; Broquet et al. 2013; Horne et al. 2013; Pusack et al. 2014).
The seasonal variation in how reproductive marine animals contribute offspring to a future pool
of reproductively mature adults, where different effects of bottlenecks could be identified in
juvenile cohorts due to different mortality rates forms the body of the Sweepstake-

reproductive-success (SRS) hypothesis (Hedgecock 1994).

Allele frequency differences and heterozygote excess
Mugil cephalus in New Zealand showed significant differences between the allele

frequencies of each juvenile age class and the adults. The combined distribution of juvenile
and adult allele frequencies seemed to complement each other filling the gaps along the allelic
range, which is finding consistent with one of the central predictions of the SRS hypothesis.
The complementarily allele frequencies between age classes is possibly the result of
overlapping generations found in each estuarine location. Only a fraction of the larvae spawned
each generation survive and go on to contribute their allelic diversity to the adult group.
Differential survival happens because of natural variability in environmental conditions
(Hedgecock 1994; Hedgecock et al. 2007b; Christie et al. 2010; Hedgecock and Pudovkin
2011).
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The observed differences in allele frequencies could alternatively be the result of a
Wahlund effect (Pusack et al. 2014). The Wahlund effect might be expected when genetically
distinct cohorts come into contact and are sampled and unintentionally considered members of
the same group (e.g. limpets from the genus Siphonaria in western Australia; Johnson and
Black 1982, 1984, 2012). A consequence of the Wahlund effect is a low level of heterozygotes
than the expected based on the different allele frequencies in the two populations, which arose
due to the independent effect of genetic drift in each group (Pusack et al. 2014). However, this
pattern was not observed in the present study and some of the msatDNA loci showed a
heterozygote excess. In a population that underwent a recent bottleneck, allelic diversity is
reduced faster than heterozygosity when compared to the expectation of the HWE (Maruyama
and Fuerstt 1985; Cornuet and Luikart 1996; Piry et al. 1999; Galtier et al. 2000). The effects
of recent bottlenecks also could be reflected in significant departures from the Stepwise
mutation model (SMM) to the Infinite allele model or IAM (Piry et al. 1999). The msatDNA
markers in this study follow a SMM model (Chapter I1). Loci under a SMM evolutionary model
that are exposed to bottlenecks will show random gaps in the allele size range leading to an
apparent IAM model and significant levels of He excess (Putman and Carbone 2014; Sharma

et al. 2016).

Differences in the effective population size (Ne) between cohorts and adults is one of
the key SRS predictions (Turner et al. 2002; Fraser et al. 2007; Riquet et al. 2016). There were
significant differences between the Ne estimates for M. cephalus in New Zealand depending
on the method used and the method based He excess was not reliable. The method to assess Ne
based on He excess, same as the Co-ancestry and LD methods, require single-sample
comparisons and assumes ancestral population sizes to account for temporal variation between
samples that are made of overlapping generations (Fraser et al. 2007; Anderson and Garza

2009; Riquet et al. 2016). The negative or infinite values are interpreted as no evidence of
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changes in the Ne as a result of a finite number of parents which means that the parents with
the possible combination of alleles that could explain the observed allele frequencies in the
juveniles, were either not sampled or other factors are causing an increase in the observed He
(Do et al. 2014). It is possible that for M. cephalus in New Zealand, a bigger sample size of the
adults would reliably estimate the Ne differences between juveniles and adults based on the He
excess method; however, equally possible is that non-random and unseasonal factors such as
human-based activities, could be causing the genetic bottlenecks and the increase in the

observed number of He.

The population genetic structure analysis of M. cephalus adults in New Zealand
assessed with a sample size of 576 adults sampled from 15 locations around the North Island,
showed a significantly higher proportion of heterozygotes in six locations: Napier, Bay of
Islands, Hokianga, Pouto, Kaipara Harbour and Waikato River mouth (Chapter II). Those six
locations are nursery estuarine environments for M. cephalus in New Zealand surrounded by
areas of intensive land-use, which increase sediment and nitrogen loads that modifies or
degrades the suitable habitat (Larned et al. 2015). Also, they are priority areas for M. cephalus
fishery (McKenzie et al. 1999; Watson et al. 2005; McKenzie and VVaughan 2008; Morrison et
al. 2014a,c). Further studies are needed to assess the causes of the observed levels in He excess
in M. cephalus juveniles and adults.

Co-ancestry
There was a higher level in the Nb of the juvenile age class of 90-120 days followed by

a lower level in the 150-180 days age class. The co-ancestry method is usually sensitive to age
structured populations and is expected to follow a similar pattern than the Ne (Kamath et al.
2015). The co-ancestry method is based in subtracting the putative non-sibling pairs at each
locus from the molecular co-ancestry between samples defining the possible number of

breeders that could raise the observed number of distinct sample pairs (Do et al. 2014).
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Overlapping generations will increase the number of allelic configurations affecting directly
the number of distinct sample pairs, thus the variation pattern in the Nb may differ from the
variation pattern of the Ne (Do et al. 2014). To overcome this problem, in this study the
juveniles were categorized into age classes in each location and pairwise comparisons were
performed with the adults; however, the age structure in adults was unknown and the
comparisons were made with the pooled adults from all locations.

Considering that the age classes 30-60 days and 90-120 days were clustered as a single
group and the distribution of their genetic distances within the factorial components
overlapped, a possible explanation to the increase in Nb in the age class 90-120 days is that
spawning occurs not as single one-off event where all individuals gather to spawn; but as a
continuous that could last several days or weeks. The low Nb in the age class 30-60 days
suggests that are the offspring of the breeders reproducing in the last days of the spawning
event. Significant differences were found between 150-180 days and the cluster from 30-60
and 90-120 days age classes. The differences between this groups could be a result of two
separate spawning events in the same season. One early spawning event which explains the Nb
and genetic distances of the 150-180 days age class. The second spawning event lasts several
days and explains the similar genetic distances between 30-60 days and 90-120 days age classes
and their difference in Nb. Long spawning seasons for M. cephalus have been identified in
different parts of the world in which temperature (~20°C) is the environmental trigger to spawn
(Whitfield et al. 2012). Otolith chemistry assessments have revealed the possibility of a
protracted spawning season for M. cephalus in New Zealand (Morrison et al. 2016). The
spawning season of M. cephalus in New Zealand was thought to be during summer from
November to February; however, isotope composition on the otoliths showed the season could

start in October and finish in April (Morrison et al. 2016).
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Overlapping adult generations in our data set is a potential bias and we cannot rule out
the possibility of adults with shared ancestries which could also explain similar genetic
distances and different Nb between 30-60 days and 90-120 days age class. Adults from the
same generation could belong to the same cohort or share ancestry from at least one parent
which will result in less variation in their offspring (Li and Hedgecock 1998; Waples 1998;
Hedgecock and Pudovkin 2011; Christie et al. 2012). A correlation of age dating analysis with
the adults sampled during spawning could help to identify spawning groups and if they are age
related.

Linkage Disequilibrium
The Ne in juveniles was significantly lower than in the adults. There was a reduction in

Ne from 30-60 days to 90-120 days age class and an increase towards 150-180 days age class
which could be also reflecting the nature of two spawning events (see above). The variation in
the Ne among age classes reflect different factors causing genetic bottlenecks with different
strength in each generation (lacchei et al. 2013; Do et al. 2014; Selwyn et al. 2016). Under a
SRS scenario, the effect of bottlenecks are independent on each generation and the genetic
distances not necessarily follow an Isolation-By-Time pattern (Li and Hedgecock 1998;
Waples 1998; Hedgecock and Pudovkin 2011; Christie et al. 2012). The genetic distances
among M. cephalus individuals in New Zealand of different age classes did not follow a
linearized correlation with age in an Isolation-By-Time (IBT) pattern (IBT— R? = 0.0475 p =

0.409).

Linkage disequilibrium methods to assess Ne are usually biased by residual
disequilibria that has not been dissipated through recombination (Waples 2005; Kamath et al.
2015). Linkage disequilibrium was identified in the loci used in a previous chapter (Chapter
I1). Residual disequilibria due to different effects of drift in isolated populations before

admixture (Appendix Figure 111.7), and significant reduction in the effective population size was
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detected in each age class of M. cephalus juveniles. The difference between the expected
asymptote (rexpectea) and the observed correlation of allele frequencies at different loci (r?) is
the proportion of the Ne changes due to residual disequilibria (Waples 2005). Residual
disequilibria has an effect on the Ne estimation, where a reduction in the Ne reflects the new
Ne (Waples 2005; Do et al. 2014). An increase in Ne will reflect the Ne from previous

generations (Waples 2005; Do et al. 2014).

Mugil cephalus migratory and reproductive behaviours
Significant levels of gene flow among locations were identified; however, there was a

high proportion of non-migrant juveniles (85-90%). It is highly unlikely that juveniles go out
from estuaries to swim into other estuaries after settlement. It is more likely that either there
are M. cephalus adults in New Zealand that can spawn several times during the spawning
season, or there could be different spawning grounds where offspring from related parents
could get into different estuaries resulting in juveniles in different estuaries with similar allele
frequencies. Contrarily to M. cephalus in New Zealand, most of the marine species reported
with different reproductive success of adults have shown limited or no gene flow between
locations (see Carvalho and Hauser 1994; Moberg and Burton 2000; Hauser et al. 2002; Bernal-
Ramirez et al. 2003; Hedgecock and Pudovkin 2011). In the few reported cases of marine
species that fit the SRS predictions and where gene flow was identified, the latter was a
consequence of the stochastic events allowing intermittent migratory episodes (see Aspinwall
1974; Johnson and Black 1982, 2012; Knowlton et al. 1997; Maes et al. 2006; Schtickzelle and

Quinn 2007).

Behaviour and ecological flexibility of a species to occupy different ecological niches
could also be factors driving SRS in marine species (Joyce et al. 2005; Barluenga et al. 2006;
Azuma et al. 2008). One sector of the population could become more specialized and occupy

a specific ecological niche, which means they more often mate only with those that have similar
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preferences (i.e. assortative mating). The result is reproductively isolated eco-morph
populations, which would evolve in sympatry such as cichlid fishes (Joyce et al. 2005;

Barluenga et al. 2006; Azuma et al. 2008).

Mugil cephalus ecological flexibility allows it to inhabit marine, estuarine and
freshwater systems and is a highly migratory species (Whitfield et al. 2012). Isolated
populations of marine species can respond to different reproduction cues in the environment.
If migrants were adapted to different environmental cues for reproduction, after a secondary
contact this could eventually lead to the formation of separate species in sympatry. This
particular scenario has been reported for the Atlantic herring Clupea harengus that inhabits the
Baltic Sea (Bekkevold et al. 2005, 2007; Jargensen et al. 2005; Laikre et al. 2005; Ruzzante et
al. 2006). There are two populations of C. harengus in the Baltic Sea that are separated because
one spawns during summer and the other during winter. The change in the spawning times in
C. harengus is believed to be the result of founder events from an extant population from the
Atlantic that used to spawn during winter. The migrant offspring have maintained the
reproductive time of the ancestors and remain isolated even though their distributions now
overlap (Bekkevold et al. 2005, 2007; Jgrgensen et al. 2005; Laikre et al. 2005; Ruzzante et al.

2006).

Temperature seems to be the important determinant factor that triggers spawning in M.
cephalus (Whitfield et al. 2012). It has been reported that temperatures around 20°C, are
optimal for M. cephalus. More importantly, the spawning seasons of M. cephalus are different
in other parts of the world (Whitfield et al. 2012 and references within). For example, in the
Mediterranean the spawning season is from June to October (summer), in the Atlantic and
Indian oceans it takes place from October to March during winter conditions (Whitfield et al.
2012). In eastern Australia it is from March to July (Kesteven 1953). The spawning season of
M. cephalus populations in New Zealand, is believed to be during summer from November to
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February (MPI 2009). However, otolith analysis of M. cephalus in New Zealand revealed that
they have a protracted spawning season in spring/summer from October to March (McKenzie

et al. 1999).

Reproductive strategies might strengthen the effects of SRS in marine fish populations
with chaotic genetic structure. Philopatry in fish has been reported as a factor aiding to SRS
and chaotic genetic structure in marine species (Bekkevold et al. 2005, 2007; Svedéng et al.
2007). Philopatry in marine fish populations and M. cephalus may be difficult to imagine
because it requires adult fish returning to their spawning grounds, but they only experienced
the area as passive drifters in the water column in the form of eggs or recently hatched larvae
(Bentzen and Bradbury 2016). The mechanisms that allow marine fish species to have such
navigation abilities are yet to be identified; however, chemical cues, geomagnetic imprinting
or a combination of both are the possible candidate mechanisms (Thorrold et al. 2001, 2007;

Jones et al. 2005; Putman et al. 2013).

Philopatry has been identified in two M. cephalus populations in Taiwan (Hsu et al.
2007). Two different spawning grounds of M. cephalus populations in Taiwan were identified
based on gonadal development, oocyte sizes and similarities in environmental conditions. They
showed that adults return to the same spawning ground each season. Genetically differentiated
populations of M. cephalus as a consequence of philopatry have also been reported in Taiwan
and China Seas (Huang et al. 2001). Two sub-populations share spawning grounds in Taiwan’s
coastal waters; a nomadic population that travels to the Chinese sea after the spawning season
and a resident non-migratory population. These appear to have become two differentiated
populations because of the fixation of one allele of the glucose 6-phosphate-isomerase-A (GPI-
A) locus in the nomadic population. The protein produced by the GPI-A gene is involved in

glycolysis, gluconeogenesis and as a neurotrophic factor.

106



In New Zealand, direct evidence of philopatry in M. cephalus populations has not been
reported. Philopatry would explain the high proportion of non-migrant juveniles (85%-90%),
the non-significant differentiation levels among locations and the similar proportion of
ancestries found in distant locations (Figure 11.6). Direct and indirect methods such as tracking,
capture-recapture and fine-scale chemical analysis, used in combination with genetic methods,
could help identify M. cephalus spawning grounds and test for the different patterns of

spawning and philopatry.

Conclusion

M. cephalus populations in New Zealand showed evidence of a SRS effect when the
allele frequencies, genetic diversity and shifts in Ne were compared between juvenile age
classes and adults. Two spawning groups were identified, an early spawning group and a late
spawning group. Philopatry could explain the non-significant levels of genetic differentiation
among locations; further analysis is needed to test philopatry in M. cephalus in New Zealand.
The SRS did not have enough resolution to explain all the variation found in each sampling
location and a correlation among environmental variables, human-based activities and genetic

diversity levels is needed.
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Appendix

Table 111.9 Null allele frequency and genotyping failure rate in juveniles by each locus.

Locus Null allele Frequency Lower Boundary Upper Boundary Genotyping failure rate
0.025 0.975

Mce3 0.0649 0.0424 0.0931 0.00
Mcs16EM 0.0162 0.0000 0.0548 0.00
Mce2 0.0104 0.0000 0.0445 0.00
Mcs16DM 0.0641 0.0360 0.1018 0.00
Mce27 0.1168 0.0864 0.1533 0.00
Mcs2FH 0.0701 0.0468 0.0995 0.00
Mce24 0.0403 0.0155 0.0757 0.00
Mean 0.0546

+SD 0.0363

Table 111.10 Effective population size (Ne) and Number of breeders (Nb) differences between adults and juveniles by
sampling location at three critical values. D. E. = developmental stage; N = number of samples; H = Harmonic mean size;
F1 = single-sample variation of F-statistics; Nb = Effective number of breeders; Cl = Confidence intervals for Ne with non-
parametric Jacknife loci; p = critical value; Ai = Number of alleles that are independent; Ne = effective population size; inf
= infinite.

Ne/Nb estimator  Location D.E. N H F1 Nb Cl
Bay of Juveniles 57 345  0.03886 12.9 5.7 22.8
Plenty Adults 18 18 0.03827 131 2.7 315
Hauraki Juveniles 23 122  -0.00156 Inf Inf Inf
Gulf Adults 48 48 -0.03031 Inf Inf Inf
Co-ancestry Bay of Juveniles 38 269  0.04366 11.5 7 16.9
Islands Adults 48 48 0.00154 324.2 0.3 1627.3
Hokianga Juveniles 25 17.3 0.02643 189 4.6 43.3
Adults 48 48 0.01585 315 2.3 98.3
Kaipara Juveniles 29 151  -0.01688 Inf Inf Inf
Harbour Adults 48 48 -0.01698 Inf Inf Inf
p H Ai r P Ne Cl
0.05 27.9 755 0.03225 0.028511 80.7 22 Inf
Juveniles 57 0.02 26 2935 0.034093  0.031528 118.4 233 Inf
Bay of 0.01 28.7 3582  0.028068 0.02672 226.8 30.8 Inf
Plenty 0.05 18 863 0.069362  0.065893 87 338 Inf
Adults 18 0.02 18 2115 0.066122  0.065893 1338.9 714  Inf
0.01 18 2115 0.066122  0.065893 1338.9 714  Inf
0.05 9.8 814 0.092704  0.093743 -298.1 147  Inf
Juveniles 23 0.02 11.9 1536  0.077275  0.078084 -382.3 4.2 Inf
Hauraki 0.01 11.9 1536  0.077275  0.078084 -382.3 4.2 Inf
Gulf 0.05 48 643 0.021069  0.022218 -292.1 398.6 Inf
Adults 48 0.02 48 1566 0.021363 0.022218 -392.1 4404  Inf
0.01 48 2482 0.02213 0.022218 -3779.4 203.2 Inf
0.05 21.1 1010 0.0466 0.045726 350.9 258 Inf
ink Juveniles 38  0.02 22.4 2741 0.044307 0.042944 224.2 29.3 Inf
B:;‘e;gﬁibrium Bay of 001 24 3329 0037344 0038945  -1941 373 Inf
Islands 0.05 48 1022 0.023011 0.022218 418.3 136.5 Inf
Adults 48 0.02 48 2639 0.022732 0.022218 646 167.3 Inf
0.01 48 3592  0.022875  0.022218 505.6 149 Inf
0.05 15 587 0.069211 0.067418 170.1 155 Inf
Juveniles 25 0.02 16 2466 0.060266 0.062327 -151.1 24.4 Inf
Hokianga 0.01 16 2466 0.060266 0.062327 -151.1 24.4 Inf
0.05 48 1023 0.022379 0.022218 2072.7 1411  Inf
Adults 48 0.02 48 2643 0.021709 0.022218 -656.9 481.1 Inf
0.01 48 3862  0.022328  0.022218 3030.2 240.3 Inf
0.05 13.7 884 0.046009  0.046299 -1063.4 459  Inf
Juveniles 29 0.02 14.9 1063 0.044949 0.044918 1043.5 52 Inf
Kaipara 0.01 17.7 1599  0.042563  0.043005 -697.5 471  Inf
Harbour 0.05 48 935 0.022217  0.022218  -441760.3 260.3 Inf
Adults 48  0.02 48 2132 0.022524  0.022218 1085.4 177.2  Inf
0.01 48 3443  0.022393  0.022218 1906.3 2305 Inf
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Table 111.11 Temporal comparisons of the variation of F-statistics between adults (generation 0) and juveniles (generation

2) in each sampling location at three critical values. Method Pk = Pollak (Pollak 1983); method NT = Nei-Tajima (Nei and
Tajima 1981); method JR = Jorde-Ryman (Jorde and Ryman 2007); p = critical value (0.05, 0.02 and 0.01); H = harmonic
mean; Ai = number of independent alleles; F = F-statistics at generation 0; F’ = F-statistics at generation 2; Ne = effective

population size; Cl = Confidence intervals (non-parametric Jacknife). In red are the values that showed a significant
reduction in the F-statistics as result of reduction in the Ne at each critical value.

Location

Bay of
Plenty

Hauraki
Gulf

Bay of
Islands

Hokianga

Kaipara
Harbour

Method

Pk

NT

JR

Pk

NT

JR

Pk

NT

JR

Pk

NT

JR

Pk

NT

JR

p
0.05

0.02
0.01
0.05
0.02
0.01
0.05
0.02
0.01
0.05
0.02
0.01
0.05
0.02
0.01
0.05
0.02
0.01
0.05
0.02
0.01
0.05
0.02
0.01
0.05
0.02
0.01
0.05
0.02
0.01
0.05
0.02
0.01
0.05
0.02
0.01
0.05
0.02
0.01
0.05
0.02
0.01
0.05
0.02
0.01

H
23.3
23.7
23.8
234
23.7
23.8
23.4
23.7
23.8
20.5
19.5
19.7
20.3
19.5
19.7
20.3
19.5
19.7
33.2
33.8
34.3
33.3
33.8
34.3
33.3
33.8
34.3
24.6

25

25
24.7

25

25
24.7

25

25
25.5
26.6
27.5
25.1
26.2
27.1
25.1
26.2
27.1

Ai
41
89
116
41
89
116
41
89
116
38
69
87
38
69
87
38
69
87
45
83
106
45
83
106
45
83
106
47
85
96
47
85
96
47
85
96
44
70
86
44
70
86
44
70
86

F
0.11069
0.08146
0.07177
0.10653
0.08024
0.07125
0.13776
0.11658
0.11392
0.21279
0.14899

0.1277
0.20117
0.14227
0.12346
0.30506
0.20441
0.18842
0.07146
0.06351
0.05716
0.07272
0.06298
0.05681
0.11554
0.08439

0.0779
0.11953
0.09598
0.08907
0.11622
0.09252
0.08642
0.15194
0.11435

0.1098
0.12423
0.11483
0.09596
0.11575
0.10827
0.09187
0.12821
0.11752
0.11324

E
0.06783
0.03921
0.0297
0.06376
0.03798
0.02917
0.09349
0.07302
0.07044
0.16393
0.09759
0.07695
0.15193
0.09088
0.07266
0.23456
0.14466
0.12998
0.04131
0.03392
0.02799
0.04272
0.03343
0.02765
0.08415
0.05418
0.04788
0.07886
0.05591
0.04906
0.07573
0.0525
0.04645
0.10819
0.07261
0.06826
0.08497
0.07728
0.05953
0.07588
0.07016
0.0549
0.08148
0.07131
0.06722

Ne
14.7
25.5
33.7
15.7
26.3
34.3
10.7
13.7
14.2

6.1
10.2

13

6.6

11
13.8

4.3

6.9

7.7
24.2
29.5
35.7
234
29.9
36.2
11.9
185
20.9
12.7
17.9
20.4
13.2

19
215

9.2
13.8
14.7
11.8
12.9
16.8
13.2
14.3
18.2
12.3

14
14.9

6.6
14.7
19.8

7.2
15.1
20.4

5.6

7.8

8.2

35

6.9

3.8
7.3
9.4
2.9

5.6
1.7
16.2
22.5
7.5
16.1
22.2
5.6
9.9
11.6
5.8
9.2
10.4
6.1
9.8
10.9
52
8.1
8.4
6.1
8.2
10.4

11.2
7.1
8.4
8.6

Cl

34.8
49
65.8
37
51.2
65.8
139.3
57.8
52
10.2
15.4
19.1
10.9
16.6
20.4
8.4
111
125
99.1
58.2
60.7
91.3
61.1
63.5
Inf
129.6
104
28
37.2
44
29.2
40.1
47.4
43.8
45.3
58.2
22.3
20.5
27.6
25.1
22.8
30.3
43.9
42.8
54.2
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Figure 111.7 Variation of r> compared to the expected r? of the Ne of juveniles and adults at three different critical values (p =
0.05; 0.02; 0.01). r2 is shown in solid lines; expected r2 is shown in dotted lines. r? variation at 0.05 critical value = yellow;
r?variation at 0.02 critical value = blue; r? variation at 0.01 critical value = red.
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Population genetic structure and lineage divergence of the Kanae
(Mugil cephalus) in New Zealand based on two mitochondrial DNA
markers
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Abstract

Mugil cephalus has a circumglobal distribution which suggests it is capable of trans-
oceanic migrations even though it is a species commonly associated to coastal areas, estuaries
and rivers. Previous population genetic studies based on mtDNA have reported highly
structured populations in the north Pacific and north Atlantic. In New Zealand, recent
admixture of four genetically distinct populations was identified with nuclear microsatellite
DNA markers. In this study, the phylogeographic structure was investigated using DNA
sequences from the mitochondrial DNA Cytochrome Oxidase |1 (COX1) gene and D-loop
region. Samples were collected from 12 sites in New Zealand, and compared to samples from
Australia, Chile, and previously published sequences from Pacific locations. Analyses of the
data showed two sympatric haplogroups of M. cephalus, which were both in mutation-drift
equilibrium. The wo haplogroups did not match the four populations identified with nuclear
markers suggesting a secondary contact between allopatric populations followed by population
expansion. There was no evidence of isolation-by-distance, latitudinal-gradients of haplotype
diversity or phylogeographic breaks within the New Zealand populations; instead, there
appeared to be extensive levels of gene flow among the sampled locations. Based on the
available samples and the locations surveyed in New Zealand and the Pacific, New Zealand
was most likely colonised by two allopatric M. cephalus populations from the Pacific between
~50,000 and ~16,000 years ago; since then, M. cephalus in New Zealand has been in genetic

isolation from other Pacific areas.

Key words: Phylogeography, population genetic structure, secondary
contact, colonisation, high-density blocking.
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Introduction

Identifying the barriers that cause intra-specific genetic breaks in marine species is
important for understanding patterns of distribution and evolution processes. Long-term
environmental barriers to gene flow are the most common factors considered to genetically
structure genetic diversity and to isolate populations (Palumbi 1994; Kotoulas et al. 1995). Less
well understood is when environmental conditions have changed through time resulting in short
bouts of gene flow between otherwise isolated populations (Reid et al. 2016). For example,
phylogeographic analyses have suggested that changes in sea-level due to glacial periods
caused shifts in surface and bottom currents, allowing intermittent gene flow among
populations of the peacock grouper (Cephalopholis argus) in the Indo-Pacific, the grey mullet
(Mugil cephalus) in the China Sea, and the bluefish (Pomatomus saltatrix) in the south-east
Atlantic (Gaither et al. 2011; Shen et al. 2011; Reid et al. 2016, respectively). Species with a
high dispersal power could overcome barriers colonising new habitats and promoting gene flow
between populations; however, the changes in environment conditions might allow species
with limited dispersal to colonise distant areas (Kotoulas et al. 1995; Lewallen et al. 2011; Shen
etal. 2011; Hyde et al. 2014; Reid et al. 2016). Intermittent gene flow can be difficult to identify
because it produces complicated patterns of genetic connectivity instead of a simple
relationship between the population genetic structure and geographic distribution (Hedgecock
et al. 2007a; Hellberg 2009). Phylogeographic studies have used the finding of genetically
distinct lineages and different haplotype frequencies to identify the historical processes that
have restricted gene flow and caused population genetic differentiation (Jiggins 2006; Bolnick

and Kirkpatrick 2007; Fitzpatrick et al. 2008; Wolinsky 2010).

After a new population become established demographic processes such as high-
density blocking or competitive exclusion can limit ongoing gene flow from the source or other

populations, even when environmental conditions are suitable for successful migration (Ostfeld
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and Canham 1995; Waters et al. 2013b; Borowski et al. 2016). Competitive exclusion takes
place when a second wave of migrants arrive to a colonised area and occupy the same
ecological niche as the residents (Waters 2011). Competitive exclusion can occur, not only for
the secondary dispersers, but also for individuals behind each colonisation front and it can
affect other species attempting to colonise a site (Waters 2011). The lack of ongoing gene flow
from the source population, the founder effect, and genetic drift can act in concert to cause
newly founded population to rapidly become genetically distinct (Hewitt 1999, 2000). If a
second migration wave is able to establish successfully from a different source population, the
newly foundered population can contain two or more divergent haplogroups that occur in
sympatry. In cases where the two groups continue to intermix, divergent mitochondrial DNA
haplotypes might persist but nuclear loci will become homogenized (Palumbi 1994; Hewitt
1999; Hendry and Day 2005; Pujolar et al. 2006). If the secondary colonisers are less likely to
reproduce with individuals from the first colonisation event the differences between the two
group will be maintained in both the mitochondrial and nuclear genomes (Hendry and Day
2005; Maes et al. 2006). Reproductive isolation and the persistence of two genetically distinct
populations with overlapping distributions have been reported in the Atlantic herring (Clupea
harengus) in the Baltic Sea (Bekkevold et al. 2005, 2007; Jgrgensen et al. 2005; Ruzzante et
al. 2006). The separate C. harengus groups are maintain by difference in spawning times; one
population spawns during the summer and the other during the winter. This is thought to have
been the result of several colonisation events from a winter-spawning population that is now

extinct.

Mugil cephalus is a cosmopolitan coastal fish species and has larvae that can drift on
surface ocean currents for over a month before settlement (Cardona 2000; Salvarina et al. 2010;
Whitfield et al. 2012). This species can tolerate a wide range of dissolved oxygen levels and

fresh and hyperhaline waters, which enables them to colonise estuarine and freshwater systems
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(see Whitfield et al. 2012 for a review). Significant levels of genetic differentiation among
populations have been reported among the Atlantic, the Indian and the Pacific Oceans (Rossi
et al. 1998a; Rocha-Olivares et al. 2000; Livi et al. 2011). Moreover, divergent populations
have been identified along the coast of China, and among harbours and coastal locations
between Pacific Russia and the Philippines (Rossi et al. 1998a; Jamandre et al. 2009; Shen et
al. 2011; Durand et al. 2012b; Sun et al. 2012; Whitfield et al. 2012). The mtDNA sequence
divergence among M. cephalus lineages, its paraphyletic relationship, its preference for coastal
habitats and limited dispersal capability has led to consider M. cephalus as a species complex
(Durand et al. 2012b; Whitfield et al. 2012). To date, 14 highly divergent mtDNA lineages
have been identified, in which three lineages distributed in coastal areas from the northwest
Pacific were also supported by nuclear microsatellite DNA markers (Shen et al. 2011; Durand
et al. 2012b). However, there have not been any distinct morphological traits nor direct
evidence of reproductive incompatibility reported among the M. cephalus haplogroups, making
it difficult to determine whether M. cephalus is truly a species complex, or it has a very large

genetically effective population size and highly structured populations.

Mugil cephalus is commonly known in New Zealand as Kanae or grey mullet. It was a
resource widely used by pre-European Maori (the indigenous people of New Zealand
Aotearoa) and one of the first major European fisheries in the North Island, starting in the late
1800 (Paulin and Paul 2006). New Zealand M. cephalus spawn in the sea during the summer.
Its larvae drift in ocean currents for over a month before post-flexion larvae and juveniles move
into estuarine nursery areas in the North Island (Hartill 2004). They mature at about 3 years
old, have a maximum age of 20 years and reach an average size of 55cm (Hartill 2004; Watson
et al. 2005; McKenzie and Vaughan 2008; Morrison et al. 2016). Few studies have focused
their efforts on the distribution and population status of this species and there have been no

genetic studies. The aim of this study is to investigate the phylogeographic structure and
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demographic history of New Zealand M. cephalus using DNA sequences from two mtDNA
gene regions. Levels of mitochondrial DNA variation in New Zealand’s M. cephalus are
compared to the DNA sequence variation reported from other populations around the Pacific

Rim.

Materials and Methods

Data collection
DNA from a total of 311 individuals (116 adults and 154 juveniles from 12 locations

around New Zealand, 10 adults from eastern Australia and 31 adults from Chile) were extracted
(Appendix Table 1V.6; Appendix Table IV.7; Figure 1V.1). The DNA was extracted from a tissue
biopsy from the caudal peduncle following the phenol/chloroform extraction protocol and
purified DNA was stored in TE buffer at 4°C (Sambrook et al. 1989). To compare the
phylogeographic history of M. cephalus in New Zealand with the rest of the Pacific, sequences
of studies from Pacific Rim were downloaded from GenBank and the data set comprised 116
sequences of Cytochrome Oxidase | mitochondrial gene (COX1) and 129 sequences of the
control region (D-loop) of the mitochondrial DNA (mtDNA) (Appendix Table IV.6; Figure
IV.1). The comparisons between New Zealand and the Pacific Rim analyses had to be
conducted separately for COX1 and D-loop because there were no sequences from both genes

that came from the same individual.
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Amplification and alignment
Amplification of mtDNA gene COX1 was obtained by PCR using specific primers

developed using AmplifiX v1.7.0 (Jullien 2013). Four complete mitochondrial genomes of M.
cephalus were retrieved from GenBank and were used to design the COX1 primers: AP002930
and AP002931 (Miya et al. 2001), KM368340 (Shen et al. 2015), and NC_003182 (Miya et al.
2001). We targeted partial sequences of ~650bp length from the Tyrosine tRNA gene as
forward primer (MugceCO1F-Forward primer 5° CAC AAA GAC ATC GGC ACCCTC TAT
3’) to mid COX1 sequence as reverse primer (MugceCO1R-Reverse primer 5° TGG GTG GCC
AAA GAA TCA GAA CAG 3’).

D-loop sequences were amplified with the forward primer Mul-Pro (5 CCA AGG CCA
GGA TTT TTA CGT 3’; Rocha-Olivares et al. 2000) and a reverse primer designed from
AP002930 (Miya et al. 2001), KM368340 (Shen et al. 2015), and NC_003182 (Miya et al.
2001) complete mtDNA genomes in GenBank. The reverse primer Mugce DLR-Reverse (5’
GGC TCT AAG GTT TTC CTG TTT CCG 3’) was developed in AmplifiX v1.7.0. The PCR
volume used to amplify the targeted sequences was 25ul of MgCl, 2mM, 0.6uM of each
primer, 0.6uM of ANTP’s, 0.4 pg/ul of bovine serum albumin, 1pl of 10x PCR buffer (200
mM Tris HCI (pH 8.4), 500 mM KCI), 1 unit of Tag DNA-polymerase (Bioline), and between
50-80 ng/ul of template DNA. Thirty-five PCR cycles were run with 5 minutes of initial soak
at 95°C, 94°C for 30s, 60°C for 30s, 72°C for 90s and a final elongation at 72°C for 30 minutes.
Products were purified with a 1:1 mix of ExoSap-IT (Affymetrix, USA) and 10x PCR buffer
(200 mM Tris HCI (pH 8.4), 500 mM KCI) from Bioline. Amplified sequences were sent to
Macrogen Inc. (Korea) for sequencing. Cytochrome Oxidase | and D-loop sequences were
deposited in GenBank with accession numbers KX639485-KX639489 and KX639435-
KX639484 respectively (Appendix Table IV.7). The resultant chromatograms were visualized

using Geneious v8 (Kearse et al. 2012), and consensus sequences were used for the alignment.
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Sequences were aligned in Clustal W (Thompson et al. 1994), checked by eye and
trimmed to equal lengths in Geneious v8. The best substitution model for COX1 and D-loop
sequences was calculated with JModelTest v2.1.4 (Posada 2008), following the lowest

likelihood ratio under the Bayesian Information Criterion (BIC).

Lineage divergence
Two phylogenetic trees with the concatenated sequences of COX1 and D-loop were

built in order to identify possible M. cephalus populations in New Zealand. A Bayesian
Inference (BI) phylogenetic tree was built in Mr. Bayes v3.2.2 (Huelsenbeck and Ronquist
2001). The Bl analyses were performed with 5x10° generations in two simulations with one
cold and three heated parallel chains. The sample frequency was 100, the parameter values
were saved every 5000 rounds and 10,000 trees were discarded as burn-in. The analysis
finished when stationarity was reached. A Maximum Likelihood phylogenetic tree was built in
RAXML v.8 (Stamatakis 2014) and implemented in CIPRES (Cyberinfrastructure for
Phylogenetic Research) (Miller et al. 2010). The model used was GTR+ G+ | for the
construction of both phylogenetic trees to account for the variability in the substitution rate of
the sequences coming from both mtDNA markers when concatenated and with no partitions.
Support values were calculated with 1000 bootstrap iterations and only values > 89% were
reported. Both phylogenetic trees were compared to recognize supported groups and only those
are reported. A second ML phylogenetic tree was constructed using COX1 sequences from
New Zealand and the COX1 sequences downloaded from GenBank to place New Zealand in a
Pacific Rim context. The ML tree was built in RAXML v.8 and implemented in CIPRES. The
model used was GTR+ G+ | to account for the variability in the substitution models used in
previous studies. Support values were calculated with 1000 bootstrap iterations.

Divergence time and cryptic lineages discovery
To designate the optimal divergence time a general mixed Yule-coalescence (GYMC)

model with the concatenated sequences of COX1 and D-loop was used (Monaghan et al. 2009).
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This analysis is commonly used to delimitate species and to find cryptic entities that show
genetic variation that can be explained by speciation models rather than coalescence models
(Talavera et al. 2013). However, it is a reliable analysis to define the divergence time when
there is no information on the fossil record or other evidence to calibrate the nodes of a
phylogenetic tree and coalescent genealogies to the most recent common ancestor (MRCA)
(Talavera et al. 2013). The GMYC model could provide an approach that it is not biased by the
high variation in haplotype sequences to estimate the divergence time (Monaghan et al. 2009;
Talavera et al. 2013).

The GMYC models are especially robust in determining the time of divergence between
unique haplotypes because it assess the genealogy to the MRCA using a Wright-Fisher model
modified for mtDNA haplotypes in which each node or step to the MRCA contains information
of the mutation rate and effective population size (Kingman 2000; Rosenberg and Nordborg
2002). In the Wright-Fisher model each new generation is formed by randomly sampling N
parents and with full replacement from the current generation; hence, generations are discrete
(Kingman 2000). Going back in time, lineages coalesce whenever two or more individuals
were produced by the same parent in which the offspring inherits the haplotypes of the parents
unless there is a mutation that occurs with some probability each generation (Rosenberg and
Nordborg 2002). The GMYC model draws the genealogy until the nodes to the MRCA match
the nodes drew by the phylogenetic approach under Yule’s speciation model (Monaghan et al.
2009). While the coalescent approach started with n haplotypes picked at random to coalesce
resulting in n-1 ancestral haplotypes, in the Yule model at any given time the then extant-
haplotypes (n) are equally likely to speciate giving rise to n+2 haplotypes and the extinction of
the ancestral haplotype (Steel and McKenzie 2001; Gernhard et al. 2008). In the coalescent

approach the mutation rate varies in each node; under the Yule speciation model the probability
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of speciation or rate of speciation is constant over time (Steel and McKenzie 2001; Gernhard
et al. 2008).

The GYMC model estimates the boundary of divergent lineages based on the
linearization of the genetic distances of the coalescent nodes and Yule’s speciation events, i.e.
draws a threshold when the intra-haplogroup variation matched or exceeded the inter-
haplogroup variation under Yule’s speciation model (Monaghan et al. 2009; Talavera et al.
2013). A fully resolved tree based on Yules’ speciation model was used as prior to build a
distance cluster and identify entities that met the assumption of Yule’s speciation (Kekkonen
and Hebert 2014). To build the tree, single haplotypes of the concatenated sequences were used
and a fully resolved ultrametric tree was constructed with three independent runs using
Bayesian Inference and Yule’s speciation model as a prior in BEASt v1.8.2 (Drummond and
Rambaut 2007). To account for all possible source of variation in the unique sequences, the
nucleotide substitution model used was the GTR+G+I that also allows different nucleotide
substitution rates of the concatenated sequences. The base frequencies were estimated from the
data set with four gamma categories and no codon partitions. To allow for variability in the
mutational rate over the tree, an uncorrelated relaxed lognormal clock model was used with
2x107 years as the mutational rate (Ward et al. 2005; Durand et al. 2012b). The ucld.mean
parameter was set to uniform prior distribution with zero as the lower and 10 as the upper
boundary. The length of the MCMC chain was 400 000 000 sampling every 4000 until the ESS
values converged (ESS>200). To confirm convergence of the Markov chains, the ESS values
of each run were evaluated in Tracer v1.8.2 (Drummond and Rambaut 2007). The resulting
trees (states) were combined and re-sampled every 4000 trees on LogCombiner v1.8.2
(Drummond and Rambaut 2007). The remaining trees were used to build the maximum clade
credibility tree with a 0.05 posterior probability limit and node heights of target tree constructed

in TreeAnnotator v1.8.2 (Drummond and Rambaut 2007). Both single- and multiple-threshold
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GMY C analyses were conducted in R (R Core Team. 2012) using the APE (Paradis et al. 2004),

and SPLITS v1.0 (Ezard et al. 2009) packages.

Neighbour Joining clustering
Two Neighbour Joining (NJ) trees were constructed to find the pairwise differences

among lineages between New Zealand and Pacific locations. The NJ trees were built in MEGA
v6 (Tamura et al. 2013); using Kimura 2-parameter substitution model including transitions +
transversions, with uniform rates among sites, three codon partitions for COX1 sequences and
none for D-loop sequences. To test the support of each lineage cluster, 10, 000 bootstrap

replicates were used for each NJ tree.

Genetic structure and diversity
Genetic diversity measures by mtDNA marker and locality were calculated in DNAsp

v5.1 (Librado and Rozas 2009), as number of haplotypes, number of segregating sites,
haplotype diversity (h), nucleotide diversity (z), and Tajima’s D and Fu’s F deviation from
neutrality. In order to estimate the variation given by the sampling effort and uneven sample
sizes, an analytical method of rarefaction was performed in Analytical Rarefaction v1.3 (UGA
Stratigraphy Lab Website; http://www.uga.edu/~strata/software). Rarefaction curves were
plotted using the number of samples against the cumulative frequency of the haplotypes of each
mtDNA marker. To estimate haplotype network relationships per locality, a median-joining
network (Bandelt et al. 1999), and pie charts of frequency distribution of haplotypes were
calculated in PopArt (Leigh and Bryant 2015) with default settings. An Analysis of Molecular
Variance (AMOVA), ¢st values with their corresponding probability with Bonferroni
correction for multiple analyses were calculated in Arlequin v3.5 (Excoffier and Lischer 2010).
The AMOVA allows for the assessment of the genetic differences in three levels of hierarchy:
among regions, among localities and within localities. To test the hypothesis of Isolation-By-
Distance (IBD) in New Zealand, a Mantel test with 10,000 permutations was also calculated in

Arlequin v3.5.
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Mitochondrial DNA and microsatellite DNA structure comparison
The population genetic structure analysis of M. cephalus in New Zealand based on

nuclear microsatellite DNA markers (msatDNA), identified the recent admixture of four
ancestral genetically distinct populations (Chapter 11). In order to test whether there was a
significant level of similarity between the clusters found with allele frequencies (msatDNA)
and the possible mtDNA haplogroups, an assignment analysis for the mtDNA sequences was
performed using the software Geneclass v2 (Piry et al. 2004) to calculate the probability of
individual assignment to the locality of origin or sampling location. The Rannala and Mountain
Bayesian method was used (Rannala and Mountain 1997). Likelihood estimations were
calculated with L_home. The probability of the null hypothesis that each individual is from the
source haplogroup was estimated using 1,000,000 simulations (Monte Carlo resampling) under
Pactkau’s algorithm (Paetkau et al. 2004). The assignment probabilities were then compared
to the highest cluster probability of the individual ancestry from STRUCTURE v2.3.4
(Pritchard et al. 2000). Structure assigns multi-locus genotypes to an ancestral cluster and
calculates the maximum likelihood of the number of clusters that contribute to each individual

ancestry and can explain the allele frequency distribution (see Chapter I1).

Demographic history
Possible events of population expansion were evaluated calculating mismatch

distributions per marker using Arlequin v3.5. Models of constant population size and
population growth-decline were tested in DNAsp v5.1. Theta parameters 6o and 6, of effective
population-size shifts estimated from mismatch distributions, and deviation from neutrality
(Tajima’s D and Fu’s F statistics) under the infinite-sites model were calculated in Arlequin
v3.5. To reconstruct the demographic history and calculate the change in the effective
population size over time, BEASt v1.8.2 software was used to calculate Bayesian Skyline Plots
(BSPs) for each marker and for the concatenated sequences. The substitution model used for

each marker was determined with the lowest likelihood ratio in Bl calculated with JModelTest
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v2.1.4 (see above). For the concatenated sequences the GTR+G+I substitution model was used
to allow for variability in the substitution rate along the sequence. Three independent runs were
performed with MCMC length of 100 000 000 and sampled every 1000 and the resulting states
were combined and re-sampled every 1000 trees on LogCombiner v1.8.2. The skyline plots
with 95% confidence levels were drawn in Tracer v1.8.2, only after the chains converged (ESS

values > 200).

Migration and connectivity patterns
Migration ratios and the number of effective migrants among sampling locations were

assessed in Migrate-n v3.6 (Beerli 2009), using a Metropolis-Hastings algorithm to sample
multi-dimensional distributions of Theta (6) with Maximum likelihood (ML) and with
Bayesian inference (BI) approaches (Beerli and Felsenstein 1999, 2001). One hundred seeds,
50, 000,000 MCMC iterations, a thinning of 1,000,000 and a sampling interval of 1,000 were
used. Migrate-n uses a coalescence approach to determine the migration rates between
locations using the genealogy to the most recent common ancestor (MRCA). The genealogy is
built including all segregating sites in which each step to the MRCA is defined as an ancestral
generation and it is drawn as a node on a line that merges all the way back to the MRCA
(Kingman 2000). Migrate-n calculates the probability that two individuals in a particular
generation have a common ancestor (Beerli 2009). The probabilities are calculated integrating
all possible relationships in each ancestral generation following the genealogical tree. To
estimate the number of immigrants per generation, the migration rate (M) and effective
population size (¢) per generation were scaled to the mutational rate (m) (Beerli 2009). In each
node or generation, the effective population size or theta (¢) is calculated and to obtain the
value of Om (theta scaled to the mutational rate), theta is multiplied by the mutation rate (m)
that is usually inferred from the data set, and a constant that depends on the ploidy level and
the inheritance of the DNA markers (y) (Beerli 2009). In mtDNA haplotypes y = 1 (single
copy from only one parent). The immigration rate in each generation (M) is calculated using
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6#m and multiplying it by the number of migrants and dividing it by the mutation rate (Beerli
2009). The result reflects the number of variants brought to the population each generation that
are not a consequence of mutation. Migrate-n integrates all migration rates (M) and effective
population sizes per generation (6m) to estimate the number of migrants since the MRCA
(Beerli 2009). The results were represented graphically with the R package circlize (Gu et al.
2014); in which the width of the curved lines in the circular plot represents the number of

migrants and is dependent on the total volume of migrants across all regions.

Results

New Zealand
A total of 241 samples were amplified for the COX1 and 94 samples amplified from

the D-loop region (Table 1V.1). For the analyses done with concatenated sequences only 94
samples that were successfully amplified for both markers were used. After alignment and
trimming the remaining COX1 sequences length was 502bp with five variable sites and five
distinct haplotypes were identified. The D-loop region sequence length was 864bp and 176
polymorphic sites were identified within 50 distinct haplotypes (Table 1V.1). A tandem repeat
was found on the 3 end (((ATA)2TT)2-12), close to the Phenylalanine transfer RNA (tRNA-
Phe). Similar tandem repeats have been found in other M. cephalus populations in the Gulf of
Mexico and northwest Pacific (Rocha-Olivares et al. 2005; Jamandre et al. 2009, 2014). In this
study, the tandem repeat was removed from the analysis to avoid large variance, limit
homoplasy and avoid bias in the demographic events that led to the observed whole sequence
polymorphisms, nucleotide diversity and haplotype diversity (Jamandre et al. 2009). The
nucleotide substitution evolutionary model that best fits COX1 sequences was HKY, with
uniform distribution and kappa = 2.4056 (ti/tv = 1.2728). D-loop region best nucleotide
substitution model was HKY+1+G with p-inv = 0.4850, a gamma shape distribution of 0.7990

and kappa = 14.0727 (ti/tv = 5.9376).
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Lineage divergence
The phylogenetic analysis of concatenated sequences supported the presence of two

well-defined-divergent haplogroups of M. cephalus in New Zealand (Figure 1V.2a). The average
percentage of differences between both haplogroups (referred to as L1 and L2 from now on)
based in the linear pairwise comparisons between sequences was 17.2%. After the linearization
of the genetic distances only the multiple threshold model was significant and identified 12
variable entities grouped in nine possible clusters (Appendix Table IV.8; Appendix Figure IV.8).
Three entities were well supported and showed variation that could confidently be explained
by a speciation model under Yule’s algorithm (p > 0.95; Figure IV.2; Appendix Figure 1V.8).
The divergence time under the multiple threshold approach of the GMYC model identified the

three events at ~50,000, ~27,000 and ~16,000 years ago (Appendix Table IV.8; Figure IV.2b).

Genetic structure and diversity
The genetic variation in COX1 was low (h =0.2342; = = 0.0013) compared with the D-

loop region (h = 0.9723; = = 0.05; Table 1V.1). Cytochrome oxidase 1 haplotypes were in
mutation-drift equilibrium (Tajima’s D = -1.3002, p > 0.05; Table 1V.1), which means that the
amount of pairwise differences and segregating sites in the sequences were not significantly
different from zero. There were few high frequency haplotypes reflected in the low levels of
haplotype diversity (N = 5; Table IV.1). Fu’s Fs is a measure that uses haplotype diversity; it
estimates the probability to find a random sample with a number of haplotypes equal or smaller
than the observed value assuming neutrality and the observed haplotype diversity (Fu 1997).
The Fu’s Fs values for COX1 were negative in this study (Fu’s Fs = -2.5312 p < 0.02; Table
IV.1), which is a characteristic signal for bottlenecks or selective sweeps followed by recent
population expansion (Galtier et al. 2000). D-loop was non-significant for Tajima’s D and Fu’s
Fs neutrality assessments (p > 0.05 and p > 0.02 respectively), there was no evidence of
population expansion and the positive value of Fu’s Fs reflecting recent bottleneck was not

significant (Fu’s Fs = 0. 4096 p > 0.02; Table IV.1).
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There were only five distinct haplotypes in COX1 sequences. The median-joining
network showed a star pattern consistent with recent population expansion after the effect of
selective sweeps or a bottleneck (Figure 1V.3a). The star-pattern showed one highly frequent
haplotype from which the other haplotypes are linked with one to two mutational steps
difference (Figure 1V.3a). The median-joining network of D-loop sequences showed a split of
113 mutational steps between two haplogroups that matched L1 and L2 from the phylogenetic

analysis (Figure IV.2; Figure 1V.3a).
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Haplogroup L1 showed a star-like pattern with eight haplotypes. There was one highly
frequent haplotype and few low frequency and highly divergent haplotypes (10-13 mutational
steps; Figure 1V.3b). Haplogroup L2 showed 42 low frequency haplotypes with several highly
divergent haplotypes characteristic of populations in constant population size over long periods
of time (Figure 1V.3b). The highly frequent haplotype from COX1 sequences was found in all
sampled locations; two haplotypes were restricted to the East Coast (haplotypes two and five);
and one haplotype was restricted to norther areas from Whakatane in East Coast to Hauraki
Gulf in the West (haplotype four; Figure IV.4a). For D-loop sequences, haplotypes from
Haplogroup L1were distributed across the North Island (from Wellington to Ninety Mile Beach
(upper west coast) and the Bay of Islands (upper east coast), and were not found in Whakatane
(Figure 1V.4b). Haplotypes from haplogroup L2 were spread from the upper South Island
Ninety Mile Beach, Bay of Islands and Bay of Plenty (Figure 1V.4b). There was an overlap in
the geographic distribution of both mitochondrial haplogroups; however, haplogroups L2was
more diverse and was the predominant haplogroup in New Zealand (Figure 1V.4b). The
analysis of molecular variances (AMOVA) showed no significant differences among
geographic regions and among locations, within locations and within locations respective to
the total variation (Table 1V.2). There were highly significant differences within and between
haplogroups (p = 0.0001); however, there were no significant differences within haplogroups
averaged to the total variation (p > 0.05; Table 1V.2). The assessment of genetic differentiation
with ¢st values showed no significant differences among locations indicating high levels of
gene flow with the exception of Hokianga and Porirua that showed significant differences (p <

0.01; Table 1V.3).

Mitochondrial DNA and microsatellite DNA structure comparison
The assignment analysis of the expected mtDNA haplotype frequencies under the

Rannala and Mountain (1997) algorithm showed that only 56.3% of the individuals were
assigned to the mtDNA haplogroup of origin, L1 or L2 (Table IV.9). The individuals that were
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clustered together in the allele frequencies of msatDNA markers analyses (Figure 11.6), did not
match how the individuals were clustered based on mtDNA variation (Table IV.9). The
assignment probabilities were low in comparison with the cluster probabilities from
STRUCTURE, reflecting a different genetic structure between msatDNA markers and mtDNA

markers.

Demographic history
Mismatch distributions showed a uniform distribution for COX1 haplotype frequencies

which was in accordance with the neutrality test and population expansion (Table IV.1; Figure
IV.5). D-loop haplotype frequencies showed a multimodal distribution. A multimodal
distribution of haplotype frequencies means a strong genetic structure within locations. It is the
characteristic pattern of secondary contacts between isolated populations or highly divergent
populations following a sympatric speciation pattern (Avise 2000). The patterns shown in
plotting the pairwise differences for the SSD and the Raggedness Index were not significantly
different from the constant population size model (Figure 1V.5). Analysing deviations of
neutrality by sampling location there were few exceptions to neutrality (Table IV.1), with only
the Kaipara Harbour showing recent population expansion signatures in both mtDNA markers
(Table 1V.1). The BSPs showed constant population size followed by recent population
expansion (Appendix Figure 1V.11). The time of the recent events of population expansion did
not match the time of divergence found with the GMYC model (Figure IV.2; Appendix Figure
IV.11). The BSP of COX1 sequences showed a bottleneck followed by population expansion
~1, 500 years ago; the BSP of D-loop sequences showed constant population size just before
15, 000 years ago where they showed a population expansion (Appendix Figure 1V.11). The
concatenated sequences showed a similar pattern as D-loop; however, the population expansion
happened more recently (before 10,000 years ago; Appendix Figure 1V.11). Haplogroup L1
showed a slow population expansion followed by a sudden increase in the effective population
size between 1, 000 and 1, 500 years ago 9 Appendix Figure 1V.11). Haplogroup L2 showed a
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similar pattern as D-loop in which the population expansion occurred just before 5, 000 years
ago (Appendix Figure 1V.11).

Bayesian skyline plots are not sensitive to population subdivision because they average
the demographic histories of the population sub-groups, making them not reliable when each
population sub-group has a different demographic history (Hey and Nielsen 2004, 2007; Marko
et al. 2010). In this particular study BSPs are not the most suitable analysis to describe the

demographic history of M. cephalus.

Table IV.2 Analysis of Molecular Variance among sampling locations, geographic regions and haplogroups L1 and L2 in New
Zealand. @sc = variation among localities and between haplogroups in the case of L1 and L2 comparisons; ¢st = variation
within localities and within haplogroups; ¢ct = variation within localities respective to the total variartion and within
haplogroups respective to the total variation in the case of L1 and L2 comparisons. Significant values are shown in red.

COX1 D-loop Haplogroups L1 and L2 comparison
Population Population Population
Variation type differentiation p-value differentiation p-value Variation type differentiation  p-value
statistic statistic statistic

Among _ _ _

localities ¢sc = -0.02056 0.9 ¢psc = 0.04543 0.15 Between haplogroups ¢sc=0.18059  0.0001
Within _ _ . -

localities ¢st=-0.01964 0.8 ¢st=0.4231 0.17 Within haplogroups ¢sT=0.86717  0.0001
Within

localities Within haplogroups

respective to ¢ocr=0.00091 0.8 ¢ocr=-0.00327 0.42 respective to the total ¢ocr=0.83789 0.5

the total variation

variation

Migration and connectivity patterns
Approximately 51% of the haplotypes were successfully assigned to the location of

origin. There were elevated average migration ratios (Table IV.4; Appendix Table 1V.10). The
connectivity patterns showed that the localities with higher volume of immigrants are Bay of
Islands in the eastern region, the South Island in the southern region and Waikato and 90 Mile
Beach in the western region (Table 1V.4; Figure 1V.6). Kaipara Harbour, Pouto and Dargaville
are the locations with higher volume of emigrants (Table IV.4; Figure IV.6). Hokianga and
Porirua showed levels of significant differentiation (¢st = 0.025; p < 0.05; Table 1V.3) and
extensive gene flow was shown among locations in all the other pairwise comparisons of ¢st

(Table IV.3).
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Figure 1V.3 a) Median-Joining network of the five haplotypes found with COX1 in New Zealand. b) Median-Joining network
of the 50 haplotypes found with D-loop in New Zealand.
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Figure IV.4 Map of the distribution of haplotype frequencies in New Zealand. a) Frequency distributions of haplotypes from

COX1. b) Frequency distribution of D-loop haplotypes clustered in haplogroups L1 and L2.
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Table IV.4 Migration rates based on simulated effective population sizes and summing all possible genealogies over all
possible branch lengths following the coalescence approach by (Kingman 2000), as set up in Migrate-n (Beerli and Felsenstein

1999).

90 Mile Beach
Bay of Islands
Dargaville
Hokianga
Lower Hutt
Kaipara
Harbour
Porirua
Pouto

South Isalnd
Waikato
Whakatane

90 Mile
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Hokianga

pujes\ ynos

Figure IV.6 Contemporary mtDNA connectivity patterns of New Zealand M. cephalus. Only the flows that are representing a
migration volume of more than 51% are shown. The colour pattern follows regional distribution: Blue = South Island and
southern North Island; orange/yellow = west coast North Island; green = east coast North Island. The outer circle segments
below the locality name represent the total number of migrants moving to and from the locality. The inner bars show the total
volume of migration encoded in the circle segments. To define directionality, in each location emigrants are represented with
the same colour of the location and immigrants are coloured as the locality of origin. The width of the curved line is the volume
of movements where the exact volume of movements can be visualized only at the beginning and end points. The width of the
curved line depends on number of migrants relative to the total volume of migrants across all regions indicated by the outside
circle segments.

Pacific Rim
A total of 111 COX1 published sequences downloaded from GenBank, 10 sequences

amplified from Australian samples and 30 sequences collected from Chile were compared with
those from New Zealand. Additionally, 130 D-loop published sequences downloaded from

GenBank, were also used (Table 1V.5). Six lineages for COX1 and four lineages for D-loop
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were identified (Table IV.5). New Zealand shared two COX1 haplotypes with Australia;
however, New Zealand’s D-loop lineages were restricted to New Zealand in geographic
distribution (Table I1V.5; Figure IV.7; Appendix Figure 1V.10). Chile shows a similar pattern
where no COX1 haplotypes are shared with other locations of the Pacific Rim (Table IV.5;
Figure IV.7; Appendix Figure 1V.9). New Zealand showed the lowest percentage of differences
(2.7%) with a haplogroup from the Pacific distributed from Russia to Australia based on a NJ
tree under GTR+G+1 evolutionary model of COX1 sequences (NWP2; Appendix Figure 1V.9).
The NJ tree of D-loop sequences under the same substitution model showed the lowest
percentage of differences (22%) between haplogroup L2 and a the same Pacific haplogroup as

COX1 (NWP2, Appendix Figure 1V.10).

Table V.5 Basic genetic statistics of the haplotype lineages/groups from COX1 partial gene and D-loop region sequences in
the Pacific Rim. n= number of samples; S= segregating sites; Nh = Number of haplotypes; h = haplotype diversity; = =
nucleotide diversity; o = the size of the effective population before an evolutionary event; 61 the size of the effective population
after the evolutionary event. In red are the values that are significant (p < 0.05). N/A = Not applicable. NWP2 = North-West
Pacific 2 lineage identified in Shen et al. (2011).

COX1
Haplogroup/lineage n S Nh h 4 Tajima's D p-value Fu's Fs p-value 60 01
L1 55 104 11 0.3622  0.01388  -2.5031 0.0001 -25.0597 0 0 0.3897
L2 196 134 26 0.4896 0.00909 -2.1747 0.0003 -25.3634 0 0 9.6023
NWP2 23 16 12 0.8498 0.00354  -2.1201 0.0049 -27.3341 0 0 99999
NWP1 29 30 17 0.8079  0.0045 -2.5596 0.0002 -26.7871 0 0 99999
NWP3 13 3 5 0.6923 0.00189  -0.5895 0.468 -23.0717 0 0 99999
Chile 36 19 6 0.3937  0.00562  -1.2862 0.086 -26.4085 0 0 0.5677
Total (Average) 352 51 13 0.5992 0.01325  -1.7837 0.094 -25.6781 0 0 50001.25

D-loop
Haplogroup/lineage n S Nh h n Tajima's D p-value Fu's Fs p-value 60 01
L1 17 6 6 0.515 0.00114  -1.63094 0.08 -2.848 0.042 0.007 1.0989
L2 78 64 29 0.919 0.01054  -1.43594 0.04 -5.142 0.003 0.9 11.367
NWP2 47 143 37 0.981 0.03081  -0.90775 0.18 -7.442 0.1 0.0035  55.643
Pacific IV 82 158 59 0.969 0.00739  -2.47747 0 -64.869 0 0 99999
Total (Average) 224 338 123 0.976 0.1462 -1.6873 0.06 -0.425 0.054 0.2276 25017

Pacific Rim lineages based on COXI haplotypes showed low to mid values of
nucleotide diversity (z = 0.0018-0.013; Table I1V.5), and low values of haplotype diversity with

the exception of the lineages NWP2 and NWP1 (h = 0.849 and h = 0.807, respectively; Table
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IV.5). The haplogroups identified with D-loop sequences showed low values of nucleotide
diversity (= = 0.001-0.03; Table 1Vv.5), and high values of haplotype diversity (h = 0.91-0.98;
Table 1V.5), with the exception of haplogroup L1 (h = 0. 51; Table IV.5). Lineages NWP1,
NWP2 and NWP3 have been identified in previous studies as highly divergent lineages that
could be cryptic species of M. cephalus that require taxonomic revision (Shen et al. 2011;
Durand et al. 2012b). The three lineages NWP1, NWP2 and NWP3 were initially identified in
China Sea waters (Shen et al. 2011). One study tried to resolve the phylogenetic relationships
of the mullets including M. cephalus based on partial COX1, Cyt b and 16s mtDNA sequences
(Durand et al. 2012b). The phylogenetic analysis showed that lineages NWP1 and NWP3 were
monophyletic and restricted to China Sea locations. The lineage NWP2 was paraphyletic with
sequences of M. cephalus individuals sampled in locations from Russia to Australia (Durand
et al. 2012b). New Zealand haplogroups L1 and L2 were grouped with NWP2 in the ML
phylogenetic analysis and formed a paraphyletic group (Appendix Figure 1V.12). This same
group has been seen in previous phylogenetic analysis in which Australian and New Zealand
samples from Patea formed a paraphyletic group with NWP2, samples that were also used in

this study as part of the sequences downloaded from GenBank (Durand et al. 2012b).
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Discussion

Two genetically distinct haplogroups of M. cephalus were identified in New Zealand
(L1 and L2). There was no correlation between the genetic distances and the geographic
distances, nor a genetic partition among geographic regions. High levels of gene flow were
found among the sampled locations and both haplogroups appeared to be in mutation-drift
equilibrium. The average level of genetic differences between the concatenated sequences of
L1 and L2 haplogroups (17.2%) was higher than the typical ~15% of interspecific variation
previously reported in phylogenetic assessments with 16s rRNA, COX1 and Cytochrome b

mtDNA markers, among closely related species within the genus Mugil (Durand et al. 2012b).

GMYC model more than species delimitation
The GMYC model has been used mainly for species delimitation because it identifies

the threshold when the genetic variation among individuals can be explained by Yule’s
speciation model (Monaghan et al. 2009; Pontin and Cruickshank 2012; Fujisawa and
Barraclough 2013; Talavera et al. 2013). Morphological characters are then used to support the
divergent groups as species candidates (Talavera et al. 2013). Without the support of
morphological characters, the divergent entities that have genetic variation that could be
explained by Yule’s speciation process would remain as highly divergent lineages and possible
candidates for new species (Talavera et al. 2013). However, the GMYC model is not sensitive
to the effects of bottlenecks or selective sweeps, migration and founder effects that could also
result in highly divergent lineages and possible candidates for new species. The strength of the
GMYC model is that can accurately estimate the time to the MRCA with little information to
calibrate the nodes using a phylogenetic and coalescence approach (Kingman 2000; Steel and
McKenzie 2001; Rosenberg and Nordborg 2002; Gernhard et al. 2008).

The phylogenetic and the coalescence approach when run independently need node
calibration to accurately estimate the nodes to the MRCA. To avoid this constraint, the GMYC

approach allows to approximately estimate the time when an ancestral generation with a given
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mutational rate equals the probability of speciation in which the GMYC model uses unique
haplotypes, and assumes neutrality where the variation between sequences is caused only by
mutation (Monaghan et al. 2009; Pontin and Cruickshank 2012; Fujisawa and Barraclough
2013; Talavera et al. 2013). Species that show evidence of genetic drift or selection will violate
this assumption in which the divergence time generated by the GMYC model reflects the time
of bottlenecks and population expansion events (Pons et al. 2006, 2011; Monaghan et al. 2009;
Papadopoulou et al. 2011; Esselstyn et al. 2012; Falniowski and Szarowska 2012; Parnmen et
al. 2012; Pontin and Cruickshank 2012; Kekkonen and Hebert 2014). In his study, both mtDNA
markers showed evidence of bottlenecks followed by rapid population expansion. A possible
explanation to the high levels of variation is the founder effect of two successful colonisations
of New Zealand by M. cephalus individuals from allopatric populations from the Pacific (see
below). For M. cephalus in New Zealand without any other evidence to support the high levels
of mtDNA variation, the GMYC model rather than identifying cryptic species or species
candidates, identified the time since genetic drift has been acting after the arrival of M. cephalus
migrants from Pacific allopatric populations where the time threshold showed the most recent
contact between founders and residents rather than the split of the allopatric populations. The
first M. cephalus founders we could identify arrived to New Zealand not before ~50,000 years
ago and the contact of the second wave of founders giving raise to haplogroups L1 and L2

happened between 20, 000 and 16, 000 years ago.

Population connectivity and gene flow
In New Zealand, population genetic and phylogeographic studies based on mtDNA

markers have reported that the levels of genetic differentiation in populations from coastal
species, are correlated to geographical breaks such as East to West, Isolation by Distance
patterns (IBD) and latitudinal gradients (see Gardner et al. 2010 for a review). Mugil cephalus

in New Zealand showed two genetically distinct haplogroups in sympatry and extensive gene
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flow among locations where approximately 49% of the individuals sampled in this study were
identified as migrants.

The historical analysis of the M. cephalus fishery in Kaipara Harbour suggested the
presence of two types of M. cephalus. One, the “clean-gut” M. cephalus that migrates daily in
and out the estuary and feeds in coastal environments, and a second M. cephalus referred to as
“settler” or “muddy fish” that is resident to the estuary and may migrate towards freshwater
systems (Paulin and Paul 2006). Recently, the analysis of Local Ecological Knowledge (LEK)
of the Kaipara Harbour area reported two different kinds of M. cephalus which may be
distinguishable by similar migratory behaviour as reported from historical information (Paulin
and Paul 2006; Morrison et al. 2014a). In this study, there was no genetic differentiation among
locations regardless if the fish was sampled in a coastal, estuarine or freshwater locations. The
only significant differences were found between Hokianga and Porirua (two estuarine
locations); however, this study is limited in finding the cause for the observed levels of
differentiation. One factor causing significant differences between Hokianga and Porirua could
be the environmental conditions in which coastal current patterns may limit fish migrations
between the two locations; also, different environmental conditions may result in a selective
pressure limiting the distribution extent of M. cephalus (i.e Blel et al. 2010). Whether the cause,
more research is needed to test those two environmental hypothesis. It is common for M.
cephalus to undergo daily migrations from coastal waters into estuaries, rivers and lakes (see
Whitfield et al. 2012 for a review). The tidal currents that flood New Zealand’s estuaries allow
M. cephalus and other marine species to reach shallow areas of high productivity to feed or
shelter from predators (McDowall 1976; Francis et al. 2011). Schools of M. cephalus have been
observed in open coastal areas in New Zealand including exposed surf beaches and coastal

rocky reef systems (Morrison et al. 2014a, 2016a).
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New Zealand is not the only area where schools of M. cephalus can migrate long
distances. Nuclear DNA markers were used to identify a migratory population of M. cephalus
that moves between China and Taiwan during the spawning season. Moreover, a tagging study
in North Carolina, USA, showed that less than 10% of M. cephalus individuals migrated ~860
km in a two-month period to reproduce (Huang et al. 2001; Bacheler et al. 2005; Ke et al.
2009). It is possible that schools of M. cephalus have short migratory movements in and out of
estuaries followed by intermittent longer migrations along the coast.

Estuaries are used as nursery areas by range of marine species and it has been observed
that species richness increases towards the muddier upper reaches of New Zealand estuaries
(Francis et al. 2011). Common New Zealand species found in such areas are: M. cephalus, the
kahawai Arripis trutta and the Snapper Pagrus auratus which support important commercially
and customarily fisheries (McDowall 1976; Watson et al. 2005; Francis et al. 2011). The role
of estuaries as nursery areas for M. cephalus, its short migrations in and out of estuaries and
the long coastal migratory patterns of this species, could be responsible for the observed levels
of gene flow among locations of New Zealand’s North Island. It is not known whether M.
cephalus individuals moving among estuaries may reproduce in spawning grounds of different
regions or they are strictly associated with a particular spawning area.

In Chinese waters, the genetic diversity and genetic distances among M. cephalus
mtDNA lineages were a consequence of an East China Sea and South China Sea brake assessed
with COX1 and D-loop sequences (Jamandre et al. 2009; Liu et al. 2009a, 2010; Sun et al.
2012). The Cytb phylogeographic assessment of M. cephalus in the West Pacific identified
three populations in which seasonal coastal currents flowing through the marginal seas among
China, Japan and Taiwan might facilitate the dispersal of M. cephalus larvae, allowing
secondary contacts and range expansion after periods of isolation during glacial ages (Ke et al.

2009). Similar pattern was found with COX1 sequences that showed M. cephalus undergoing
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several events of isolation due to glaciation and sea-level change followed by postglacial
secondary contacts in the China Sea, resulting in three highly divergent lineages supported with
msatDNA markers isolated since 200, 000 years ago. Intermittent migrations of M. cephalus
due to changes in coastal and oceanic currents have allowed bouts of individuals from different

Pacific populations to reach and colonise New Zealand at least twice in the las 50,000 years.

Lineage divergence and New Zealand colonisation
The genetic variation between the haplogroups L1 and L2 was high and similar to the

levels of variation found among species of the genus Mugil (Durand et al. 2012b). Some authors
have suggested that M. cephalus is a species complex because of the high levels of mtDNA
genetic variation in M. cephalus lineages and the cosmopolitan distribution of the species
(Jamandre et al. 2009, 2014; Shen et al. 2011; Durand et al. 2012a,b; Whitfield et al. 2012).
Highly divergent lineages from different geographic origins have been found with Cytb, 16s,
COX1 and D-loop sequences (Crosetti et al. 1993; Rocha-Olivares et al. 2000; Rossi et al.
2004; Fraga et al. 2007; Heras et al. 2007; Livi et al. 2011). However, it has been almost
impossible to test for genetic incompatibility using mtDNA because it is a non-recombining
genome and uniparentally inherited.

The number of species or cryptic entities could be overestimated as a result of low
female dispersal, when male dispersal is the primary mechanism for allelic exchange between
populations (Avise 2000; Irwin 2002; Hickerson et al. 2010). While it is possible that L1 and
L2 in New Zealand are two cryptic species in sympatry, there was no additional evidence to
support this hypothesis. High levels of gene flow were identified in this study and admixture
of four populations was found with microsatellite DNA (msatDNA) markers (Chapter 1I).
Without collaborating evidence of genetic isolation from other sources, such as nuclear
msatDNA markers, niche specialization or distinctive morphological characters, the two-
species hypothesis has little support. The variation found in mtDNA markers is then evidence
of the effect lineage sorting and genetic drift rather than isolation.
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One study has reported three genetically distinct populations of M. cephalus in
sympatry (NWP1, NWP2 and NWP3) in the China Sea using data from msatDNA and partial
sequences from the mtDNA COX1 gene (Shen et al. 2011). The three groups identified
phylogenetically based on COX1 partial sequences, were supported by cluster probabilities of
ancestry based on allele frequency variation of nuclear msatDNA markers (Shen et al. 2011).
The isolation of the three populations was the result of the separation of the Japan and China
Seas when the sea level dropped during a glaciation 200,000 years ago (Shen et al. 2011). No
study has reported or tested for reproductive incompatibility, niche specialization or found
distinctive morphological traits to support cryptic species within M. cephalus. The support for
cryptic speciation within M. cephalus has only been tested phylogenetically with three mtDNA
markers (16s rRNA, COX1 and Cytb), and using msatDNA marker ancestries under the non-
admixture model that support three of the mtDNA groups found (Shen et al. 2011; Durand et
al. 2012a; Whitfield et al. 2012).

The most plausible explanation for the level of genetic differences between L1 and L2
and their overlapping distribution is that New Zealand was colonised by two allopatric M.
cephalus populations from the Pacific. The founder individuals from the allopatric populations
that come into contact will retain high levels of mtDNA differentiation but nuclear genetic
diversity will be homogenised through recombination (Driscoll 1998; Grosberg and
Cunningham 2001; Marko and Hart 2012). The lack of recombination of mtDNA allows it to
be used to identify where individuals from previous allopatric populations now overlap (Zecca
et al. 2011; Polgar et al. 2014). Distinct mtDNA lineages in an area that has been colonised
more than once will remain until there is complete lineage sorting by genetic drift or selection,
which, depending of the effective population size, could be for a long period of time (Avise
2004; Zecca et al. 2011). In New Zealand, no transition zones between L1 and L2 were

identified because M. cephalus mitochondrial haplogroups showed high levels of gene flow
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among the sampled locations, suggesting that there has not been enough time for genetic drift
to completely erode the signature contact of the two colonisation events. There is a
phylogeographic pattern of mitochondrial genetic variation and geographic distribution of
cryptic lineages in M. cephalus of the Northwest Pacific, which has been explained in a similar
way (Ke et al. 2009; Shen et al. 2011). The higher sea levels during the inter-glacial period of
the Plio-Pleistocene (~bmya to ~12,000 years) has allowed intermittent contact among M.
cephalus populations between the Japan and China 200,000 years ago.

The pattern of multiple colonisation events from genetically distinct source populations
has been reported for the breeding populations of the brook charr Salvelinus fontinalis in
Mistassini Lake, Canada. Distinct haplogroups that originated from different ancestral
populations have an overlapping geographic distribution (Fraser and Bernatchez 2005). The
population overlap occurs in feeding areas, with seasonal migrations for breeding into the rivers
connected to the lake. Some populations are anadromous (migration from marine to freshwater
environments to spawn), others migrate from the lake to in-flow rivers, and a few move to out-
flow rivers to spawn. Cichlids in the species complex Amphilophus spp. from the Nicaraguan
crater lakes are comprised of distinct genetic units (Barluenga and Meyer 2010). The large
Nicaragua and Managua lakes have acted as source populations for the small crater lakes in the
surrounding areas, and have the most genetically diverse populations. Founder haplogroups
diversified rapidly after each of the colonisation events. The genetically distinct populations
found in each crater lake were the result of the effect of genetic drift and the number of founder
haplotypes retained since the time of the colonisation event (between 20,000 and 5,400 years
ago). Some of the haplotypes in the larger lakes source populations were still present, at a low
frequency, in the colonised crater lakes (Barluenga and Meyer 2010; Elmer et al. 2014). The
contemporary haplotype frequencies in the New Zealand M. cephalus population would have

changed since the original founder event due to the effects of genetic drift (Hewitt 1999, 2000).
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New mutations have been accumulated and without the effect of subsequent successful
colonisation events, M. cephalus in New Zealand seems to be comprised of haplotypes not
found in other areas of the Pacific with the exception of two COX1 haplotypes from Australia.

Migration is successful when a reproducing group becomes established in the colonised
environment (Buckley et al. 2013; Waters et al. 2013a). It is possible that there were more than
two migration events of M. cephalus to New Zealand but these others did not establish
successfully or they integrated into the local population and their mtDNA has disappeared
through genetic drift. Density-dependant processes such as density blocking and competitive
exclusion by the existing local population could have prevented more recent migrants from
establishing (Waters et al. 2013b). The founder individuals will exclude the effects of
subsequent migration events, where secondary dispersers fail to settle due to limited spaces to
occupy, and migrants will fail to coexist due to competition (Ostfeld and Canham 1995;
Tomaiuolo et al. 2007; Waters et al. 2013b). The main factors that may affect the successful
establishment of new populations could be grouped into three types. First, density-blocking
and competitive exclusion processes; secondly, genetic incompatibility and thirdly, the time
required for genetic drift to change the haplotype frequencies in mtDNA, or for allele
frequencies to be homogenized in the case of bi-parentally inherited markers (Hallatschek and
Nelson 2008; Hedgecock and Pudovkin 2011; Buckley et al. 2013; Waters et al. 2013b).
Reproductive behaviour differences between migrants and residents could lead to a
reproductive barrier and subsequently strong effects of genetic drift due to small effective
population size in migrants. For example, the Atlantic herring Clupea harengus in the Baltic
Sea is composed of two seemly sympatric populations. The reproductive barrier between the
two populations is a shift in the spawning season. One population spawns in summer and one

during winter. The change is a result of several colonisation events of an extant population

150



from the Atlantic adapted to spawn during winter, and the heritability of this behaviour

(Bekkevold et al. 2005, 2007; Jgrgensen et al. 2005).

Mugil cephalus in New Zealand compared to the Pacific
The L1 haplogroup of New Zealand’s M. cephalus shared two haplotypes with the east

coast of Australia. A more comprehensive sampling between Australia and New Zealand could
reveal one of two scenarios: either a single haplogroup that extends from eastern Australia to
the east coast of New Zealand, or could reveal that haplotypes from Australia could have
colonised New Zealand. Since then, New Zealand and Australian populations have
subsequently diverged by new mutations arising and there has not been enough time for genetic
drift to remove all the founder haplotypes, similar to the Nicaraguan cichlids (Hewitt 1999,
2000; Barluenga and Meyer 2010; Elmer et al. 2014). In either case, Australia is likely to be
the source population of New Zealand’s L1 haplogroup. More extensive sampling effort is
required to test the hypotheses of a single Australian-New Zealand haplogroup or two allopatric
populations. The haplotypes from the L2 haplogroup were found only in New Zealand and are
more related to a haplogroup distributed in the West Pacific from Russia to Australia (NWP2;
Shen et al. 2011). The presence of L1 and L2 in New Zealand could be described as two
independent migration events from two different allopatrically-isolated populations of M.
cephalus from the North-West Pacific to New Zealand. One migration event followed a route
from Australia and one that is likely to have followed a different route from a Pacific
population. Haplotypes from the Waikato River mouth and Patea dam, have been previously
used for phylogenetic analyses of M. cephalus where New Zealand was phylogenetically
grouped with Russian and Chinese haplotypes (NWP2; Durand et al. 2012b). Based on the
available samples and the locations of the Pacific surveyed in this study, the geographic
distribution of L1 seems to be limited to New Zealand and Australia and L2 is just found in
New Zealand. The lineage Chile showed haplotypes that are also unique compared to the rest
of the Pacific. There were not enough samples surveyed from neighbouring countries to have
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areliable phylogeographic assessment for Chilean waters. It is possible that the geomorphology
and variation in sea-surface currents along the South-East Pacific may have structured M.
cephalus populations in a similar way as the Northwest and Southwest-Pacific areas. A

hypothesis that remains to be tested.

Conclusions

Two mtDNA distinct haplogroups of M. cephalus were identified in New Zealand in
sympatry. There was extensive gene flow among the sampled locations where M. cephalus
undergoes migrations among estuaries which allows L1 and L2 haplogroups to have a wide
and overlapping distribution. The genetic variability between L1 and L2 haplogroups was
probably the result of two colonisations from Pacific allopatric populations. The first
colonisation occurred not before ~50,000 years ago where founder haplotypes for L2 arrived
to New Zealand. The second colonisation occurred between 20, 000 and 16, 000 years ago
where the founder haplotypes for L1 colonised and established in New Zealand following a
route through Australia. The levels of mtDNA variation between both haplogroups using
COX1 and D-loop concatenated sequences was a similar level to what has been reported for
among Mugil species; however, to date there has not been evidence to suggest that the New
Zealand haplogroups are reproductively isolated groups or new species. The samples used and
locations surveyed for this study showed only two shared haplotypes with Australia; which
leads to the conclusion that New Zealand haplogroups of M. cephalus are distinct and unique

groups of mullets in the Pacific.
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Appendix

Table 1V.6 Mugil cephalus mitochondrial DNA sequences that were downloaded from GenBank from Cytochrome Oxidase | partial gene and D-loop region to perform the Pacific Rim Analysis.
a) Cytochrome Oxidase I; b) D-loop region

a) Cytochrome Oxidase I

Country Location Latitude N Longitude E GenBank Accession number Source
EU200483 Kartavtsev et al. 2007.
EU392243 Unpublished
Russia Vladivostok 43.04889 131.690454 EU392244 Semina et al. 2008
EU392245 Unpublished
EU392246
HM628583
HM628584
HM628585
HM628586
HM628587
HM628588
HM628589
HM628590
HM628591
HM628592
China China Sea 39.888388—23.03391  119.879977—116.979587 Emgggggj Sun et al. 2012
HM628595
HM628596
HM628597
HM628598
HM628599
HM628600
HM628601
HM628602
HM628603
HM628604
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Country

Location

Shantou

Pearl River

South China Sea

Latitude N

23.344239
22.493821

21.091

Longitude E

116.617813
113.740293

112.553

GenBank Accession number

HM628605
HM628606
HM628607
HM628608
HM628609
HM628610
HM628611
HM628612
HM628613
HM628614
HM628615

GU260697

Q060553
GU260692
GU260696
EU595084
EU595085
JN242565
JN242566
JN242567
JN242568
JN242569
JN242570
JN242571

Source

Shen et al. 2011
Durand et al. 2012
Shen et al. 2011
Shen et al. 2011

Zhang and Hanner 2008.

Unpublished
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Country

Taiwan

Japan

Location

Keelung

Taipei

Gaoping Estuary

Gaoping River

Kaohsiung

Chiba

Latitude N

25.1521

25.047167

22.598362

22.598362

22.618267

35.59372

Longitude E

121.756021

121.491873

120.438544

120.438544

120.263082

140.056564

GenBank Accession number
GU260668
GU260669
GU260670
GU260672
GU260673
GU260675
GU260677
GU260682
GU260686
GU260687
GU260688
GU260693
JQ060552
JQ060539
JQ060540
JQ060541
GU260664
GU260679
GU260680
GU260681
GU260684
GU260685
GU260690
GU260691
GU260694
GU260695
GU260665
GU260666
GU260667
GU260671
GU260674
GU260676
AP002930
AP002931

Source

Shen et al. 2011

Durand et al. 2012

Durand et al. 2012

Shen et al. 2011

Shen et al. 2011

Miya et al. 2001
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Country

Philippines
Fiji

New Caledonia

Australia

New Zealand

Hawaii

Ecuador
Peru

Chile

Location

Yokosuka

Kagoshima
Okinawa

Philippines
Viti Levu

Kone

Noumea

Southwestern Lagoon

North Pine River

Harvey Estuary
Swansea Channel
Port Hacking
Waikato River Mouth
Patea Dam

Hawaii
Isla Santa Cruz, Galapagos

Lima

Coast of Iquique

Latitude N

35.27987

31.521507
26.656335

18.659959
-17.806488

-21.064717

-22.249066

-22.298296

-27.270364

-32.664352

-33.077986
-34.070263
-37.382204
-39.546569

21.294846

-0.754727

-12.065054
-20.229675

Longitude E

139.692642

130.536945
128.066808

121.360215
177.946566

164.860926

166.447356

166.434846

153.000659

115.669699

151.63951
151.126124
174.72949
174.566648

-157.877289
-90.312008

-77.169143
-70.148892

GenBank Accession number
GU260678

HQ149082

HQ149083

JF952795

JF952796

JQ060557
GU260683

GU260689
JQ060567
JQ060566
JQ060569
JQ060570
JQ060571
JQ072904
JQ060568

JQ060572

HMO006970

JQ060559

JQ060558
JQ060565
JQ060556
JQ060554
JQ060549
JQ060550
JQ060551
JX559532
JX559533
HQ149714
JQ060563
JQ060564

Source
Shen et al. 2011

Zhang and Hanner 2011.
Unpublished

Durand et al. 2012
Shen et al. 2011

Shen et al. 2011
Durand et al. 2012

Durand et al. 2012

Durand et al. 2012
Durand et al. 2012

Page and Hughes, 2010.
Unpublished

Durand et al. 2012

Durand et al. 2012
Durand et al. 2012

Durand et al. 2012

Durand et al. 2012

Durand et al. 2012
Shen et al. 2011
Durand et al. 2012
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b) Control Region

Country Location Latitude N Longitude E GenBank Accession Number Source
EU663629
EU663630
EU663631
EU663632
EU663633
EU663634
EU663635
EU663636
EU663637
EU663638

China Qingdao 36.015278 120.391724 58222223 Jamandre et al. 2009
EU663641
EU663642
EU663643
EU663644
EU663645
EU663646
EU663647
EU663648
EU663649
EU663650
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Country Location Latitude N Longitude E GenBank Accession Number Source
EU663651
EU663652
EU663653
EU663654
EU663655
EU663656
EU663657
EU663658

Pearl River 22.493821 113.740293 EU663659 Jamandre et al. 2009
EU663660
EU663661
EU663662
EU663663
EU663664
EU663665
EU663666
EU663667
EU663691
EU663692
EU663693
EU663694
EU663695
EU663696
EU663697
EU663698

Taiwan Keelung 25.1521 121.756021 Eggggggg Jamandre et al. 2009
EU663701
EU663702
EU663703
EU663704
EU663705
EU663706
EU663707
EU663708
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Country

Japan

Location

Kaohsiung

Chiba

Latitude N

22.618267

35.59372

Longitude E

120.263082

140.056564

GenBank Accession Number
EU663709
EU663710
EU663711
EU663712
EU663713
EU663714
EU663715
EU663716
EU663717
EU663718
EU663719
EU663720
EU663721
EU663722
EU663723
EU663724
EU663725
EU663726
EU663727
EU663728
EU663729
EU663730
EU663731
EU663732
EU663733
EU663734
EU663735
EU663736
EU663737
EU663738
AP002930
KM368340
NC 003182

Source

Jamandre et al. 2009

Miya et al. 2001
Shen et al. 2014
Miya et al. 2001
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Country

Philippines

Location

Yokosuka

Okinawa

Luzon

Latitude N

35.27987

26.656335

18.659959

Longitude E

139.692642

128.066808

121.360215

GenBank Accession Number
EU663668
EU663669
EU663670
EU663671
EU663672
EU663673
EU663674
EU663675
EU663676
EU663677
EU663678
EU663679
EU663680
EU663681
EU663682
EU663683
EU663684
EU663685
EU663686
EU663687
EU663688
EU663689
EU663690
EU663739
EU663740
EU663741
EU663742
EU663743
EU663744
EU663745
EU663746
EU663747
EU663748
EU663749
EU663750

Source

Jamandre et al. 2009

Jamandre et al. 2009

Jamandre et al. 2009
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Country Location Latitude N Longitude E GenBank Accession Number Source
EU663751
EU663752
EU663753
EU663754

Table IV.7 Haplotype identity list and basic statistics of haplotypes from M. cephalus mitochondrial DNA. 90MB = 90 Mile Beach; BOI = Bay of Islands; DARG = Dargaville; HOKI = Hokianga;
HUTT = Lower Hutt, Wellington; KAl = Kaipara Harbour; PORI = Porirua; POUTO = Pouto; SI = South Island; WAIK = Waikato; WHAK = Whakatane. a) Cytochrome Oxidase I; b) D-loop
region.

a) Cytochrome Oxidase I

Number of Haplotype Polymorphic  Sequence Nucleotide I . . ,

Haplotypes  Diversity sites length (bp) diversity (z) Tajima’s D Fuand Li’s D Fuand Li's F Fu's ¥

5 0.2342 5 502 0.00123 -1.30026 p>0.1 -25312p<0.05 -2.51536p>0.05 -2.884p=>0.04
List of Haplotypes

Haplotype Haplotype Frequency Individuals that share the haplotype GenBank Accession Numbers

BOP3347, KAI2423, PORI6, HUTTS3,
HUTT11, BOI3, BOP3355, KAI2169,
H1 17 HAGU6020, BOP3351, PORI9, KX639485
DARG1, WAIK7, KAI2712, KAI2715,
HAGUO048, BOP1790
90MB1, DARGS6, BOI8, DARG2, BOI5,
BOI7, BOI2, BOP5, 90MBS5, BOI1,
BOP4, HAGU062, HOK14170, SI3, SI1,
SI5, BOIl4, KAI4910, BOI3915,
KAI2710, KAI2711, KAI2452,
H2 210 KAI2426, KAI2424, KAI2716, KX639486
KAI2422, KAI2418, KAI2417,
KAI2170, HAGU6172, BOP3354,
BOP3352, HOKI4169, HOKI4171,
KAI2165, KAI2167, KAI4911,
POUTO3, HAGUG6173, KAI2717,
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Haplotype

Haplotype Frequency

Individuals that share the haplotype
HAGU6175, HOKI4175, HOKI4174,
KAI9, PORI7, PORI8, POUTOL,
KAI37, KAI30, KAI18, HOKI10,
DARGI10, SI2, Sl4, HOKI2, WAIKS5,
BOP2, BOP3, WAIK10, WAIK9,
DARG5, DARG7, DARGS, WAIKS,
BOI2833, BOI2836, BOI2839,
HOKI3087, BOI2841, HAGUO053,
HAGUO056, HAGUO050, HAGUO047,
BOP3350, BOI13866, BOI13865,
HAGUO054, HAGUO057, HAGUO049,
BOP1867, HAGUOXX, HAGU6037,
HAGUO055, HAGUO052, BOI2840,
HOKI15683, BOI2838, HOKI5687,
BOI2832, HAGU6769, BOP1871,
BOP1873, BOP1875, BOP1902,
HAGU6017, BOP1903, BOP1904,
HAGU6018, BOP1870, HAGU6174,
BOP1900, HAGU6777, HOKI3084,
BOP1899, BOP1897, HOKI3082,
KAI4918, BOP1895, BOI13921,
BOI3920, POUTO6, POUTO7, BOP1,
POUTO9, HOKI1, POUTO5, POUTO4,
PORI5, PORI2, HOKI8, HOKI7,
HOKI6, HOKI3, DARG3, HUTT1O0,
HUTT1, HUTT5, PORI1, HUTTS,
BOI9, WAIK2, HAGUO067, KAI31,
PADA060554, HOKI4, HOKI5691,
HUTTY9, 90MB2, WAIK3, WAIK4,
KAI41, POUTO8, PORI4, POUTOL10,
WAIKS8, 90MB4, HUTT7, HUTT2,
WAIK060556, BOI10, HUTTS,
BOI2835, KAI4905, BOI7246,
BOP1901, KAI2168, HAGUG6768,
DARGY9, POUTO2, PORI10, KAI13,

GenBank Accession Numbers
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Haplotype

H3
H4

H5

b) D-loop region

Number of Haplotype

Haplotypes  Diversity

50 0.9723
List of Haplotypes

Haplotype

H1

Haplotype Frequency

1

12

1
Polymorphic  Sequence Nucleotide
sites length (bp) diversity ()
176 864 0.05

Haplotype Frequency
5

Individuals that share the haplotype

PORI3, KAI42, KAI26, BOI3914,
BOI7242, KAI2714, KAI2421,
BOP1732, KAI2420, BOP1733,
BOP1786, BOP1868, KAI2419,
HOKI15692, BOP3356, HAGUO61,
HOKI3085, HOKI3080, HAGU2163,
HAGUG6179, HAGU6038, HAGUG6039,
90MB3, BOI2834, HAGUG6781,
KAI4909, HAGU6165, KAI4920,

BOP1898, HOKI5, WAIK1, HOKI4176,
KAI2166, BOI6, KAI2162, BOI3917,

HOK13081, BOI13919, BOI13916,
BOI13913, BOI13872, BOP1735,
KAI4912, PADAO060555, BOP1876,
KAI4913, HAGUG776, HUTT4,
HOKI13088

BOI3870

DARG4, HAGUO066, BOP1869,
HOK13086, HOKI9, BOP3349,
BOI13918, BOP1736, BOP1865,

HAGUO051, HOKI4172, KAI11
HAGUG6166

Fuand Li’s D
0.09415p>0.1

Tajima’s D

0.67163p>0.1

Individuals that share the haplotype
90MB01, DARG10, HUTT10, KAI31,
WAIKO01

GenBank Accession Numbers

KX639487

KX639488

KX639489
Fuand Li’s F Fu’s F
0.40969 p> 0.1 0.263p>0.1

GenBank Accession Numbers

KX639435
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Haplotype
H2
H3
H4
H5
H6
H7
H8

H9
H10

Hil

H12
H13

H14
H15
H16
H17
H18
H19
H20
H21
H22
H23
H24
H25
H26
H27
H28
H29
H30
H31

Haplotype Frequency

W N PP DMNWR RPN

[EEN
o

P PR RPRRPRPRPRPRPRPRPNRPONRP®ORERE, O N

Individuals that share the haplotype
90MB02, DARGO05, WAIKO02, WAIK09
90MBO03

90MBO04

BOI01, HOKI108, POUTO09

BOI102, BOI05, BOI06, POUTO04
BOI03

BOI04

BOI07, BOI09, HOKI02, HOKIO?7,
PORI07, SI01, SI105

BOI08, DARG02, WAIK10

BOI10, DARG09, HUTTO07, KAIZ26,
KAI42, PORIO3, PORIO4, PORI10,
POUTO10, WAIK08

DARGO01, PORI06

DARGO03, DARG07, HUTT04, PORIO1,
POUTO07, WHAKO01

DARG04

DARGO06

DARG08, HOKI101, HOKI03

HOKI104

HOKI05, SI02

HOKI106, HUTTO06, KAI18

HOKI09

HOKI10, HUTT09

HUTTO1

HUTTO02

HUTTO3

HUTTO05

HUTTO8

HUTT11

KAIO09

KAI11

KAI13

KAI30

GenBank Accession Numbers
KX639436
KX639437
KX639438
KX639439
KX639440
KX639441
KX639442

KX639443
KX639444

KX639445

KX639446
KX639447

KX639448
KX639449
KX639450
KX639451
KX639452
KX639453
KX639454
KX639455
KX639456
KX639457
KX639458
KX639459
KX639460
KX639461
KX639462
KX639463
KX639464
KX639465

164



Haplotype Haplotype Frequency

H32
H33
H34
H35
H36
H37
H38
H39
H40
H41
H42
H43
Ha4
H45
H46
H47
H48
H49
H50

P RPNNRPRPRPRPRPRPRPRPRPRNRLRRRERREDN

Individuals that share the haplotype
KAI37, POUTO05
KAI41

PORI02

PORIO05

PORI08

PORI09

POUTOO01, WAIKO06
POUTO02
POUTO03
POUTO06

SI103

S104

WAIKO03

WAIKO04

WAIKO05

WAIKO7

WHAKO02, WHAKO03
WHAKO04

WHAKO05

GenBank Accession Numbers
KX639466
KX639467
KX639468
KX639469
KX639470
KX639471
KX639472
KX639473
KX639474
KX639475
KX639476
KX639477
KX639478
KX639479
KX639480
KX639481
KX639482
KX639483
KX639484

Table V.8 Variable entities and clusters calculated with the General Mixed Yule Coalescence model. The significant model was with multiple threshold that represents three events where the
variation among haplotypes (coalescence time) could be explained by Yule’s speciation model predicting a total of nine highly variable clusters. The time is negative and refers to years in the

past.

Parameters

Likelihood of null model

Maximum likelihood of GMYC model
Likelihood ratio

Probability of likelihood ratio test
Number of ML clusters

Confidence interval

Number of ML entities

Values
-397.0602
-393.728
6.664387
0.0357

9

6-12

12
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Confidence interval

Threshold time (years)

7-17
-50,509.18
-27,328.26
-16,176.15

Table 1V.9 Assignment probabilities of individuals used in Chapters Il and 1V. Columns L1 and L2 refer to the assignment probabilities to the Haplogroup of origin according to the bayesian
approach by Rannala and Mountain (1997). The probabilities highlighted in red represent the probability based on msatDNA allele frequencies that did not matched the haplogroup of origin. A
total of 56.3% of the individuals were assigned correctly to the haplogroup of origin. Columns Cluster 1-4, show the clustering probabilities of msatDNA allele frequencies based on the Fsr

comparisons of ancestry and expected allele frequencies with the bayesian approach as performed in STRUCTURE. The higher probabilities are highlighted in yellow.

Haplogroups
L1

L2

Individuals
WAIKO08
BOI10
KAI13
KAI26
KAI41
KAI42
DARG09
POUTO02
POUTO10
PORI03
PORI04
PORI10
WAIKO01
WAIKO02
WAIKO03
WAIKO04
WAIKO05
WAIKO06
WAIKO07

L1
0.012
0.384
0.039
0.092
0.123

0.7
0.011
0.281
0.123
0.011
0.298

0.04
0.713
0.076

0.42
0.647
0.011
0.082
0.177

L2
0.253
0.279
0.256
0.168
0.425
0.512
0.039
0.608
0.392

0.01
0.478
0.064
0.851
0.116
0.728
0.639
0.229
0.079
0.677

Cluster 1
0.981
0.57
0.448
0.459
0.451
0.457
0.211
0.246
0.3
0.265
0.203
0.188
0.979
0.981
0.987
0.979
0.983
0.982
0.985

Cluster 2
0
0
0.156
0.118
0.137
0.12

0.031
0.028
0.447
0.55
0.576

O O O O o o

Cluster 3
0.016
0.424
0.395
0.423
0.412
0.423
0.362
0.601
0.545
0.173
0.142

0.1
0.019
0.016
0.012

0.02
0.015
0.015
0.013

Cluster 4
0.002
0.005

0

0

0

0
0.427
0.123
0.127
0.115
0.105
0.137
0.002
0.003
0.001
0.001
0.002
0.002
0.001
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WAIKO09
WAIK10
BOI01
BOI02
BOI03
BOI104
BOI05
BOI06
BOI0O7
BOI08
BOI0O9
KAI09
KAI11l
KAI18
KAI30
KAI31
KAI37
DARGO1
DARGO02
DARGO03
DARG04
DARGO05
DARGO06
DARGO7
DARGO08
DARGI10
POUTO1
POUTO3

0.01
0.095
0.203
0.744

0.52
0.123
0.607
0.742
0.269
0.391
0.773
0.226
0.524
0.391
0.145
0.531

0.47
0.037
0.175
0.221
0.281
0.124

0.85

0.12
0.316
0.689
0.207
0.184

0.121
0.02
0.498
0.596
0.795
0.549
0.773
0.768
0.329
0.522
0.831
0.352
0.541
0.38
0.225
0.679
0.325
0.059
0.479
0.27
0.176
0.099
0.495
0.467
0.105
0.957
0.074
0.294

0.98
0.987
0.864
0.796
0.579
0.857
0.626
0.778
0.762
0.711
0.724
0.426
0.551
0.532
0.519
0.391
0.454
0.434
0.472
0.438
0.358
0.352
0.372
0.368
0.513
0.356
0.282
0.294

o
oogoooooooo

0.109
0.109
0.144
0.164
0.151
0.165

o O O o o

0.002
0.008
0.029
0.029

0.017
0.01
0.132
0.199
0.416
0.136
0.37
0.214
0.23
0.28
0.273
0.466
0.339
0.324
0.317
0.458
0.381
0.338
0.285
0.351
0.556
0.153
0.421
0.167
0.268
0.377
0.508
0.557

0.003
0.002
0.004
0.006
0.005
0.007
0.004
0.008
0.008
0.008
0.003

o O o o

0.228
0.243
0.21
0.086
0.495
0.207
0.466
0.218
0.259
0.181
0.12
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POUTO4
POUTO5
POUTO6
POUTO7
POUTOS8
POUTO9
PORIO1
PORI02
PORIO05
PORI06
PORIO7
PORI08
PORI09
HOKI01
HOKI102
HOKI03
HOKI04
HOKI05
HOKI06
HOKI07
HOKI108
HOKI09
HOKI10
SlI1
SI2
SI3
Sl4
SI5

0.534
0.248
0.705
0.176
0.124
0.566
0.082
0.023
0.188
0.029
0.216
0.567
0.724
0.389
0.394
0.254
0.652
0.1
0.054
0.06
0.172
0.778
0.394
0.399
0.612
0.554
0.082
0.438

0.957
0.548
0.643
0.035
0.168
0.896
0.014
0.011
0.909
0.024
0.3
0.723
0.277
0.562
0.573
0.629
0.46
0.022
0.266
0.004
0.095
0.832
0.052
0.71
0.503
0.706
0.054
0.749

0.217
0.254
0.231
0.287
0.313
0.281
0.169
0.216
0.229
0.225
0.183
0.267
0.174
0.634
0.55
0.616
0.33
0.663
0.49
0.264
0.476
0.297
0.198
0.37
0.352
0.315
0.354
0.347

0.024
0.029
0.037
0.033
0.042
0.036
0.647
0.55
0.469
0.549
0.614
0.425
0.599
0.008
0.002
0.001
0.001

0.001
0.001

0.005
0.002
0.004
0.004
0.005
0.006
0.005

0.661
0.596
0.601
0.58
0.539
0.563
0.101
0.087
0.191
0.1
0.099
0.143
0.136
0.163
0.31
0.214
0.299
0.207
0.191
0.64
0.137
0.388
0.698
0.531
0.535
0.581
0.521
0.547

0.098
0.121
0.131
0.1
0.106
0.12
0.083
0.147
0.111
0.126
0.104
0.165
0.091
0.195
0.138
0.169
0.37
0.13
0.318
0.095
0.386
0.311
0.102
0.095
0.11
0.098
0.118
0.101
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Table 1V.10 Estimation of migration ratio among geographical regions based on D-loop sequences for the 12 New Zealand locations.

WHAK1
WHAK?2
WHAK3
WHAKA4
WHAKS

New Zealand region

South
West
East

East-South
West-South
South-East
West-East
South-West
East-West

0.778
0.043
0.289
0.382
0.769

Average rate of population expansion per generation.

Average proportion of migrants between populations per

0.827
0.009
0.253
0.672
0.971

0.185
0.472
0.219
0.255
0.166

0.54797
0.49747
0.66876

generation
0.39426

0.33592
0.78937
0.83414
0.4269
0.30498

0.161
0.107
0.11
0.089
0.149

0.543
0.336
0.523
0.563
0.581

0.11
0.086
0.148
0.093
0.104
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Figure 1V.8 Posterior probability branch support analysis for the GMYC model that shows the entities that are well defined and which variation could be explained by Yule’s speciation model.
Only three entities have a significant posterior probability branch support (p > 0.95) and those are the candidate nodes where the time threshold could be confidently located. The red blocks are

the nine clusters predicted by the GMYC model.
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Figure 1V.9 Neighbour-Joining (NJ) tree of COX1 sequences from New Zealand and the Pacific Rim. The NJ tree was constructed based on HKY nucleotide substitution model and pair-wise
comparisons between sequences. From right to left, haplogroup L2 haplotypes are only found in New Zealand. Haplogroup/lineage NWP1 distributes from Russia to Australia. Haplogroup NWP2
is comprised of haplotypes distributed from Russia to the Philippines. Haplogroup L1 are haplotypes that are closely related to NWP2 and are distributed only in Australia and New Zealand.
Haplogroup Chile are haplotypes only found in Chile. Haplogroup NWP3 is comprised by haplotypes distributed from Russia to New Caledonia. Haplogroups NWP1, NWP2 and NWP3 have
been previously identified in the Pacific (Shen et al., 2011; Durand et al., 2012c). The bar charts on the right represent the number of haplotypes in the NJ tree that come from the Pacific location
in the X-axis.
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Figure 1V.10 Neighbour-Joining (NJ) tree of the D-loop sequences from New Zealand and the Pacific Rim. The NJ was based on HKY + G+ | nucleotide substitution model and pair-wise
comparisons between sequences. From right to left, haplogroup L2 and L1 were comprised of haplotypes only found in New Zealand. Haplogroup NWP2 are haplotypes distributed from China
to Philippines. Haplogroup Pacific IV is distributed from China to Japan. The bar charts on the right represent the number of haplotypes in the NJ tree that come from the Pacific location in the
X-axis.
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Figure V.11 Skyline plots of New Zealand sequences. Each skyline plot was run once, the size of the MCMC was 1008-400%nd ESS values were above 200. The skyline plot of COX1 sequences
based was calculated with the HKY nucleotide substitution model. The skyline plot of D-loop sequences was calculated with the HKY + G + | nucleotide substitution model. The skyline plot of
concatenated sequences was calculated with the GTR + G + | nucleotide substitution model. The skyline plots for L1 and L2 were calculated using concatenated sequences and the same nucleotide

substitution model as the concatenated skyline plot. N = effective population size.

173



1, AUS45026
HAUS43204

— AUS39204
KAI2168
AUS44325
HAGUO061
BOP1868
KAI26
BOI7246
HAGU6179
BOP1733
PORI10
POUTO2
KAI42
KAII3
BOI2835
HUTTS
KAI2421
WAIKS
90MB3
90MB4
BOI10
HAGU6038
DARGY
17| [HUTT2
HUTT7?

42{< L2 New Zealand

89« Chile

—7Q060551
EU392243
O3 NWP!
JX559532

100

99

L1 New Zealand

L1 New Zealand

JF952795

M. bananensis

Figure 1V.12 Phylogenetic analysis based on COX 1 sequences of M. cephalus from the Pacific Rim including New Zealand. Collapsed branches correspond to previous lineages identified in

Shen et al. 2011., the lineage from Chile and L2.

0.06

"JF952796

174



General Discussion

175



Overview on Mugil cephalus in New Zealand

The overall goals of population genetics are to describe species genetic diversity
patterns and to identify the factors that could act as barriers to gene flow. As the amount of
population genetics research increases and the level of resolution obtained with new molecular
markers improves, we have realized that those patterns and processes are more complex and
entangled than previously thought. This has been particularly evident in marine species. Most
marine species have very large population sizes, potentially disperse over long distances and
tend to cross a range of complex environments, which means the influence and interaction
among genetic drift, selection and gene flow can be quite different from terrestrial species.
Mugil cephalus is thought to contain several cryptic species due to the variability of its
mitochondrial DNA and its preference for coastal habitats. This association with shallow water
habitats seems difficulty to reconcile with its world-wide distribution, which suggests it has the
tendency for oceanic dispersal, but its populations are known to contain highly divergent
lineages in different regions of the world (Rocha-Olivares et al. 2000; Rossi et al. 2004; Fraga
et al. 2007; Heras et al. 2007; Livi et al. 2011; Durand et al. 2012b). In this study, we found
that M. cephalus in New Zealand is more complex than previously thought. Its genetic structure
is a pattern of distinct populations despite significant gene flow and temporal shifts in the
genetic diversity due to seasonal reproductive success. It is a species that has cosmopolitan
sources that most likely colonised New Zealand in different episodes. Although a large
proportion of genetic variation could be explained by reproductive behaviour and intermittent
inter-oceanic migrations, the effects of anthropogenic activities should not be ruled out.
Understanding the effects of human-based activities in addition to M. cephalus population
genetic structure, reproductive behaviour and migration patterns, will ensure a sustainable

management of M. cephalus fishery in New Zealand.
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Population genetic structure of M. cephalus in New Zealand.
The patterns in the genetic structure and connectivity of M. cephalus in New Zealand

using nuclear microsatellite DNA (msatDNA) showed recent admixture of four genetically
distinct ancestral populations with a sympatric distribution (Chapter I1). The genetic
differences were not correlated with linear geographic distances or geophysical attributes.
Instead, low but significant levels of gene flow among locations were found. The msatDNA
markers used showed linkage not as result of physical proximity, but a consequence of a
complex demographic history in which M. cephalus in New Zealand could be the result of
multiple source populations from other regions of the world. The low levels of gene flow, high
proportion of non-migrants and the chaotic genetic structure showed by M. cephalus
populations in New Zealand, could be explained by seasonal reproductive variation, different
spawning grounds and philopatry (Hedgecock 1994; Thorrold et al. 2001; Jones et al. 2005;
Svedang et al. 2007; Hedgecock and Pudovkin 2011; Bentzen and Bradbury 2016; Bonanomi
et al. 2016). The chaotic distribution of genetic diversity is also reflected in significant shifts
in Ne among locations. Five locations showed strong effects of bottlenecks that have previously
been identified as different putative stocks based on catch per unit effort (CPUE) analyses, and
the same locations were used to test for temporal changes in genetic diversity (see below)

(McKenzie and Vaughan 2008).

Sweepstakes Reproductive Success of M. cephalus in New Zealand
The differences between the levels of genetic variation found in juveniles and adults

were consistent with a sweepstakes reproductive success (SRS) in New Zealand M. cephalus
(Chapter 111). There were significant differences in the allele frequencies and effective
population sizes between juveniles and adults but the study was limited to identify the specific
environmental factors driving the seasonal bottlenecks in the juveniles. Two spawning groups
of M. cephalus in New Zealand were identified based in cluster analyses based on the variation

of the genetic distances and the assessment of the variation in the effective population sizes or
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number of breeders required to explain the observed allele frequencies in each group of
juveniles compared to the adults. An early spawning group that starts spawning in October and
a late spawning group that finish the spawning season in March. The method to assess the Ne
based on He excess showed that the SRS pattern alone could not explain the total variation

found in the Ne between juveniles and adults.

The locations used in the SRS assessment are areas with high fishing pressure and were
identified as putative fishery stocks based on CPUE (McKenzie and VVaughan 2008). Whether
the unexplained variation in the Ne between juveniles and adults in estuarine nursery areas for
the GMU1 management area, is the consequence of fishing pressure and other human-based
activities (e.g. pollution or nitrogen loading), or a combination of both, remains uncertain and
further work is needed. Species that fit within the SRS hypothesis maintain their overall level
of genetic diversity by the accumulated contribution made by various overlapping generations
to the adult breeding group. If a cohort fails to recruit into the breeding group, there could be a
loss or underrepresentation of alleles transmitted to the next generation. Healthy nursery
environments contribute directly to the maintenance of genetic diversity in M. cephalus
populations. The erosion of genetic diversity because of a failed cohort could add pressure on
an already low population size and this may become compounded by the effects of climate

change.

The fact that M. cephalus has a specific reproductive behaviours and ecological
flexibility allowing it to occupy a range of niches, could be other reasons for why there might
be a chaotic genetic structure and gene flow among non-adjacent areas. Philopatry would help
to explain the overlapping geographic distribution of genetically differentiated groups and
higher gene flow between more distant rather than close locations. It is possible that the
different M. cephalus populations identified in Chapter 1l, have specific spawning grounds
spread throughout the North Island of New Zealand, facilitating their dispersal to reach distant
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locations. Philopatry in M. cephalus would disrupt the random mating contributing to the levels
of genetic differentiation. Philopatry in marine fish species and possibly M. cephalus is most
likely to be the consequence of a combination of chemical cues and geomagnetic imprinting
(i.e. Putman et al. 2013). Although this is somewhat problematic for explaining the pattern for
species that passively drift in the water column as eggs or recently hatched larvae (Bentzen and
Bradbury 2016). Seasonal changes in the current patterns could also affect dispersal and allow

distant locations to be genetically similar and neighbour population being genetically distinct.

Phylogeographic patterns of M. cephalus in New Zealand and the Pacific
Mugil cephalus was thought to be a species complex comprised of ~14 cryptic species

(Durand et al. 2012Db). This thesis research of the M. cephalus populations in New Zealand has
added to a handful of other studies that have come out recently to challenge that suggestion.
We now know that M. cephalus in New Zealand has a chaotic genetic structure and there is
temporal variation in the genetic diversity between juveniles and adults. The analysis of
mtDNA sequences found that there were two highly divergent haplogroups for M. cephalus in
New Zealand, which were in sympatry (haplogroup L1 and haplogroup L2; Chapter V). It was
concluded that these were most likely the result of two colonisation events from allopatric
populations in the Pacific. The comparison of mtDNA and msatDNA data showed that the two
haplogroups were intermixed; there were no morphological characters or other evidence to
suggest that both haplogroups were reproductively isolated or to support the suggestion that
they were separate species. The haplogroup L1 showed few highly divergent low frequency
haplotypes and one high frequency haplotype. It was less diverse than L2 and it shared two
haplotypes with Australia suggesting Australia might be the source population of a relatively
recent colonisation (~20, 000 to ~16, 000 years ago). The haplogroup L2 was more diverse and
with several low frequency haplotypes, suggesting a longer period of time accumulating

mutations after the founder haplotypes arrived to New Zealand. Haplogroup L2 was distinct
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from other areas of the Pacific and was closely related to haplogroups distributed from Russia
to Australia. Haplogroup L2 was probably a result of the first colonisation event ~50,000 years
ago. The level of mtDNA variation in M. cephalus populations in New Zealand was similar to
those reported between some species of the genus Mugil. The key factors that might have
enabled these two founder events are difficult to determine. However, the effect of
environmental factors such as ocean conditions over the geographic distances, variation of
major oceanographic current patterns or salinity/temperature levels between estuaries,
combined with migrations from feeding to spawning grounds, have been considered important
in other M. cephalus studies of populations in the Pacific and the Mediterranean Sea (Rossi et

al. 1998b; Huang et al. 2001; Blel et al. 2010; Shen et al. 2011).

Highly divergent mtDNA lineages does not equal cryptic species
Mitochondrial DNA (mtDNA) is maternally inherited and has a different mutational
rate from nuclear DNA markers (Avise 2004). The lack of recombination of the mitochondrial
genome has shown that the events that shaped the frequency of mtDNA sequences tens to
hundreds of thousands of years ago, can still be identified in contemporary populations (Avise
2004; Hickerson et al. 2010). The level of sequence variation and differentiation found between
populations might be similar to the level reported between some species; however, it is not
necessarily evidence that the populations are different species. Species with very large
population sizes will retain high levels of genetic diversity because genetic drift — a force of

evolution that eliminates genetic diversity — is weak (Palumbi 1994).

Colonisations and secondary contacts could also be responsible for high levels of
difference among mtDNA sequences (Waters et al. 2013Db). It only takes a few migrants per
generation to maintain genetic connectivity. Gene flow between populations will homogenize

nuclear allele frequencies and any historical significance of past differentiation will be lost
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(Palumbi 1994). However, mtDNA does not undergo recombination and the DNA sequences
of haplotypes are unable to be homogenized. This means the patterns of mtDNA can persist for
many more generations than they will in nuclear loci (Avise 2000). The distinct mtDNA
haplotypes carried by the migrants or founders to a new population will remain until there is
complete lineage sorting by genetic drift or selection (Hallatschek and Nelson 2008). The time
it takes for genetic drift or selection to change the haplotype frequencies is dependent on the
effective population size of founders and residents and it could take a long period of time (Avise
2004; Zecca et al. 2011). Not enough time for genetic drift to sort the lineages could explain
distinct mtDNA haplogroups with significant levels of gene flow that do not match the
populations contributing to each individual ancestry found with other nuclear markers such as

msatDNA markers.

The changes in environmental conditions can produce new barriers to gene flow, which
can have a temporary effect on the genetic structure of species, for example, periods of isolation
between populations which are followed by migration events such as in postglacial re-
colonisation (Waters 2011). Intermittent bouts of migrants from source populations with
differentiated haplogroups, can produce patterns of population genetic variation in the
foundered group that may resemble a species complex (Zecca et al. 2011; Reid et al. 2016).
Without obvious diagnostic features to support the assertion of a separate species, such as niche
specialization or diagnosable genetic incompatibility, it is most reasonable to conclude that the
genetic variation found within the populations is a consequence of isolated sources, large
genetically effective population sizes and sporadic migration events (i.e. Grant and Grant 2009;
Pettengill and Moeller 2012; Reid et al. 2016). Mugil cephalus populations in the Pacific Ocean
have shown population genetic patterns that are associated with intermittent migration events
and there is no compelling evidence to support the suggestion that the New Zealand population

is comprised of more than one species.
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Delimiting species based only on the number of differences between non-recombining
DNA sequences can be problematic. The best situation is to find fixed genetic differences that
strongly suggest genetic incompatibility, which are also associated with other attributes such
as morphological characters. DNA sequence differences in non-recombining genomes
(mtDNA for example), could be used to support new species hypotheses, but not when using
genetic data from highly structured populations. In this case it would be difficult, if not
impossible, to distinguish species differences from the partitioning of genetic variation within
a species that will develop across a landscape/seascape (De Queiroz 2005). The demographic
history of each population combined with the slow effect of genetic drift in lineage sorting is
the source of the non-recombining genome sequence differences rather than species

diversification (Kingman 2000; Wilson et al. 2003; Sargsyan and Wakeley 2008).

The phylogenetic species concept has been criticised when used in this situation
because it fails to properly test for reproductive incompatibility (Irwin, 2002). When a
phylogenetic approach is used to delimit species (typically based on mtDNA markers) it may
overestimate the number of species if females have low dispersal distances and only paternally
inherited genes are being regularly exchanged between populations (Avise 2000; Irwin 2002;
Hickerson et al. 2010). Mugil cephalus mtDNA studies are a good example of this case.
Depending on which mtDNA marker was used, the phylogenetic relationships were different
(see Jamandre et al. 2009, 2014, Durand et al. 2012b,a; Whitfield et al. 2012). When nuclear
DNA such as msatDNA markers were used in a complementary way to a mtDNA phylogenetic
analysis, isolated populations were found in the China Sea; however, there was evidence of
gene flow between seemingly isolated mtDNA lineages in the Mediterranean (Blel et al. 2010;
Shen et al. 2011; Durand et al. 2012a,b). The simplicity of the phylogenetic species concept

means it will fail to recognise that species responses to the environment may differ between

182



locations, putting them on different evolutionary trajectories (Simpson 1951; Hennig 1966;

Donoghue 1985).

Highly structured populations of M. cephalus were found in New Zealand and the
different genetic structures found between mtDNA and msatDNA markers might be caused by
admixture of migrants that have a cosmopolitan origin. There was no evidence that could be
used to adjudicate on any speculation about genetic incompatibility among M. cephalus
populations. Therefore, it was concluded that M. cephalus in New Zealand is most likely not a
species complex, instead it is composed of divergent populations that were established from

cosmopolitan sources.

Mitochondrial DNA and colonisation wave of haplotypes

Populations of marine species capable of long-distance migrations face environmental
limitations to a successful colonisation (Palumbi 1994). Habitat suitability and available spaces
to occupy are two factors that can limit the success of migrants as they could affect the
capability of the individuals to reproduce (establish) in the new site (Buckley et al. 2013;
Waters et al. 2013b). However, there are other important factors that are not commonly taken

into account when it comes to migrants of marine populations establishing in new areas.

The sampling effect of migration offers opportunity for low frequency or rare alleles in
the source population to be a significant portion of the founder group. This pattern has been
described as a “wave” where low frequency genes are carried or “surf the wave” along a portion
of the high frequency genes from the source population (Hallatschek and Nelson 2008). This
pattern is called “gene-wave fronts” and it helps to explain the genetic differentiation levels in
founder expanding populations (Edmonds et al. 2004; Hallatschek and Nelson 2008). Migrants
are exposed to the effect of environmental and behavioural variables that could disrupt their

opportunities to settle in new areas or to reproduce with the resident population (Edmonds et
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al. 2004). Not all migration events are successful and it might take several migration episodes
before a founder population is successfully established (Buckley et al. 2013). The gene-wave
fronts and the intermittent success of migration events will typically cause the source and the
founder populations to have significantly different gene frequencies despite successful

migratory events.

Mugil cephalus are known for their ability for oceanic-level migrations (see Whitfield
et al. 2012 for a review). Postglacial re-colonisation events and secondary contacts between
allopatric populations have been identified in M. cephalus populations from the northwest
Pacific (Shen et al. 2011). The mtDNA analysis in this study (Chapter 1V), showed that New
Zealand was colonised by M. cephalus at least twice from allopatric populations from other
areas in the Pacific, resulting in two genetically distinct haplogroups. Different low frequency
haplotypes were surfing each gene-wave front, which resulted in two highly divergent
haplogroups that persisted for several thousands of years after the colonisation event. The
genetically distinct haplogroups were a vestige of New Zealand colonisation by M. cephalus

where there has not been enough time for genetic drift to completely sort the lineages.

Sympatric speciation model?

Speciation models have two main components, the spatial distribution of populations
and genetic isolation. The allopatric speciation model refers to how new species arise after
random mating within a single population is disrupted by the appearance of gene flow barriers
that sunder a population into two populations which genetically diverge into reproductively
incompatible groups (Avise and Ayala 2009). The peripatric speciation model occurs when a
subset of individuals colonise a new area without further migratory events from the source
population, or they occupy a new niche and mate only with the population that share their niche

preferences, ultimately leading to genetic isolation (Avise and Ayala 2009). The parapatric
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speciation model is where, despite a continuity in the distribution range of a species and no
apparent barriers to gene flow, the extremes of the distribution range are genetically isolated
(Avise and Ayala 2009). The gene exchange occurs at the centre of the species distribution and
is the core of species population genetic structure following an isolation-by-distance pattern or

IBD (Slatkin and Maddison 1990; Bradbury and Bentzen 2007; White et al. 2010).

The sympatric speciation model occurs when a new species evolves from a single
ancestral species inhabiting the same geographic region (Avise and Ayala 2009). In the
sympatric speciation model, genetic isolation is evident after the random mating is disrupted
due to selection or mutation. Selection after the apparition of mutants could lead to ecologically
important genomic regions that tend to resist genetic homogenization because it lowers fitness
in some individuals, while genetic homogenization continues among most other parts of the

genome, which can produce separate species while in sympatry (Avise and Ayala 2009).

Understanding which speciation model fits the natural patterns of genetic structure in
species is often dependent on the study area characteristics and more importantly the
researcher’s approach. To really comprehend how speciation in marine species occurs, the
sampling localities need to be removed as a grouping variable, which will help to define
populations as genetically distinct units instead of where they come from. This will
unavoidably lead to a change in how speciation is defined. A way to avoid the bias brought to
our research in the sampling design used to address our specific questions and test our
hypothesis, is to use variables that will group individuals together that are independent from

our sampling design limitations (Dean et al. 2015).

In this study, the main limitation was the broad distribution of M. cephalus in New
Zealand, and panmixia was the null hypothesis in most of the analyses used in this study. The

way to avoid this geographic constraint, was to define M. cephalus populations based on
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whether individuals form a genetically distinct group irrespective of their sample location. The
conclusion was to consider M. cephalus populations in New Zealand as having overlapping
distributions, in which the levels of genetic differences and genetic diversity did not follow a
simple spatial pattern. The intermittent migrations found in M. cephalus populations in the
Pacific have possibly allowed it to maintain a cosmopolitan distribution (Shen et al. 2011,

Whitfield et al. 2012).

In the last 50,000 years the main ocean surface and bottom circulation patterns have
been in constant change. The changes in the circulation patterns could have allowed M.
cephalus and other marine species populations to undergo secondary contacts of previously
isolated populations, reach distant areas and to possibly colonise new areas. Between ~100,
000 and ~40,000 years ago, the rise in sea level could have allowed isolated populations of M.
cephalus to utilise new migration routes (Pichevin et al. 2009; Morley et al. 2014; Pena and
Goldstein 2014). Approximately 20,000 years ago the bottom oceanic circulation was reversed

starting in the south Atlantic rather than north Atlantic as it is today (Negre et al. 2010).

This change in direction of the oceanic bottom currents is likely to have had an effect
on M. cephalus populations changing the distribution of nutrients and optimal spawning
temperatures. The bottom ocean circulation has major consequences for the climate and the
persistence of many marine species. High density water masses sink in the north Atlantic
between Greenland and Norway, full of nutrients, carbon and oxygen. From there they travel
as a bottom oceanographic current towards the Indian Ocean and then split to the North and
South Pacific. This high nutrient, carbon and oxygen loaded water mass used to sink in the
south Pacific, west of Africa, ~20,000 years ago (Negre et al. 2010). The principal effect was
in the upwelling currents that bring cold and nutrient-rich water from the bottom of the ocean,
affecting temperature and the distribution of marine biota (Negre et al. 2010). The
environmental changes in the last ~100, 000 years produced transient barriers to gene flow and
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M. cephalus in New Zealand and the Pacific would fit the allopatric speciation model with

secondary contacts.

The four genetically distinct populations of M. cephalus found in New Zealand with an
overlapping distribution, could also be understood as peripatric populations occupying
different reproductive niches (two spawning groups). A chaotic genetic structure in M.
cephalus populations in New Zealand was identified as a result of SRS. Different reproductive
successes of the adult group of M. cephalus in New Zealand means not all of the adults are
successfully contributing to the species gene pool, and there are different successful
reproducers in different spawning seasons. Two spawning groups of adults were identified, an
early spawning group and a late spawning group; and also is possible that there are different
spawning grounds. With an identifiable barrier to gene flow, sympatry in M. cephalus

populations in New Zealand would not be entirely applicable.

Chaos in a seemingly stable environment and genetic incompatibility
Spatially chaotic genetic patterns are the result of temporal genetic variation between
early-life history stages and adults (Hedgecock 1994; Hedgecock and Pudovkin 2011). Mugil
cephalus had a chaotic genetic structure with strong effects of Sweepstakes-Reproductive-
Success (SRS). The reasons for differential reproductive success among the adults is different
spawning behaviours, philopatry and in part responses to environmental conditions. The
genetic variability in populations over small time scales do not translate in independent
reproductive units and the conditions required for speciation. While speciation is possible, it is
unlikely because gene flow is still occurring between populations without evidence of selection

or drift, where genetic variation will tend to be homogenized.

Barriers to gene flow are constantly changing especially over long periods of time (e.g.

Stefanni and Knutsen 2007; Zecca et al. 2011; Reid et al. 2016). Hence, unless we identify a
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reproductive incompatibility among M. cephalus haplogroups, populations or individuals, we
are only able to conclude that it is a single species with highly structured populations. There is
an expectation that as two populations diverge they will eventually accumulate enough genetic
differences to become genetically incompatible becoming different species. However, some
widely-distributed species with a chaotic population genetic structure, such as M. cephalus,
seem to maintain their reproductive cohesion and remain as a single species due to large

effective population sizes.

Number of loci and sample size limitations

Widely discussed in population genetic studies is the balance between sample size and
the number of loci that can reflect unbiased population genetic variation. The use of low
variability markers and low small sample sizes invariably will lead to underestimation of the

demographic and evolutionary processes that are shaping the species genetic structure.

The problem lies in accurately identify the population genetic structure and the most
frequent methods is Wright’s F-statistics or Fst (Meirmans and Hedrick 2011). F-statistics was
originally developed as an inbreeding coefficient assuming loci to be bi-allelic; since then Fst
analogues such as Nei’s Gst (Nei 1987), F’st (Weir and Cockerham 1984), Slatkin’s Rst
(Slatkin 1995), have been implemented to address multi-allelic loci using a ratio of genetic
variances, comparing expected heterozygosity within and among populations under different
evolutionary models (Meirmans and Hedrick 2011). F-statistics measures are constrained to
relating the amount of genetic variation among populations to the total genetic variation over
all populations in which the significant levels of differentiation are determined by the within-
population genetic variation (Meirmans and Hedrick 2011). R-statistics developed by Slatkin
(1995), is not constrained to the within-population genetic variation because the population

sizes and number of migrants are unbiased over the mutation rates following a step-wise
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mutation model (Slatkin 1995). However, when the influence of mutation is small, Rst
estimates are not reliable because the new alleles are not adding significant variation to the
population (Meirmans and Hedrick 2011). Using Fst combined with other F-statistics
analogues would allow a better assessment of the population genetic structure and the influence

of demographic processes, selection, genetic drift and migration.

Each F-statistics will require different sample sizes and different amount of variable
loci to significantly reflect population genetic variation. If sample sizes or the number of
variable loci are low, the loci might show biased effects of bottleneck, strong genetic drift and
inbreeding (Piry et al. 1999). Large number of variable loci will increase the within-population
genetic variation and could lead to an overestimation of the number of genetically distinct
groups. Increasing the within-population genetic variation by adding variable loci to the
population genetic analysis, could reflect the variation among genealogies of groups of
individuals rather than a true estimation of the population genetic structure by comparing levels
of differentiation among populations. The result is an overestimated Fst and an overestimation
of the number of populations in the species distribution range (Luikart et al. 1998; Kalinowski
2005; Ryman and Palm 2006). While some studies had a view that high statistical power is
found in large sample sizes and many polymorphic loci (the bigger the better), and the lack of
significant differentiation is due to low number of polymorphisms in the loci used, this not
always true (Ryman and Palm 2006). It is important to know the marker that are used to assess
the population genetic structure of a species to avoid waste of computation efforts due to high
number of polymorphisms in each locus; the variation in each locus is not infinite and can
usually be assessed with allele-discovery curves which reflect the number of individuals
needed to find a new allele that could significantly contribute to genetic differentiation (Rioux-

Paquette 2012).
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There are different ways to assess the statistical power of the sample size and loci used,
POWSIM being one of the most common (Ryman and Palm 2006). Unfortunately, the
statistical power of the loci in population genetic analyses is not always quantitatively
evaluated making “the bigger the better” an intuitive understatement. POWSIM uses a
predefined level of genetic differentiation which is the smallest significant Fst value found
between populations across all the data set. The smallest significant Fst value is used in
simulations with different sample sizes, number of loci and allele frequencies to estimate the
alpha error (the probability to accept the null hypothesis of genetic homogeneity when is false)
for any hypothetical degree of true differentiation between the simulated populations (Ryman
and Palm 2006). In this study there was used a low number of loci compared to other population
genetic studies that suggest the use of 10-12 variable loci and sample sizes and ~20 individuals
to obtain a reliable Fst < 0.05 > 0.01 (Kalinowski 2005). However, the sample sizes and loci
used showed enough statistical power to detect significant “true” variation among populations

(Chapter 11).

Conclusions and future directions

Understanding how populations evolve over time and how genetic diversity is
maintained is of primarily importance to understanding evolution, and it can be helpful for
informing decisions about management. This thesis research has shown that historical and
contemporary population patterns are more complex than were expected in M. cephalus
populations. Mugil cephalus has a cosmopolitan distribution despite its preference for and
dependence on the coastal environment. It is most likely that intermittent inter-oceanic
migrations homogenized populations and reduced the likelihood of complete reproductive
isolation. In New Zealand, the observed population genetic structure was geographically
chaotic, admixture of four distinct populations was found and it was the first study to report
different reproductive success as consequence of seasonal bottlenecks in juveniles for this
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species. Adults spawned at different times and two spawning population were identified. It is
possible that specific spawning grounds for different M. cephalus populations, human-based
activities and reproductive behaviours such as philopatry could also play an important role in

the chaotic distribution of allele frequencies.

The next steps would be to first, conduct regular surveys and attempt to identify the
extent of the variation of genetic structure and test for correlations with environmental
variables. Second, identify the specific spawning grounds to test for philopatry. And third,
investigate whether human-based activities near estuaries have reduced the productive nursery
grounds. Equally important is to understand the effect of fishing pressure in the genetic
structure of this species. More investment into historical and contemporary connectivity
patterns and genetic population structure, will improve our understanding about the movements

and spatial delimitation of species populations and help managing fish stocks.

The findings of this research will make easier to identify M. cephalus stocks, which can
be managed separately and will help to re-define the GMU management areas. Genetically
differentiated populations should be managed differently to ensure the sustainability of the
resource. The differences in the Ne identified in M. cephalus populations complementarily to
the reproductive behaviour of the adults (different spawning groups and philopatry), and the
seasonal changes in the Ne found in the juveniles should be taken in consideration for the
management of each GMU area. This thesis research described the spatial and temporal genetic
variation in M. cephalus in New Zealand and it has the potential for making an important

contribution to securing a sustainable future for the kanae or grey mullet.
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