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Abstract

Fragmentation over evolutionary time scales following vicariant and dispersal events
has long been recognised as a dominant process in biological diversification and
speciation; while anthropogenic habitat fragmentation in recent times is considered a
threat to the long-term persistence of species and ecosystems.
The eastern freshwater cod Maccullochella ikei is Australia’s largest endangered
freshwater fish species. Abundant in the Clarence and Richmond River systems at the
time of European settlement, populations crashed in the early 1900s causing local
extinctions and range reduction. Recovery efforts, including a prohibition on fishing for
M. ikei and hatchery breeding programs, were initiated in an attempt to re-establish
locally extirpated populations and to support the remnant population. This thesis aims to
fill critical gaps in the knowledge of M. ikei by examining genetic diversity over a broad
range of evolutionary scales. Microsatellite and mitochondrial markers and a DNA
extraction method were developed and applied to address issues of conservation
concern including taxonomy, hybridisation, genetic variation, population structure,
effective population size and genetic stocking impact.
Mitochondrial sequence and nuclear genotypic data were used to infer the
evolutionary relationships among the Murray cod Maccullochella peelii peelii from the
inland Murray-Darling Basin and taxa from eastern coastal drainages, M. ikei and Mary
River cod M. peelii mariensis. Phylogenetic analyses provide strong support for a more
recent common ancestry between M. ikei and M. p. mariensis. This finding conflicts
with the existing taxonomy and suggests that ancestral cod crossed the Great Dividing
Range around 1 million years ago and subsequently colonised east coast drainages
during Pleistocene glacial periods. The eastern taxa, persisting in isolated drainages at
the periphery of the historical coastal distribution of Maccullochella are estimated to
have diverged around 300 thousand years ago. Mary River cod are morphologically and
genetically distinct and may warrant recognition as a separate species.

vi

High levels of population structure (global FST = 0.13) and a pattern of isolation
by distance in M. ikei from the Clarence system are indicative of fragmentation and
restricted dispersal. Genetically-distinct upstream populations are small and isolated
with effective population sizes below 30. Cluster analysis and assignment tests suggest
that gene flow to and among these populations is limited.
Bayesian and frequency-based analysis of hatchery progeny suggest population
admixture in the hatchery, with most parental stock sourced from upstream sites with
reduced genetic variation. Analysis of temporal samples from the largest remnant
population showed a significant loss in genetic variation (>20%) since the
commencement of stocking, consistent with genetic swamping with hatchery-bred fish.
These findings are relevant to the conservation of M. ikei and to captive breeding
programs generally as they show that genetic homogeneity across a species’ range
cannot be assumed; and the selection of parental stock for supportive breeding programs
from anthropogenically-fragmented populations could have detrimental genetic effects
on the recipient wild population.
This thesis illustrates the importance of incorporating genetic information into
conservation and management plans for threatened species, and the implications of
fragmentation over different time scales for the proliferation and loss of biological
diversity.
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Introduction

Chapter 1
Introduction
1.1

Endangered species

Life on earth faces a biodiversity crisis that has been described as the “sixth extinction”
because the predicted loss of species is comparable with that of the previous five mass
extinctions recorded in the fossil record; and the rate of loss far exceeds that of
replacement with new species (Leakey and Lewin 1995; Frankham et al. 2002).
Recent extinction rates, at two to three orders of magnitude higher than baseline
rates determined from the geological record, have led to dire predictions that more than
one third of extant species may face extinction in the foreseeable future (Pimm et al..
1995; Pimm and Raven 2000). There is a growing awareness that this crisis will affect
not only existing levels of species biodiversity but also the evolutionary processes
behind the generation of future biological diversification (Smith et al. 1997; Myers and
Knoll 2001; Mace and Purvis 2008), as phylogenetic lineages (at the level of genus and
above) and genetically-distinct populations (below the level of species) are lost.
Conservation biology entails the identification of species at risk and the causes
of decline, and aims to minimise the loss of biodiversity. Quantitative criteria such as
fragmentation, range reduction and decline in population size are used to assign
threatened species to categories (critically endangered, endangered and vulnerable)
according to the level of extinction risk (Mace and Lande 1991). For example, an
endangered species is one considered to be facing a very high probability, 20% over 20
years or 5 generations, of extinction in the wild.
Extinction risk is increased by life history traits such large body size, long
generation interval and high habitat specificity, and for top predators (Purvis et al.
2000a; Purvis et al. 2000b; Dulvy et al. 2003). Conservation management requires a
multi-faceted response to threatening processes such as introduced species, overharvesting, fragmentation, habitat conversion and pollution. The restoration of natural
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habitat and connectivity between anthropogenically fragmented populations is
undoubtedly essential to species recovery, and the field of conservation genetics is
increasingly important in the management of threatened species (Frankham 1995a;
Allendorf and Luikart 2007).

1.2

Conservation Genetics

The relevance of genetic factors and evolutionary processes to conservation biology has
been recognised for over 30 years (Frankel 1970, 1974; Frankel and Soulé 1981). Since
this time, the field of conservation genetics has burgeoned and genetic information
(particularly from the mitochondrial genome and nuclear microsatellite DNA) has been
used to address problems of conservation significance across a broad range of
evolutionary scales from systematics and taxonomy, to hybridisation, the delineation of
conservation units, detection of fragmentation and metapopulation structure, kinship
and individual identification.
Spatiotemporal assessments of the extent and distribution of genetic diversity
within species (or genetic monitoring) is also now possible due to improvements in
molecular techniques for the isolation of DNA from historical and ancient samples
(Schwartz et al. 2007; Nielsen and Hansen 2008).
1.2.1

Evolutionary history

The identification of taxonomic units (taxonomy) and the evolutionary relationships
among them (systematics) are used to define and delimit biodiversity. In conservation
biology, the recognition of distinct and threatened taxa is necessary to ensure that
appropriate management decisions are made (Frankham et al. 2002). Extinctions of
unrecognised taxa and hybridisation can potentially be avoided, and appropriate sister
taxa for reintroductions or supportive breeding selected only if taxa are recognised and
systematic relationships are known.
The recognition of several morphological subspecies of the North American
puma (or cougar or panther) Puma concolor was not supported by molecular data.
While some South American subspecies were genetically distinct, North American
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populations were not differentiated using mitochondrial and microsatellite data (Culver
et al. 2000). This finding led support to the decision to translocate Texan cougars to
Florida in an attempt to remove the effects of inbreeding depression in the Florida
panther. The apparent success of this conservation strategy in reducing levels of
morphological deformities in the population has become a classic example of genetic
rescue (Tallmon et al. 2004).
Traditionally morphology was used for taxonomic classification, however, some
species are morphologically indistinct due to recent separation or limited morphological
divergence despite speciation and molecular studies have uncovered many cases of
cryptic speciation (for example, Rowland 1993; Musyl and Keenan 1996; Burbidge et
al. 2003; Jerry 2008).
Phylogenetic analysis of mitochondrial sequence data is a widely used molecular
method for determining the evolutionary relationships among species. Mitochondrial
DNA is haploid (generally maternally inherited) and non-recombining so the
mitochondrial genome is effectively a single locus (Avise 1991; Avise 1994).
Mitochondrial gene trees may differ from species trees due to incomplete sorting of
ancestral polymorphism during speciation (Pamilo and Nei 1988) or selective sweeps.
Comparison with multiple, unlinked nuclear loci is therefore advisable to resolve
evolutionary relationships between taxa (Rubinoff and Holland 2005).
Nuclear microsatellite or simple sequence repeat (SSR) loci have been used
extensively for the study of intraspecific population genetics (Schlötterer 2004). The
evolutionary model for microsatellites is uncertain but it seems that the general stepwise
mutation mode (GSMM) where the majority of mutations are single repeat stepwise,
with allowance for multi-step and assymetrical mutations (Kimmil and Chakraborty
1996) may be more appropriate than either the strict stepwise mutation, SMM or infinite
allele, IAM models. Microsatellite length variation is less often employed for
interspecific phylogeny reconstruction because of potential problems with homoplasy
related to high mutation rates and size constraints on variation (Feldman et al. 1997).
It has been demonstrated, however, that microsatellites can retain phylogenetic
signal between closely related taxa (Harr et al. 1998; Petren et al. 1999; Muir et al.
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2000; Ritz et al. 2000; Burg and Croxall 2004; Ochieng et al. 2007) suggesting that
they may provide useful estimates of genetic divergence at multiple nuclear loci for
comparison with mitochondrial phylogenies, particularly where the individual is the
unit for analysis (Schlötterer 2001; Zink and Barrowclough 2008).
Evolutionary lineages within species may require separate conservation
management where they are historically isolated or adaptively distinct from other
populations of the same species (Crandall et al. 2000). Moritz (1994) suggested that
molecular markers could be applied to define intraspecific conservation units.
Evolutionarily significant units (ESUs) were defined as those demonstrating reciprocal
monophyly for mitochondrial DNA (mtDNA) and significant allele frequency
differences at nuclear loci. Management units (MUs) were defined as those populations
showing genetic divergence at mtDNA and/or nuclear DNA.
Management units are demographically independent populations that require
management but need not necessarily be preserved as separate entities. ESUs represent
evolutionary lineages requiring separate management, therefore translocations of
individuals among ESUs should be avoided (Moritz 1999). A concern with defining
conservation units on the basis of genetic data alone is that adaptive differences are
ignored. As such distinct populations may be undetected where gene flow is high. Also,
small isolated populations may be genetically distinct as a result of genetic drift despite
lacking local adaptations. Crandall et al. 2000 proposed that genetic and ecological
information, such as morphology, life history and habitat be considered in order to
delineate units that are genetically and adaptively distinct.
1.2.2

Genetic variation

Genetic variation provides the basis for selection, adaptation and speciation (Amos and
Harwood 1998). Therefore, as genetic variation decreases so does adaptive potential, or
the capacity to adapt to changing environmental conditions (Frankham 2005). The
relationship between population size and genetic variation is well recognised (e.g. Nevo
et al. 1984; Young et al. 1996) and endangered species tend to have lower levels of
variation in comparison to related, non-threatened species (Frankham 1995a; Spielman
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et al. 2004). Alternatively, low variation in some relatively abundant species, for
example in cheetahs Acinonyx jubatus (O'Brien et al. 1983; Hedrick 1996) and northern
elephant seals Mirounga angustirostris (Hoelzel et al. 1993) has been attributed to
historical events such as founder effects, demographic bottlenecks, and to
metapopulation dynamics.
Genetic variation is most commonly measured by comparative levels of
polymorphism, heterozygosity and allelic diversity. Neutral genetic variation, such as
that from the non-coding mitochondrial control region and nuclear microsatellite DNA,
is routinely used to assay variation in threatened species. While neutral variation
provides invaluable information (in the absence of the confounding effects of selection)
on mutation, genetic drift and migration, there is considerable debate about the use of
neutral markers to infer adaptive potential (Lynch 1996; Moritz 1999; McKay and Latta
2002; Moran 2002).
Neutral markers may be poor indicators of quantitative genetic variation and
local adaptation (McKay and Latta 2002), however, there is mounting evidence for a
correlation between reduced neutral genetic variation and fitness presumably due to
inbreeding effects (Hedrick and Kalinowski 2000; Keller and Waller 2002). For
example, decreased heterozygosity has been associated with increased parasite load and
reduced over winter survival in Soay sheep Ovis aries (Coltman et al.1999); reduced
fecundity in an island population of the black-footed rock wallaby Petrogale lateralis
(Eldridge et al, 1999); cryptochordism and poor semen quality in Florida panthers
Puma concolor couguar (Culver et al. 2000); increased inbreeding coefficients derived
from pedigree information in Scandanavian grey wolves Canis lupus (Ellegren 1999);
and deformities in hatchery salmon Salmo salmar (Tiira et al. 2006).
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1.2.3

Population structure

Genetic variation within a species is often spatially structured if the available habitat is
not continuous or varies across the distributional range. Isolation by distance is the
pattern of subdivision observed under geographically restricted gene flow (Wright 1943,
1946) whereby proximate populations have higher levels of gene flow than those from
geographically more distant populations.
Freshwater fish in dendritic riverine systems may follow a one-dimensional
stepping stone (or stream hierarchy) model of population structure in which isolation by
distance is apparent (Vrijenhoek 1998) and high levels of genetic differentiation, for
species within drainages, have been reported (for example, Meffe and Vrijenhoek 1988;
McGlashan and Hughes 2000; Salguiero et al. 2003; Cook et al. 2007; Thuesen et al.
2008). The influence of isolation by distance on population structure is related to the
distance between fragments, population size, natural and artificial barriers and dispersal
ability.
Habitat fragmentation is one of the central concerns of conservation genetics as
it reduces the total area of suitable habitat available and restricts gene flow between
patches, inevitably leading to reductions in population size and increased differentiation
through genetic drift. Fragmentation increases the risk of population extinction through
genetic, demographic and environmental factors (Frankham 2005). Human-induced
habitat fragmentation through activities such as land-clearing, urbanisation, forestry,
agriculture, mining and dam construction is widely acknowledged as a key threatening
process to the long-term persistence of threatened populations, species and ecosystems
(IUCN 2008). Fragmentation can produce a metapopulation or “population of
populations” (Levins 1969) in a formerly continuously distributed species leaving
small, isolated local populations exposed to increased risks of inbreeding and extinction
and reduced opportunities for re-colonization through migration (Harrison 1991;
Saccheri et al. 1998).
An understanding of the population structure of threatened species is critical to
their effective management and conservation. Translocations and breeding programs
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aimed to supplement diminished wild populations may be detrimental if the source
population is genetically distinct from the recipient population (Storfer 1999; Edmands
2002; McClelland and Naish 2007). Furthermore, when isolated fragments are
identified actions can be taken, where appropriate, to restore connectivity with the goal
of preserving the genetic legacy of the species as a whole.
1.2.4

Effective Population Size

Not all individuals contribute equally to the next generation. The effective population
size is the size of an ‘ideal’ population that will experience the same amount of genetic
drift as the population under consideration. The concept of effective population size was
introduced to account for the deviations from ‘ideal’ expectations (random mating,
equal family size, no migration, discrete generations, constant size, no selection or
mutation) in natural populations (Wright 1931).
It has been estimated that for most wild populations, the ratio of effective size to
census size Ne / Nc is 0.11 (Frankham 1995b) and more recently 0.14, although this ratio
may be much higher for small, isolated populations (Palstra and Ruzzante 2008). The
effective size is given by the harmonic mean, so will be closer to the minimum than
maximum population size over time (Wright 1938). For severely bottlenecked
populations and species, effective size is therefore often very low and its size is
dependant on the severity of the bottleneck. The estimation and monitoring of Ne is
important in the management of threatened species because the maintenance of genetic
diversity and effectiveness of natural selection are dependent on Ne rather than census
size (Palstra and Ruzzante 2008).
The concept of a minimum viable population size is relevant for captive breeding
programs and in the prioritization of conservation efforts. The 50/500 rule was
introduced as an estimate of the minimum effective size required for short (Ne > 50) and
long-term (Ne > 500) population viability (Franklin 1980) and has been the subject of
much controversy and misinterpretation.

If Ne is below the suggested minimum

threshold of 50 for the short-term maintenance of reproductive fitness this does not
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mean that the species is doomed, rather it is a warning of an increased risk of extinction
due to genetic effects (Soulé 1987; Frankham et al. 2002; Allendorf and Luikart 2007).
A recent study using population viability analysis for 102 vertebrate species suggests
that 7000 adults (Ne > 700) may be needed to ensure long-term persistence (Thomas
1990; Reed et al. 2003).

1.3 Conservation Breeding
Captive breeding programs are increasingly important in conservation
management (Ebenhard 1995) and are employed for many threatened species of
mammals, birds, reptiles, amphibians and invertebrates (McClure et al. 2008, and
references therein). The most extreme examples, the Mauritius kestrel Falco punctatus,
the Chatham Island black robin Petroica traversi,and the golden hamster Mesocricetus
auratus, have so far escaped extinction with the aid of captive (conservation) breeding
programs and are recovering in number from single breeding pairs (Frankham 2005).
Conservation breeding programs are widely implemented for threatened
freshwater and anadromous fish species (Dowling et al. 1996; Sriphairoj et al. 2007;
McClure et al. 2008) because fish tend to have high levels of fecundity, mortality at
early life stages can be minimised and the practices for fish propagation in hatcheries
are well established. The threat of immediate extinction, particularly for large-bodied
species subject to commercial and recreational harvest, is potentially reduced through
the maintenance of a captive population and by increasing total abundance in the wild
following release of hatchery-bred individuals.
1.3.1

Supportive Breeding and Reintroductions

The aim of most conservation breeding programs is to supplement remnant populations
(supportive breeding) and to reestablish viable populations in areas where they have
been locally extirpated (re-introduction).
Supportive breeding is a form of captive breeding in which a proportion of the
wild population is taken into captivity for reproduction and the offspring are
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subsequently returned to the wild. A primary goal is the maintenance of genetic
variation both in the captive population and in the wild (Vrijenhoek 1998).
Inherent risks include inbreeding, accumulation of deleterious mutations,
adaptation to captivity and genetic drift due to reproductive variance and relaxed
selection pressure in captivity (Lynch and O'Hely 2001). Theoretically, supportive
breeding programs can be beneficial if the captive population sufficiently large, family
size and sex ratio are equalized, and the proportional contribution of captive-bred
individuals to the wild population is low (Theodorou and Couvet 2004).
Genetic swamping is the term used to describe changes in genetic composition
and the loss of rare alleles that can occur when the contribution of captive-bred progeny
to the recipient population exceeds the level at which the original genetic structure can
be maintained (Ryman and Laikre 1991; Campton 1995). The potential for genetic
swamping is elevated for highly fecund species such as fish where large variations in
individual reproductive success are possible, and where the population is supported for
multiple generations (Ryman and Laikre 1991).
The importance of identifying the genetic structure of the captive-bred species
so that appropriate source and recipient populations are selected is well recognized
(Templeton et al. 1986; Allendorf et al. 1987). In practice, however, the development
and application of techniques for captive breeding (particularly for freshwater and
anadromous fish) preceded that of molecular techniques for population genetics. Indeed,
captive and supportive breeding of salmonids began over a century ago (Ruckelshaus et
al. 2002).
Consequently many fish species have been bred in captivity and used for
supportive breeding, or ‘stocked’, with little or no prior knowledge of the indigenous
genetic status and structure of wild populations; for example in Australia, hatchery-bred
fingerlings have been used to supplement wild populations of freshwater fish species of
commercial, recreational and/or conservation significance including Murray cod
Maccullochella peelii peelii, eastern freshwater cod M. ikei, Mary River cod M. peelii
mariensis, trout cod M. macquariensis, golden perch Macquaria ambigua and silver
perch Bidyanus bidyanus.
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1.3.2

Impact of stocking

The release of captive-bred fish into the wild is referred to as stocking. Stocking
includes supportive or supplemental breeding used to augment threatened populations
or to enhance production in the wild, and introductions to regions within the species’
historical range (re-introduction) as well as those outside the species’ range
(translocation) and to modified environments, such as impoundments.
The management of freshwater and anadromous fisheries worldwide has relied
heavily on captive breeding and stocking programs to replenish wild stock. Few studies,
however, have been able to demonstrate the success or failure of stocking efforts
because in many cases it is not possible to distinguish wild from stocked fish in the
recipient population.
Where stocking impacts have been reported, results vary from no detectable
outcome to introgression, and in some cases nearly complete replacement of wild
populations with stocked fish (Hindar et al. 1991; Levin et al. 2001; Heggenes et al.
2002; Launey et al. 2006). The ability of hatcheries to restore threatened and overharvested wild populations of fish is a subject of extensive debate (Myers et al. 2004;
Allendorf and Luikart 2007).The genetic structure of hatchery populations relative to
wild source populations can be altered through inbreeding, selective breeding,
admixture or domestication and thus cultured fish are often genetically distinct from the
natural populations into which they are released (Allendorf et al. 1987; Hindar et al.
1991).
Stocking may have direct effects, such as reduction in genetic diversity,
reduction in fitness and loss of local adaptations, due to interbreeding (introgression)
between indigenous and hatchery fish (Utter 1998) and indirect effects through changes
in population size, disease, parasites, predation and competition (Hindar et al. 1991).
For example, Koskinen et al. (2002) using historical samples, reported significant
decreases in genetic differentiation between wild and stocked populations of grayling
Thymallus thymallus since the commencement of stocking in 1986.
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Similarly, massive releases of hatchery-produced brown trout Salmo trutta have
reduced genetic differentiation among wild populations (Ryman 1981). Reduced egg
size for captive and supplemented populations of Chinook salmon Oncorhynchus

tshawytscha suggest a reduction of fitness in the wild (Heath et al. 2003). Skaala et al.
(1996) reported interbreeding and reduced reproduction for stocked and hybrid S. trutta
in a Norwegian River. By contrast, Heggenes et al. (2002) found that less than 3% of S.
trutta in a Norwegian Lake with a 40-year stocking history were of cultured origin.
Inbreeding in captive-bred populations through the use of small numbers of
parents, or parents with low or unrepresentative genetic variation can reduce fitness
through inbreeding depression (Ballou and Ralls 1982; Allendorf and Leary 1986;
Westemeier et al. 1998; Frankham et al. 2002). Inbreeding and adaptation to the
hatchery environment may compromise the survival of hatchery stock in the wild
(Frankham 2008), however, in some cases released fish contribute to the fishery
substantially. For example, almost all chum salmon Oncorhynchus keta caught in Japan
are of hatchery origin (Harada et al. 1998) and indigenous Arctic charr Salvelinus
alpinus in a European alpine lake have been replaced by stocked fish (Englbrecht et al.
2002).
Assessment of the impact of stocking a posteriori is difficult, particularly among
con-specific populations with differing frequencies of the same alleles (Utter 1998).
Recently, the development and application of specific highly variable microsatellite
loci, the introduction and refinement of statistical assignment methods and advancement
in methods for the isolation of DNA from historical samples have provided the
opportunity to assess stocking impact using genetic techniques.
Recent studies, particularly in salmonids, have demonstrated genetic alterations
in wild populations following stocking (Hansen et al. 2001; Koskinen et al. 2002;
Quattro et al. 2002). For example, Guinand et al. (2003) using historical scale samples
reported a temporal decline in allelic richness in Great Lake populations of lake trout
Salvelinus namaycush attributed to replacement or introgression with hatchery fish.
Similarly, there was a significant reduction in genetic diversity and effective population

11

Introduction

size in an endangered population of Atlantic salmon Salmo salar over 40 years and
despite many years of supplemental stocking, there was a temporal decline in the
numbers of returning spawners (Lage and Kornfield 2006).

Figure 1.1
The largest Maccullochella ikei (940mm) collected during a survey from 2000 to 2007
in the Clarence river system. This individual had scarring and hook injuries from
previous captures; below. (Photographs by Brad Mackay and Gavin Butler).
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1.4 Study Species: eastern freshwater cod, Maccullochella ikei
1.4.1

Taxonomic Status

The genus Maccullochella belongs to the family Percichthyidae and is represented by
four extant taxa in three currently recognised species. Australia’s largest freshwater fish,
the Murray cod M. p. peelii is distributed west of the Great Dividing Range throughout
the major inland river system of Australia, the Murray Darling Basin (MDB) where it is
sympatric in the southern part of its range with trout cod M. macquariensis.
Remnant populations of eastern freshwater cod M. ikei and Mary River cod M.
p. mariensis persist in two isolated drainages on the periphery of the historical eastern
range of the genus: the Clarence River system and the Mary River system respectively
(Figure 1.2). Geographically intermediate populations of unknown taxonomic affinity
from the Richmond and Brisbane River systems, abundant at the time of European
settlement in the 1850s, are regarded as locally extinct (Rowland 1993; Simpson and
Jackson 1996).
Maccullochella macquariensis is morphologically and biochemically distinct
(Berra and Weatherley 1972; MacDonald 1978) and mitochondrial sequence data
confirms that this species is the mostly distantly related extant member of the genus
(MacDonald 1978; Jerry et al. 2001).
The evolutionary relationships among other Maccullochella taxa, however, are
unresolved with conflicting evidence from morphological, electrophoretic and limited
sequence data. The eastern taxa M. ikei and M. p. mariensis were recognised and
formally described by Rowland. M. ikei was described as a species on the basis of
morphology, allozymes and cross breeding experiments and some life history traits
(Rowland 1985, 1993).
Cod from the Mary River system were described as a subspecies, M. p.
mariensis by Rowland (1993) based primarily on a lower genetic distance, Nei (1972) D
= 0.16 and fewer morphological differences, compared to that between M. ikei and both
M peelii subspecies. Cross-breeding experiments in Maccullochella that provided
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evidence for reproductive isolation between M. p. peelii and M. ikei, did not include M.
p. mariensis so were unable to test for reproductive isolation in this taxon. General
muscle protein phenotypes, however, were taxon-specific and canonical variate analysis
of 27 morphological characters clearly separated the three taxa. Long pelvic fins and
distinct, darker colouration and mottling were shared by the eastern taxa (Rowland
1993).
Maccullochella taxa are phenotypically similar, however, diagnostic differences
between taxa have been recognised and described (Berra and Weatherley 1972;
Rowland 1993). M. macquariensis is distinguished from its congenerics by having a
concave head profile, protruding lower jaw, 15 precaudal vertebrae and distinctive
colouration. Although no single character is diagnostic for M. p. mariensis, it is
distinguished from M. p. peelii by the combination of 5 significantly different characters
(P < 0.01) including longer pelvic fins, deeper and shorter caudal peduncle, and larger
sagittal otoliths. Mary River cod are distinguished from M. ikei by the combination 10
significantly different characters (P < 0.01) including deeper caudal peduncle, greater
postorbital head length, smaller orbit and fewer scale rows below lateral line.

allozymea

morphologya

distance

characters

Taxon

Nei D

I

P<0.01

P<0.001

M. ikei - M. p. mariensis
M. ikei - M. p. peelii
M. p. peelii - M. p. mariensis

0.32
0.33
0.16

0.73
0.72
0.85

10
13
5

7
7
3

Table 1.1
Morphological and molecular differences among Maccullochella taxa for molecular
(allozyme) data (Nei D and genetic identity, I) and numbers of morphological characters
significantly different at P < 0.01 and P < 0.001. a Data from Rowland (1993).
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Figure 1.2
River systems of southeastern Australia. Catchments from which Maccullochella taxa
were sampled for this study are shaded (see legend). Black line represents the Great
Dividing Range (GDR) separating west and east flowing river systems.
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Rowland noted that “the population of cod in the Mary system is
morphologically and genetically distinct ….. the data suggest that this population is
more similar to M. peelii than M. ikei, and pending breeding studies and further
investigation of the evolutionary relationships within Maccullochella, is here described
as a subspecies of M. peelii”.
A later phylogenetic study of the Percichthyidae using sequence data from the
slowly evolving mitochondrial 12S rRNA gene reported a single shared haplotype for
M. ikei and M. p. mariensis differing from M. p. peelii by a shared derived character
(synapomorphy) suggesting a more recent common ancestry eastern populations of
Maccullochella (Jerry et al. 2001).
1.4.2

Biology

The eastern freshwater cod Maccullochella ikei Rowland 1985, is one of Australia’s
largest freshwater fish and has been reported to attain over 1 metre in length and 40 kg
mass, although individuals greater than 900mm in length are now rare (Rowland 1996;
Pollard et al. 2002). The top predator in its ecosystem, M. ikei is iteroparous, longlived, slow-growing and demonstrates strong site fidelity (Rowland 1985; Butler and
Rowland 2008, Butler unpublished data).
Sexual maturity occurs at four to five years of age, at approximately the same
age as Murray cod M. p. peelii, but at a significantly smaller size. Males select
spawning sites during the short breeding season of 8-10 weeks, from September to
November, and care for eggs and larvae post-spawning (Butler and Rowland in press).
Using radio-tracking, Butler (unpublished data) recorded movements in M. ikei
over a year in the lower Mann and Nymboida Rivers. Relatively limited movements in
comparison to that reported for other Maccullochella species were attributed to the
complexity of the river system with natural barriers such as rapids and waterfalls
restricting movement between pools to periods of high flow, usually in receding flood
waters.
The diet of M. ikei varies seasonally and includes a wide range of aquatic and
terrestrial animals predominantly crustaceans, aquatic insects, molluscs and fish.
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Approximately ten percent of the diet consists of terrestrial vertebrates including
rodents, rabbits, dasyurids, bandicoots and birds. An ontogenetic shift in dietary
preference has been reported for M. ikei with fish and terrestrial vertebrates the main
prey items for individuals over 550 mm (Butler, unpublished data).
1.4.3

History

“When we arrived at Ramornie (on the Nymboida River) and for several years
subsequently, fish were plentiful, especially perch and cod. The first cod attracted
Dr. Dobie’s attention with the result that he proved to the colonial savants of the
day that it was identical with the Murray cod, which up to that time was thought
only to be found in the Murray and its tributaries, western waters. There is a
strange fact or two in connection with particular fish which I may note
incidentally. It is common in all western waters. The only eastern waters in which
it is found (so far as I have been able to learn) are the Clarence and the
Richmond. The cod is found above the tidal influence along its course and that of
its tributaries wherever there is sufficient water. The fish is found in all Clarence
waters below the falls…. I have never heard of any cod being found in Clarence
waters upon the tableland. You must know that in many parts of the tableland the
ridge separating the eastern from the western waters is so low as scarcely to be
perceptible. In water holes on the western side of that ridge you will find cod, but
none on the eastern side. Follow those eastern waters down, however, to below
the falls and you will find them plentiful. How is it that this particular fish is
limited to the Clarence and Richmond on the eastern side of the Great Dividing
Range? It has been suggested latterly that fish spawn is conveyed by birds.”

From a public lecture “Personal Recollection of Early Days in the Clarence District:
the Stations and all about them” by T. Bawden, August 1887 (Law 1997).
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Historical records indicate that M. ikei were abundant throughout the freshwater reaches
of the Clarence and Richmond river systems in north-eastern NSW at the time of
European settlement in the mid 19th century. There was a massive reduction in
distribution and abundance during the early 20th century and the species was locally
extirpated from much of its former range including the Clarence and Orara Rivers by
the mid 1930s. Populations of M. ikei from the Richmond system are considered extinct,
with the last recorded sighting in 1971 (Rowland 1993).
Large flood events following drought and fire in the 1920s and 1930s caused
major freshwater fish kills throughout the Clarence. These, and dynamiting of the river
during the construction of the north coast rail line are considered to have been triggers
for the marked decline in this species (Rowland 1993, 1996; Pollard et al. 2002; NSW
Fisheries 2004). Current threats are thought to include illegal fishing and habitat
degradation (land clearing, siltation, loss of riparian vegetation). A remnant population
is found in the Nymboida and Mann Rivers (Figure 3.1) and there are published and
anecdotal reports of freshwater cod in tributaries including the Guy Fawkes and Sara
Rivers and Washpool Creek in the 1980s, prior to stocking (Wright 1991; Allen et al.
2002; NSW Fisheries 2004, S. Rowland pers. comm.).
1.4.4

Conservation Status

Maccullochella ikei is listed as an endangered species under Australian State (NSW
Fisheries Management Act 1994) and Commonwealth (EPBC Act 1999) legislation,
and internationally on the IUCN ‘Red List’ (Wager 1996).
From the mid 1980s a prohibition on fishing for M. ikei was introduced and,
according to multiple sources, numbers in the Nymboida and Mann Rivers increased (S.
Rowland, pers. comm.) although there are no previous estimates of census size. M. ikei
is a highly prized recreational species and despite its protected status, illegal fishing for
cod continues (Pollard et al. 2002; NSW Fisheries 2004; Butler and Rowland 2008).
A recovery plan for the species has been prepared (NSW Fisheries 2004).
Among the potential threats identified were fragmentation and barriers to fish
migration, and hybridization with M. p. peelii (following reports of unauthorized
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translocations of Murray cod into eastern drainages), and the potential genetic impact of
stocking on wild cod populations. Objectives of the recovery plan include an evaluation
of current levels of genetic diversity, population structure and gene flow in the species.
An understanding of the genetic population structure of endangered species is
fundamental to effective management and conservation in the long-term.

Figure 1.3
The Clarence and Richmond river systems of northeast New South Wales.
Clarence system is shaded grey; Richmond system is striped. Approximate, presumed
remnant distribution of Maccullochella ikei prior to stocking (red).
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Figure 1.4
Receding flood waters on the Mann River in the Clarence system from the
bridge at Jackadgery. Photograph by Dallas Nock.

1.4.5

Description of Study Area
“…the still-tormented river chafed by rocks and rapids, becomes lost to
view in the depths of the wild, dark unfathomable abyss, into which it has
thus descended, and whose savage grandeur is in fine contrast to the
tranquil aspect of the level pastures above”.

Edward Ogilvie of Yugilbar, 1856 of the view from Ebor Falls to the Guy Fawkes River
(from Prineas 1997).
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The Clarence river system is the largest coastal catchment in the Northern Rivers
region of NSW covering approximately 22,400 square kilometres. It is characterized by
relatively short, high gradient streams and rivers, with headwaters in the Great Dividing
Range to the west, Border Ranges in the north and the New England Plateau in the
south at altitudes up to 1500 metres above sea level. About 66% of the terrain in the
catchment is hilly or mountainous.
Annual rainfall is approximately 1400 mm with the largest falls in autumn and
early winter and highly variable flow conditions causing rises of up to 12 metres in
stream height. Distribution of cod is patchy. Deep pools providing suitable habitat are
separated by stretches of rapids, riffles and waterfalls and movement between pools is
restricted to periods of high flow (Butler, unpublished data).
Potential physical barriers to dispersal in the Clarence system are a weir on the
Nymboida river (4.26 m in height), and natural barriers including headwater falls and
mid-stream falls such as New Zealand Falls on the Mann River and Clarence Gorge on
the lower Clarence River. Since 1924 water has been extracted from the Nymboida
River above the weir for the operation of a hydro electric power station and for regional
water supply (Cranston 1938). Significant reduction and increased variability in natural
flow (Gehrke and Harris 2001) and accumulation of biofilm below the weir have been
reported (Warner et al. 2007).
The Richmond River system is a smaller coastal catchment (6,900 km2)
separated from the Clarence to the west and south by the Richmond Range. Stream
gradient exceeds 15 degrees in 20% of the catchment and 40% is flat with extensive
floodplains. Modelling of clearing and land use changes indicate a six-fold increase in
suspended sediment load relative to pristine conditions (Hossain et al. 2002).
1.4.6

Stocking History

A conservation breeding program was initiated at a NSW government hatchery at
Grafton, and in 1988 and 1989 approximately 30,000 M. ikei fingerlings were released
into sites in the Clarence and Richmond systems (Rowland 1988, 1989). Between 1997
and 2003, approximately 220,000 fingerlings produced at a private hatchery near
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Dorrigo were stocked at sites throughout both river systems. Government stocking
records document the number of fish released and stocking sites for 90% of the
estimated total 250,000 fingerlings stocked between 1988 and 2003 (NSW DPI
Fisheries 'Aquasee database').
At least 75,000 fingerlings were stocked into rivers and impoundments in the
Richmond system and the remainder into the Clarence system. The majority of
hatchery-produced fish were reintroduced at sites where the species was thought to be
locally extirpated including the Orara (53,000) and Clarence (58,400) Rivers. At least
36,000 fingerlings were stocked into the Nymboida and Mann Rivers and their
tributaries, upstream of and into the known remnant population.
Stocking occurred widely throughout the Clarence and Richmond systems,
therefore, no wild caught individual could be assumed to be non-stocked with the
exception of historical samples collected prior to stocking. The correlation between age
and size in M. ikei is tenuous beyond approximately two years of age (and 200 mm in
length) therefore length is not a suitable surrogate for age. For example, fish of
approximately 500 mm in length were aged between 5 and 14 years; and fish over 700
mm between 7 and over 15 years based on otolith sectioning (Butler and Rowland
2008).
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1.5 Project Objectives
This thesis aims to fill critical gaps in the knowledge of Australia’s largest endangered
freshwater fish species, Maccullochella ikei by examining genetic diversity over a broad
range of evolutionary scales. The main objectives are to develop and implement
molecular methods to investigate issues of conservation concern including taxonomy,
level of genetic variation, population structure, hybridisation, effective population size
and stocking impact. More specifically the project aims to:

1)

Develop molecular methods and markers to facilitate genetic studies of
Australian freshwater cod of the genus Maccullochella.

From the outset, it was apparent that this project and concurrent projects at the Centre
for Animal Conservation Genetics (CACG), Southern Cross University would entail
DNA extraction from thousands of individuals. The anticipated costs were substantial if
proprietary extraction kits were to be used. More cost effective methods such as those
using standard phenol-chloroform methods were extremely time consuming so tests
were undertaken by a team of postgraduate students at CACG to develop an alternative,
high-throughput method for DNA extraction.
A pilot study of mitochondrial DNA variability in ten M. ikei individuals from
across the species’ distributional range yielded a single haplotype at the 5’ end of the
control region. Since this is generally the most variable region of the mitochondrial
genome, the apparent lack of variation within M. ikei meant that polymorphic nuclear
loci would be required for the study of intra-specific population genetics.
Microsatellites or short sequence repeats (SSR) are used extensively for studies
of population genetics, individual identification and hybridisation because they are codominantly inherited nuclear loci, widely distributed through eukaryotes genomes
(Weber and Wong 1993) and can have high levels of polymorphism in comparison to
mitochondrial or nuclear genes, even in threatened species. Microsatellite markers were
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not available for any perchichthyid species at the time that work commenced on this
project.

2)

Resolve taxonomic uncertainty in the genus Maccullochella.

Previous taxonomic studies of the genus Maccullochella derived from allozyme
distance data and limited mitochondrial sequence data (12s rRNA) produced conflicting
phylogenies. All Maccullochella taxa are listed as threatened. Resolution of the correct
taxonomic relationships is fundamental to their management and conservation and can
provide critical information on the taxonomic status of populations, evolutionary history
of the genus, the most appropriate taxa and populations for re-introductions and
avoidance of hybridisation.

3)

Test for the presence of translocated Murray cod (M. peelii peelii) and potential

Murray-eastern hybrids in the Clarence and Richmond river systems.

Hybridisation between closely related taxa is of concern, particularly for threatened
species. Introgression, ‘hybrid swarms’, outbreeding depression and competition can all
reduce the productivity of the species in decline (Allendorf et al. 2001). Simulations
suggest that hypervariable markers such as microsatellites and model-based Bayesian
methods are capable of detecting hybridisation particularly when inter-specific
divergence is high (Vähä and Primmer 2006). In this study, microsatellite markers are
used to test for the presence of Murray cod individuals or hybrids in eastern drainages
following reports of unauthorised translocations of small numbers of M. p. peelii to the
Richmond and Clarence systems (NSW Fisheries 2004).

4)

Test the null hypothesis of panmixia among M. ikei individuals sampled

extensively from across the species’ range.

Population structure can be caused by natural phenomena such as isolation by distance
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and local adaptations, or by anthropogenic habitat fragmentation and artificial barriers
to dispersal. Alternatively, species may be panmictic due to natural gene flow or
artificial processes such as a result of stocking or translocations. An understanding of
patterns of genetic differentiation is important in order to avoid mismanagement based
on the assumption that genetic structure is homogenous across a species’ range.
Variation at polymorphic microsatellite loci is used to assess levels of population
structure among wild caught M. ikei individuals.

5)

Determine levels of genetic diversity and effective population size in M. ikei.

Levels of genetic variation in M. ikei in comparison to other freshwater fish species and
to other species of Maccullochella can provide information about the demographic
history of the species. The recovery and decline of threatened species are commonly
measured against baseline data.
There have been no previous estimates of population size in M. ikei. Genetic
estimates of effective population size obtained through this research will, therefore,
provide the first baseline estimates against which species recovery can be measured. In
addition, effective population size estimates can be used to infer levels of extinction risk
for the species as a whole and for fragmented subpopulations.

6)

Evaluate the genetic impact of stocking on the remnant population of M. ikei.

This project aims to test the hypothesis that supportive breeding has had no impact on
genetic variation in the wild, through the comparison of hatchery samples and historical
(collected prior to stocking) and contemporary samples from the known remnant
population of M. ikei. A further aim is to determine the effectiveness of the private
hatchery breeding program in maintaining genetic variation and effective population
size in the hatchery relative to that in the wild.
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1.6 Structure of Thesis
The thesis is comprised of both chapters and publications. Two chapters have been
published in international peer-reviewed journals (Chapter 2 and 3) and another two
(Chapter 4 and 5) have been prepared for submission to journals.

Chapter 1:

Introduction

This chapter provides an overview of conservation genetics and conservation breeding
and their application in the management of endangered species. The chapter also
includes a review of current knowledge on the study species, Maccullochella ikei: its
history, biology, taxonomic and conservation status, stocking history and study sites.

Chapter 2:

An inexpensive and high-throughput procedure to extract and
purify total genomic DNA for populations studies

A glass powder elution method (Davis et al. 1986) was adapted for use in microtitre
(96-well) plate format, reducing the cost of extraction to around one-tenth of the cost
using commercially available kits. This method, described in Chapter 2 was published
in Molecular Ecology Notes (Elphinstone et al. 2003) has subsequently been cited over
70 times.

Chapter 3:

Polymorphic microsatellite loci for species of Australian freshwater
cod, Maccullochella.

Chapter 3 details the methods of library creation, isolation and characterisation of seven
microsatellite loci in Maccullochella ikei. In 2004, markers for six microsatellite loci
isolated in Murray cod, M. peelii peeli were published (Loughnan et al. 2004). The total
13 Maccullochella microsatellite loci were cross-amplified in the freshwater cod taxa
M. ikei, M. peelii peelii, and M. macquariensis. This chapter was published in
Conservation Genetics (Nock and Baverstock 2008).
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Chapter 4:

Phylogenetics and revised taxonomy in Australian freshwater cod,
Maccullochella spp. (Percichthyidae).

This chapter examines the evolutionary relationships among M. ikei and its sister taxa,
M. p. mariensis and M. p. peelii utilising sequence data from highly variable regions of
the mitochondrial genome (1253-bp in total) and allele frequency data from 13 nuclear
microsatellite loci described in Chapter 3. Chapter 4 has been accepted for publication
in Marine and Freshwater Research.

Chapter 5:

Conservation genetics of the endangered eastern freshwater cod,
Maccullochella ikei.

This chapter examines spatiotemporal genetic variation and population genetic structure
for the first time in M. ikei. Microsatellite loci described in Chapter 3 are utilized to
determine levels of genetic variability, population subdivision, gene flow, hybridisation
and effective population size in the species. The effectiveness and impact of
conservation breeding programs are evaluated through the comparison of historical
(pre-stocking), contemporary and hatchery samples. Chapter 5 has been prepared for
journal submission.

Chapter 6:

Discussion

The discussion is a synthesis of the major findings described in this thesis and details
the original contributions to knowledge of the conservation genetics of the eastern
freshwater cod, M. ikei. The implications of these finding to future management and
conservation breeding programs for the species are discussed.
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Chapter 6

Chapter 6
Discussion
Soon after it was recognised as a species, Maccullochella ikei Rowland 1985 was listed
as endangered nationally and internationally based on substantial (>50%) declines in
abundance and distribution. Recovery efforts including a prohibition on fishing for the
species and hatchery breeding programs were implemented and a Recovery Plan,
prepared to identify management and research priorities to support the recovery of the
species, was adopted (EPBC Act 1999).
To this point, most information on the life history of the species was collected
under hatchery conditions and little was known of the biology of M ikei in the wild.
Remnant distribution was presumed to be limited to a single population on the Mann
and Nymboida Rivers and some tributaries, and the effectiveness of restocking was
uncertain.
The recovery plan identified high priority research areas to fill critical gaps in
the knowledge of the biology of the species including population size and distribution,
habitat requirements and utilisation, reproductive behaviour, movement and genetic
status. Genetic studies, in particular, were recommended to:
i) determine genetic variation and population structure in the wild,
ii) test for the presence of Murray cod M. peelii peelii and Murray-eastern hybrids,
iii) monitor compliance with genetic guidelines in the hatchery, and
iv) ‘assess the effectiveness of existing captive breeding and restocking programs in
maintaining genetic diversity of the wild population’ (NSW Fisheries 2004).
An Australian Research Council linkage grant between NSW Fisheries and
Southern Cross University (SCU) was awarded to support concurrent research on the
distribution, biology, ecology, and genetics of M. ikei. This integrated approach was
expected to provide detailed information derived using different methodologies to
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improve understanding of the species and the threats to its persistence. This thesis
reports on the genetic component of this study, specifically:
•

Resolution of taxonomic uncertainty within the genus Maccullochella, and

•

Examination of issues of conservation concern including genetic variation,
hybridisation, population structure and genetic stocking impact in the eastern
freshwater cod, M. ikei.

6.1

Phylogenetics of the genus Maccullochella

Mitochondrial DNA (1253-bp) was employed to infer the evolutionary relationships
among M. p. peelii, and the eastern taxa Mary River cod M. p. mariensis and M. ikei
using trout cod M. macquariensis as an outgroup. Phylogenetic analyses using
maximum parsimony, maximum likelihood and Bayesian criteria provided strong
evidence for a relatively close relationship between the eastern taxa, a finding that
conflicts with the current taxonomy (Chapter 4). The mitochondrial phylogeny was
corroborated by a nuclear phylogeny derived from allele frequencies at 13 microsatellite
loci, suggesting retention of phylogenetic signal at microsatellite loci among these
closely related species.
The taxonomy of the genus Maccullochella is in need of revision so that it
reflects the evolutionary history of the genus inferred from this study. Cod from the
Mary River system are genetically and morphologically distinct and may warrant
recognition as a distinct species. Further research including more extensive sampling of
M. p. mariensis populations and perhaps crossbreeding experiments is needed to
confirm that taxonomic status of this endangered fish.
The estimated divergence time between eastern populations of Maccullochella
(~ 0.3 my ago), nuclear and mitochondrial divergence, morphological distinctions, and
historical and geographic isolation relative to that between eastern and western (Murray
cod, M. peelii peelii) populations (~ 1.1 my ago) indicate that cod from the Mary River
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system are an evolutionary significant lineage (ESU) requiring separate conservation
management.

6.2

Genetic variation and effective population size

Consistent with the recorded demographic history of M. ikei (sensu Rowland 1993)
including local extinctions and range reduction, genetic variation was significantly
lower compared to that in M. p. peelii and to that reported for freshwater fish in general
(Chapters 3, 4 and 5).
Similarly, heterozygosity and allelic diversity in other endangered taxa M.
macquariensis and M. p. mariensis was < 60% of that in M. p. peelii (Chapter 4).
Although this finding needs to be interpreted cautiously given the small sample sizes
available, particularly for M. p. mariensis, it appears that genetic variation is correlated
with conservation status in Maccullochella as has been reported for many other
vertebrate species (Chapter 1).
Given the small allelic range of microsatellite loci and the separation of most
alleles by a single repeat unit in M. ikei, it is postulated that extant levels of genetic
variation may be partially attributable to an ancient (pre-European settlement)
bottleneck in the species (Chapters 4 and 5). Similar patterns of allelic diversity have
been reported in other species subject to founder effects or prehistoric bottlenecks and
suggests that microsatellite allelic range and distribution of alleles may prove useful in
the discrimination of ancient and recent population bottlenecks.
The determination of effective population size in genetically structured species
is complex. Discordance among contemporary (short-term) estimates for the species M.
ikei (Ne = 26-112) was probably due to violation of the assumptions on which the
estimation methods are based including panmixia and discrete generations.
Contemporary estimates were, however, lower than long-term estimates (Ne = 374-514)
indicating a demographic decline in the species. Furthermore, the effective size of the
species was smaller than that of the sum of subpopulations regardless of the method
used. This finding supports previous predictions for a reduction in effective
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metapopulation size as a result of population subdivision (Wright 1938; Gilpin 1991;
Whitlock 2004; Palstra & Ruzzante 2008). Indeed, population fragmentation may act to
reduce the total effective population size of M. ikei.
Of particular concern is that the size of isolated upstream populations were
estimated to be below the minimum viable population size (Ne = 50) required for shortterm population viability (Chapter 1). The implications are that genetically distinct
populations on the upper Nymboida River, and Guy Fawkes-Sara and Washpool Creeks
may face increased risks of extinction due to genetic effects, in the absence of
immigration (Soulé 1987; Allendorf & Luikart 2007). Recent research suggests that a
low level of immigration into small populations can increase population growth rate and
general fitness by alleviating the effects of inbreeding. This phenomenon has been
termed ‘genetic rescue’ (Tallmon et al. 2004). Translocations of small numbers of
mature fish from downstream populations may be of benefit to isolated upstream
populations of M. ikei.

6.3

Population structure and fragmentation

The null hypothesis of panmixia for the extant population of M. ikei was rejected. High
levels of population structure were detected within the Clarence system. Four genetic
populations identified by Bayesian cluster analysis and F-statistics were highly
differentiated (FST = 0.09–0.59; P < 0.05). Genetically-distinct upstream populations in
two remote tributaries (the Guy Fawkes-Sara Rivers and Washpool Creek) and on the
upper Nymboida River are isolated and have small effective population sizes (Ne < 30).
Assignment tests indicate that gene flow to and among these upstream populations is
minimal.
Genetic divergence is significantly correlated with river distance indicating that
isolation by distance has had a significant influence on population structure in the
Clarence system. This supports recent radio-tracking evidence for restricted movement
in M. ikei that was attributed to the complexity of the river system with dispersal
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between regions of suitable habitat influenced by natural barriers and levels of flow
(Butler, unpublished data).
The unexpected finding of genetic structure in M. ikei has important
implications for the future management of this species. Small, isolated populations that
are genetically-distinct due to recent genetic drift or founder effects are potentially at
risk of inbreeding and extinction (Chapters 1 and 5). Anthropogenic effects (including
habitat alterations, over-fishing, loss of intermediate populations, artificial barriers,
altered flow) can fragment a formerly continuously distributed species and rapid
evolution can occur in subdivided populations particularly if environmental conditions
are heterogenous (Reznick & Ghalambor 2001; Ashley et al. 2003).
Conservation of all genetic populations of M ikei is recommended to maintain
overall genetic diversity within the species. To determine whether genetic populations
are locally adapted and in need of separate conservation management, supportive data is
needed from traits and loci under selection. Alternatively, they may represent fragments
of an historically interconnected species (Mace & Purvis 2008).
An additional issue for consideration is whether the areas of habitat available in
the Guy Fawkes-Sara and Washpool tributaries are large enough to maintain viable
subpopulations, in the absence of immigration in the long-term. Restoration of
connectivity between populations through habitat remediation, maintenance of
environmental flows, reduction in fishing pressure and translocations of individuals
from downstream to upstream sites could be beneficial to the broader conservation
goals of preserving adaptive diversity and reducing extinction risk in this species.
The conservation status of M. ikei as endangered may warrant elevation to
critically endangered under the criteria of the IUCN (IUCN 2001) and the Australian
Environment Protection and Biodiversity Conservation Act (EPBC Act 1999), in light
of evidence for: ‘severe’ fragmentation; a recent decline in genetic variation and small
effective population size (Ne < 50 based on three of four estimation methods) in the
largest remnant subpopulation; small and isolated subpopulations; and restricted area of
occupancy.
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6.4

Implications of population structure for captive breeding
programs

The largest remnant population of M. ikei, on the lower Nymboida and Mann Rivers
(Ne = 35–87) had the highest contemporary levels of genetic variation and showed
evidence of population admixture, suggestive of cumulative gene flow from upstream
populations or a relatively high survival rate of stocked fish.
A significant decline in genetic variation (>20%) in contemporary relative to
historic samples collected prior to the commencement of stocking was detected in this
population. While the cause of this decline cannot be proven definitively, several lines
of evidence suggest that fragmentation, concomitant with the documented historical
population crash of the early 1900s, and subsequent supportive breeding (stocking) may
be responsible (Chapter 5).
Bayesian cluster analysis of hatchery fingerlings collected from the private
hatchery indicates that they were derived from a mixture of parental stock sourced
primarily from upstream (upper Nymboida River) and downstream (lower NymboidaMann Rivers) populations. Hatchery samples were significantly differentiated from all
wild populations and levels of genetic diversity and effective population size in the
hatchery were reduced in comparison to the downstream population. Moreover,
temporal shifts in allele frequencies were consistent with a proportional increase in the
contribution of upstream genotypes to the downstream population.
The effects of fragmentation including small effective population size and
downstream migration from genetically-distinct M. ikei populations, may have
contributed to the decline in genetic variation in the largest population. However, the
impact of these effects alone is considered unlikely to have caused a > 20% decline in
genetic variation over two generations, given the low levels of immigration detected,
suggesting that genetic swamping with hatchery fingerlings has contributed (Chapter 5).
Anthropogenic habitat fragmentation is an increasing phenomenon worldwide.
This is one of few empirical studies to show a loss of genetic variation attributable to
anthropogenic activities (Nielsen & Hansen 2008, and references therein) and serves as
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a warning that the inadvertent selection of parental stock from fragmented population
can cause declines in genetic variation in captive populations and in the wild, contrary
to the goals of supportive breeding programs.

6.5

Management Recommendations

This project, which was supported by an Australian Research Council grant, was
concurrent with other research projects on the distribution, biology and conservation of
M. ikei. These studies have added significantly to the knowledge of this endangered
species (Pollard et al. 2002; Butler & Rowland 2008, 2009; Butler 2009; this thesis) and
will provide a basis for future conservation management of M. ikei and other
Maccullochella species.

The following recommendations for research and management will mitigate extinction
risk and facilitate the conservation of freshwater cod in eastern Australian drainages.

1) Prohibit the translocation of cod between the Murray-Darling Basin (M. p. peelii and
M. macquariensis) and the coastal southeast Queensland (M. p. mariensis) and northeast
NSW (M. ikei) drainages to minimise the chance and risks of hybridisation (e.g. loss of
reproductive potential) and to retain the genetic integrity of evolutionary significant
units that are the major components of genetic diversity within the genus
Maccullochella.

2) Determine population structure and genetic diversity in M. p. mariensis, including
the remnant population in the Mary River system and all hatchery and stocked
populations.

3) Implement a hatchery breeding program for M. ikei using brood stock sourced from
all genetic populations to produce fingerlings for the re-establishment of viable
populations in the Richmond system, and the Orara and Clarence Rivers. In light of the
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apparent low success of previous stocking programs, stocking sites should be carefully
selected on the basis of quality of habitat, including availability of spawning substrate
and sites (see Butler & Rowland 2009), water quality, and limited accessibility to
anglers. Habitat restoration may be necessary if viable populations of M. ikei are to be
re-established across the species’ original range, particularly on the Clarence and Orara
Rivers and in the Richmond system.

5) Restore connectivity between isolated populations of M. ikei in the Clarence system.
This is a challenging task, and numerous strategies will undoubtedly be needed,
including:

(a)

maintenance of environmental flows;

(b)

installation of a fish ladder on the Nymboida Weir to facilitate upstream
dispersal of M. ikei and other species in the Nymboida River;

(c)

translocation of small numbers of mature adults from the downstream
Nymboida-Mann population to small, isolated tributary populations on the Guy
Fawkes and Sara Rivers and Washpool Creek in order to mitigate the effects of
inbreeding and small population size in these areas;

(d)

a prohibition on fishing in the Clarence system prior to and during the M. ikei
breeding season (July to November) to facilitate pre-spawning dispersal and
protect breeding adults.

6) Monitor the genetics of M. ikei populations to assess the success of future
conservation management strategies, including stocking and translocations where
appropriate.
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6.6

Conclusion

Fragmentation has played a significant role in the proliferation and loss of genetic
variation in Maccullochella over the past million years. The current distribution of the
genus east of the Great Dividing Range is the result of Pleistocene dispersal and
vicariant events, and more recent human-induced extinctions, range reductions and
population fragmentation. The pattern of genetic variation among remnant populations
of M. ikei is consistent with restricted dispersal and isolation by distance. It is likely that
human activities including habitat alterations, overfishing and stocking have acted on
and amplified the effects of these natural processes to the detriment of the species.
Extant populations of M. ikei are small, isolated and genetically-distinct. This study
suggests that the consequences of fragmentation and subsequent population admixture
in the hatchery used for supportive breeding of M. ikei were reduced genetic variation in
captivity and in the wild, and demonstrates the potential impact of unrecognised
population structure on the success of captive breeding programs and the management
of threatened species.
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Appendix
Table A.1
,'-./012$33'2$!133$3$!4.$56$%-'$0!4/.!!"##$%%&#'(%%"!21(17!
)
M. p. peelii
Locus
1F

M. ikei

M. p. mariensis

M. macquariensis

Allele
290
292
294
296
298
300
304
306
308
322
324
328

0.13
0.76
0.04

317
327
329
331
333
335
337
339
341
343
347
349
351
357
367
371
379

0.04
0.22

0.70

0.03
0.25
0.05

0.30
0.44
0.28

0.90
0.06
0.04
0.01
0.02

2B
0.72
0.28

0.06

0.28
0.01
0.07
0.09
0.01
0.12
0.02
0.01
0.01
0.02
0.02

0.01
0.12

0.60
0.40

B9
190
196
198

0.77
0.23

1.00

1.00

0.97
0.03

C1
86
92
94
106
110
114
116
118
120
124
126
128
130
132
134
138
140
144
146
150

0.03
0.84
0.13
0.03
0.01
0.37
0.09
0.04
0.01
0.06
0.10
0.01
0.13
0.08
0.04

0.10
0.20

0.10
0.09
0.16
0.26
0.06
0.32
0.01

0.01

0.10
0.10

0.20

0.20
0.10

0.01

)*+!
!

!

"##$%&'(!

!

!

!
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Table A.1 cont’d
M. p. peelii
Locus
C4

M. ikei

M. p. mariensis

M. macquariensis

Allele
263
271
273
279
281
283
285
287
289
291
293

0.05
0.69
0.24

0.30

0.01
0.02
0.02
0.64
0.06
0.20
0.05
0.02

0.10

0.53

0.30
0.30
0.38
0.06
0.03

D10
206
208
212
214
216
218
220
222
224
228
230
232

0.30

0.50
0.50

0.30
0.70

0.70
0.02
0.22
0.26
0.11
0.04
0.24
0.06
0.01

1.00

D5
131
143
145
147
153
155
163
165
167

0.01
0.19
0.63
0.12

0.38
1.00
1.00
0.19
0.31
0.13

0.05

G7
233
237
239
241
245
249
255
261
263
265
267
269
271
273
275
279
281
283
285
287
289

0.06
0.50
0.38
0.06
0.01
0.05
0.04
0.30
0.08
0.02
0.04
0.31
0.02
0.02

0.20
0.13
0.03
0.63

0.02
0.04
0.01
0.01
0.01
0.02

)*+!
!

0.70
0.30

!
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Table A.1 cont’d
M. p. peelii
Locus
2F

M. ikei

M. p. mariensis

M. macquariensis

Allele
429
431
433
435
443
445

0.34
0.47
0.05

1.00

0.22
0.72
0.06

5F
335
341
343

1.00

1.00

0.66
0.34

1.00

9F
310
316
318
320
322
324
326
330
332
334
336
338
340
342
346
348
350
356
358

0.01

273
275
277
279
281
283
285
291
295
299
301
305

0.01
0.06
0.05

1.00
0.01
0.22
0.06
0.24
0.05
0.10
0.02
0.04
0.04
0.02
0.06
0.12
0.02
0.01
0.01

0.10
0.90
0.30
0.55
0.11

9H

1.00

1.00

0.09
0.60
0.20
0.09
0.31
0.25
0.06
0.28

1D
119
121
123
125
131
137
139
141
147
149

0.47
0.53
0.04
0.05
0.47
0.01
0.24
0.04
0.14

1.00

!

)*+!
!

0.50
0.50

!
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Table A.2
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Table A.3
+',-./01$22'1$!022$2$!3-$45$%,'$/!3.-!1$6#.-02!0%&!701,7$-8!/06#2$/!.3!!"##$%%&#'(%%")*+(*9!!
:'/1.-',02!;<=+>:?!0%&!,.%1$6#.-0-8!;<=+>@?!/06#2$/!A$-$!,.22$,1$&!3-.6!0!BC!D6!/1-$1,7!!
.3!17$!2.A$-!=86E.'&0>+0%%!-'F$-/G!0%&!3'%H$-2'%H!/06#2$/!A$-$!,.22$,1$&!3-.6!17$!701,7$-8!'%!CIII!;:II?!0%&!
CIIJ!;:IJ?9!K-'F01$!;5%'45$!022$2$/?!0-$!/7.A%!'%!E.2&9!
!
!
Population
LNM-H
Locus
1F

LNM-C

H00

H03

Allele
300
306
308

5.00
72.50
22.50

2.00
78.00
20.00

335
337

95.00
5.00

99.00
1.00

120
124
126
128
130
132
136
138
140

2.63
2.63
10.53
7.89
39.47
7.89
2.63
23.68
2.63

1.00
13.00
4.00
39.00
5.00
1.00
32.00
5.00

279
281
285
287
289
291

2.78

1.00

55.56
27.78
13.89

66.00
23.00
6.00
4.00

17.50
61.25
11.25
6.25
3.75

4.65
69.77
8.14
17.44

208
210
212

62.50
7.50
30.00

60.20

76.25

39.80

23.75

48.84
8.14
43.02

267
269
271
273
275
283

30.56
5.56
5.56
13.89
41.67
2.78

16.67
5.21

14.10
6.41

14.29
8.33

3.13
72.92
2.08

79.49

76.19
1.19

326
334
336
338
340

15.38

3.57

10.53
47.37
34.21
7.89

24.36
52.56
7.69

32.14
48.81
15.48

87.50
12.50

89.53
10.47

100.00

100.00

2B

C1
1.16

1.25
18.75
17.50
56.25
6.25

3.49
3.49
26.74
24.42
1.16
36.05
3.49

C4

D10

G7

9F

26.53
57.14
16.33
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Table A.4
,'-./012$33'2$!133$3$!4.$56$%-'$0!4/.!7$%$2'-!#/#6312'/%0!/4!!"##$%%&#'(%%")*+(*!4./8!29$!3/:$.!;<8=/'&1>,1%%!?@;,AB!
6##$.!;<8=/'&1!?;CDAB!E6<!F1:G$0>H1.1!?EFHA!1%&!I109#//3!?I"HAJ!@/-13'2'$0!1.$!09/:%!'%!F'7J!KJKJ!
!
!
Population
LNM
Locus
1F

NYU

GFS

WAS

100.00

Allele
300
306
308

1.64
78.28
20.08

1.04
95.31
3.65

7.41
90.74
1.85

335
337

99.21
0.79

99.48
0.52

59.62
40.38

120
126
128
130
132
134
136
138
140

2.36
12.60
4.72
45.28
3.94

1.58
0.53
4.21
2.63
20.53

7.41

0.79
21.65
8.66

2.11
66.32
2.11

279
281
283
285
287
289
291
293

0.40
0.79

2B
100.00

C1
55.00
10.00
92.59
35.00

C4

60.71
17.46
16.27
4.37

8.95
1.05
74.74
3.16
9.47
2.63

40.74
5.56
53.70

15.00
75.00
10.00

D10
208
210
212

65.48
1.59
32.94

56.84

75.93

43.16

24.07

100.00

267
269
273
275
283

10.80
2.00
6.00
70.40
10.80

16.32
16.32
2.63
64.21
0.53

35.19

25.00

64.81

75.00

326
336
338
340

1.98
28.57
54.76
14.68

20.10
29.90
46.39
3.61

24.07
14.81
61.11

5.00
95.00

G7

9F
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