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SUMMARY

The freshwater fish fauna of southern Australia is characterised by low species richness and high
endemism in groups displaying southern temperate, temperate-subtropical or temperate-tropical
distributions. Comparatively few studies in Australia have incorporated modern molecular
techniques to delineate species boundaries and define within-species conservation units. This is
problematic because freshwater fishes are likely to show high levels of cryptic speciation and
marked spatial sub-structure, and is information which is needed to conserve biological diversity
and maintain the integrity of ecological communities and processes. The current study uses a
‘combined evidence’ approach, led principally by a set of nuclear genetic markers (allozymes), to
assess species boundaries, spatial sub-structure and conservation units in obligate freshwater

fishes from southern Australia.

A literature review (Chapter 2) concerns the nature and effects of fragmentation in freshwater
environments. It considers the implications for freshwater fishes and the types of extrinsic and
intrinsic characteristics, both natural and human accelerated, that might drive population
fragmentation and divergence. This theoretical framework is then applied to a suite of six largely
co-occurring species groups with contrasting biological characteristics, and derive hypotheses

about expected levels of genetic divergence across and within different drainages.

Major findings

Species of Retropinna (Chapter 3) are widespread and generally regarded as ‘common’ and
mobile. Allozyme analyses revealed species-level and population-level sub-divisions, including
five distinct species with contiguous ranges and no evidence of genetic exchange. Three occur
along the eastern seaboard (including three instances of sympatry), another in coastal and inland
southeastern Australia and Tasmania, and a fifth in the Lake Eyre Basin. There is no indication of
a simple ‘tasmanica’ versus ‘semoni’ dichotomy, but instead a complex pattern involving
discrete clusters for the Upper Murray plus Darling rivers, Lower Murray, Glenelg River and
Tasmanian regions. These findings have implications for biodiversity, conservation and ecology.
This chapter has been published in modified form (Marine and Freshwater Research 58, 327-
341).

Nannoperca obscura (Chapter 4) is a small demersal fish with specialised habitat requirements. It
is under threat of extinction, particularly in the western section of its range. Combined nuclear

and matrilineal genetic data identified congruent within-species sub-structure, divided by patterns
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of distribution and biogeography. Four monophyletic mtDNA lineages, each distinct at multiple
nuclear loci, indicate four Evolutionarily Significant Units (ESUs), namely (1) Lake Alexandrina
in the Murray-Darling Basin (MDB), (2) Glenelg River, Millicent Coast River Basin and the
outlying Mt Emu Creek, (3) Merri River and associated coastal streams, and (4) the eastern range
section. Additional genetic and ecological data support multiple Management Units (MUs) within

ESUs for individual or groups of river basins separated by marine barriers.

Nannoperca australis (Chapter 5) has a similar character to its aforementioned congener, except
that it occurs across a much wider area. Although generally common, particular populations are
threatened, especially in the MDB. Allozyme analyses of 57 populations confirm the presence of
two divergent species, with an eastern species containing two ESUs: (1) Gippsland and Flinders
Island, and (2) Ansons River in northeastern Tasmania. The western species shows sub-structure
across its range, including a separation of MDB and coastal populations as two heterogenous
ESUs. The Lower Murray region (Mount Lofty Range streams and the Lower Lakes) harbours a
remarkable level of between- and within-population diversity, underscoring its importance for

conserving evolutionary potential.

Mogurnda adspersa (Chapter 6) has been presumed extinct in South Australia since the early
1970s and has also been assumed lost from the southern MDB. This chapter reports on the
rediscovery of M. adspersa from a wetland near the terminus of the Lower Murray, some 2500
river kilometres from the nearest known population. The nature and basic ecology of this
population is documented, but the combined effects of drought and water abstraction recently
have led to the probable extirpation of the wild population. A combined allozyme and mtDNA
dataset confirmed the ‘nativeness’ of the population as a distinct sub-population (and MU), with
a moderate level of allele heterogeneity. This information provides a platform for captive

breeding as a conservation measure.

The endemic genus Philypnodon (Chapter 7) contains two nominal species: P. grandiceps and
the long recognised but only recently described P. macrostomus. The former is considered
widespread and common (near ubiquitous), whereas the latter is more patchily distributed. Some
tolerance to marine conditions is indicated, suggesting that there may be less sub-structure, but
allozyme analyses of 269 individuals indicate the presence of multiple, species-level taxa within
both described species. This obscures interpretations of existing ecological data. Although the
presence of genetically-similar populations within and across some drainage divides indicates
higher levels of gene flow, the pattern is complex and suggests historic genetic exchange between

some but not other geographically-adjacent taxa.




The freshwater blackfish genus Gadopsis (Chapter 8) has been a problem group for taxonomists,
and it is unclear where the group is placed phylogenetically and how many species occur.
Northern and southern forms on respective sides of the Great Dividing Range have been
proposed, but with limited supporting evidence. Its dispersal ability (hence predicted genetic
structure) is obscured by opposing life-history traits, including large body size (i.e. good
swimming ability) versus habitat specialisation, demersal larvae and restricted home ranges. This
chapter provides a genetic overview incorporating 61 locations across the range, and
demonstrates unequivocally the presence of distinct northern and southern species of G.
‘marmoratus’. Moreover, distinct genetic discontinuities involving geographically abutting
lineages indicate the likely presence of multiple ESUs within each species. A comparison of the

allozyme data with previous mtDNA studies also identified two ESUs within G. bispinosus.

Overall, considerable complexity is demonstrated signalling the need for a review of how the
southern Australian fish fauna should be viewed, studied and protected. The genetic data also
provide insight into the interplay of intrinsic biological characters (e.g. dispersal ability,
population ecology) with historic and contemporary extrinsic environmental factors (e.g.
fragmentation, biogeographic processes). Comparisons between and within traditionally-defined
species are problematic, however, owing to multiple species-level splits and other genetic
divisions that may have matching biological counterparts. Together with other reports in the
literature, the findings presented herein have significant conservation implications, particularly
given the rapid pace of human-mediated change in some regions that house high species and
genetic diversity and unique evolutionary components, notably southeastern Queensland
(especially the Mary River) and the lower River Murray in South Australia. Other regions
displaying high genetic substructure or divergent populations include the Clarence River and
Lachlan River in New South Wales; Gippsland, Goulburn River, Glenelg River and Mt Emu

Creek in Victoria, and the Macquarie River and Ansons River in Tasmania.
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Chapter 1: Introduction

1. INTRODUCTION

1.1. MOLECULAR SYSTEMATICS AND SPECIES CONSERVATION

Molecular genetic techniques offer insights into a variety of sub-disciplines in biology, including
systematics, comparative evolution, conservation, ecology, animal husbandry, and embryonic
development (Avise 2004). This thesis is concerned primarily with the role of these techniques in
systematics and conservation, specifically the examination of genetic variation characterising
entities and affinities within the evolutionary hierarchy: phylogenetic relationships, species
boundaries, within species sub-structure, and heterogeneity within populations (i.e. the full gamut

of biological diversity, hereafter ‘biodiversity”).

Molecular genetic information is a valuable supplement to taxonomic studies, especially in little
studied or morphologically conservative groups (e.g. Bickford et al. 2006; Buhay et al. 2007); it
is central to modern biogeographic analyses (Avise 2000), and provides understanding of
biological process such as dispersal and gene flow, both natural and anthropogenic (e.g. Moritz
2002). Molecular techniques are also capable of identifying diverging evolutionary trajectories,
within species variation or sub-division, and the within-population elements that support future
adaptation (Moritz et al. 1995; Avise 2004). Importantly, spatial genetic information often
provides a contrasting perspective to that of existing species recovery planning, since the latter
may undervalue or overemphasise the evolutionary significance, and hence conservation value,
of particular regional populations (e.g. Firestone et al. 1999). Consequently, a genetic framework
provides a foundation for assessing conservation units and priorities (Vogler and Desalle 1994;

Moritz et al. 1995; Soltis and Gitzendanner 1998).

There is no straight-forward method for recognising species boundaries. Some key issues involve
how to address ‘fuzzy’ species boundaries and speciation in allopatry, how to accommodate
hybridization and introgression, and the mismatch of genes and genealogy (e.g. through gene
duplication, incomplete lineage sorting, horizontal transfer: Avise 2004). Such issues drive
debate between advocates of biological, phylogenetic, evolutionary and other species concepts,
with the choice of species concept influencing many aspects of biodiversity research (see for
example Agapow ef al. 2004). A full review is beyond the scope of this study, although there
must be a decision on operational criteria for species assessments. The view followed here is that
combined lines of genetic, morphological and biological evidence offer the best chance of
identifying robust and diagnosable species (Adams ef al. 1987; Sites and Marshall 2004; Page et
al. 2005; Horner and Adams 2007).




Defining spatial scale and criteria for the identification of conservation units has proved
controversial, in part due to contrasting regional socio-political contexts (e.g. threatened species
legalisation: Wood and Gross 2008), but also reflecting differing attitudes on what biological
and/or genetic criteria ought to be employed (see Crandall et al. 2000). Nevertheless, most
researchers employ some variant of two basic concepts, namely Evolutionarily Significant Units
(ESUs) and Management Units (MUs), with the most widely adopted genetic criteria being those
proposed by Moritz (1994; 2002). These genetic criteria (ESUs = reciprocal monophyly of
mitochondrial DNA (mtDNA) haplotypes plus statistically-significant differences at nuclear gene
loci; MUs = differences in frequency of nuclear or MtDNA alleles) are among the most stringent
proposed, and conservation units thus identified will also merit recognition under less demanding
definitions. They therefore represent a convenient starting point for any initial conservation

genetic assessment and platform for combination with any morphological and ecological data.

1.2. PAST AND PRESENT SOUTHERN AUSTRALIA

Southern Australia, the landmass and islands south of latitude 25°S (Figure 1-1), is a broad (c. 4
million km?), naturally-divided landscape that has undergone considerable anthropogenic
alteration. It is an ideal region for biodiversity assessment and applying conservation

frameworks.

An excellent review of the history and formation of aquatic habitats in southern Australia is
provided in a biogeographical analysis by Unmack (2001). The landscape has been remarkably
stable, with most of the major landforms and drainages established by the Tertiary (e.g. the last
uplift of the Great Dividing Range (GDR) was complete by c. 90 Mya). Landforms also have
been relatively stable, due to limited glaciation and volcanism. Changes in climate have had
pronounced effects, such as the effective division of southeastern and southwestern Australian
due to increasing aridity 16-14 Mya. However, changes in sea level are possibly the most
pervasive recent phenomena to affect habitat availability. The region has experienced major
fluctuations in sea level, with prominent areas such as the lower Murray region being inundated
during highs (c. 5 Mya), sea water barriers maintained during intervening periods (e.g. current
separation of mainland Australia and Tasmania), and potential points of drainage coalescence
exposed during lows (e.g. during glacial maxima every 100-150 Ky, the last occurring 16 Kya)
(Figure 1-2). Finally, the localised evolution of drainage systems or flow paths is likely to have

shaped patterns of between- and within-system connectivity.
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The modern organisation of surface water systems follows a broad hierarchy of major drainage
divisions which represent collections of river basins (AWRC 1976). River basins themselves
either represent large and defined systems (e.g. Glenelg River, Basin 38) or groups of small
proximate catchments grouped arbitrarily for simplification (e.g. Surrey, Fitzroy, Shaw and
Moyne catchments, Basin 37). Eleven drainage divisions and 46 river basins occur wholly or
partly in southern Australia (Figure 1-1). The Murray-Darling Basin (MDB) is the largest
drainage division contained wholly in the region, covering more than 1 million km?. It is bounded
by the GDR and smaller features including the Mount Lofty Ranges (MLR) in the west (Figure
1-3). The MLR are a long-established topographic outlier (Twidale 1976) at the terminus of the
MDB, drained by streams flowing towards the lower River Murray or Lake Alexandrina.
Unmack (2001) proposes the grouping of river basins as freshwater fish biogeographical

provinces (Figure 1-2) (see Discussion).

The current climate across southern Australia is mostly temperate, but can vary regionally,
reflecting its area and latitudinal span. Spatial variability is matched by strong seasonal
variability of a mostly Mediterranean climate, and interannual fluctuations due to broader
climatic cycles from El Nifio events, positioning of subtropical high pressure ridges and the
episodic infeed of tropical moisture from the north. Seasonal, winter-dominated rainfall is
concentrated along the GDR, MLR, Tasmania and in the southwest, with most of the Murray-
Darling Basin lowlands becoming drier towards the north and centre (Figure 1-4). Median annual
rainfall is up to 2500 mm in western Tasmania, but is mostly less than 800 mm across the region.
Spatial and temporal variability in rainfall (or evaporation) dictate that patterns of stream flow

also are highly variable (e.g. Walker ef al. 1995).

The arrival of Europeans about 200 ya and subsequent human industry have had dramatic effects
on the landscape and rivers of southern Australia. Few catchment areas are excluded from
significant water use, infrastructure-related changes to habitat, and indirect effects from land use.
An example is the River Murray, part of Australia’s largest river system and with a highly-
modified flow regime (Walker 1985; Walker and Thoms 1993; Maheshwari ef al. 1995). Another
is the Blackwood River in the southwest, which is affected by salinisation as a result of land
clearance (Schofield and Ruprecht 1989). The introduction of alien fishes is also a widespread

threat (Arthington 1991; Lintermans 2004; Morgan ef al. 2004; Olden et al. 2008).




1.3. AUSTRALIA FISHES AND MOLECULAR STUDIES

The definition of what constitutes a ‘freshwater’ fish varies among authors. From 160 to 300
species have been recorded from Australian freshwater environments (cf. Unmack 2001; Allen et
al. 2002). The lower of these figures represents species restricted entirely to life inland (obligate
freshwater fishes), and the larger captures euryhaline species plus others with certain life stages
that occur only in fresh water (diadromous fishes) (sensu Hammer and Walker 2004). In either
case, the list of formally accepted species in Australia has remained relatively stable over the last
20 years. The greatest change has involved taxonomic revisions identifying 10 additional species
in central Australia (Mogurnda, Chlamydogobius, plotosid catfishes: Larson 1995; Allen and
Feinberg 1998; Allen and Jenkins 1999), plus a few discoveries in the tropical north (e.g.
Bloomfield cod Guyu wujalwujalensis and cling-gobies Stiphodon and Sicyopterus spp.: Pusey
and Kennard 2001; Allen ef al. 2002). In southern Australia, the last additions occurred in the
1980s: the variegated pygmy perch Nannoperca variegata was discovered in Ewens Ponds and
the Glenelg system (Kuiter and Allen 1986), and the two-spined blackfish Gadopsis bispinosus
was described from MDB highlands (Sanger 1984). Taxonomic complexity has been confirmed
in the eleotrids, partially resolved with the eventual description of the dwarf flathead gudgeon
Philypnodon macrostomus (Hoese and Reader 2006), but remaining for Hypseleotris (Larson and

Hoese 1996; Bertozzi et al. 2000).

Southern Australia has a small but unique complement of obligate freshwater fishes, dominated
by a few families, namely Percichthyidae, Galaxiidae and Eleotridac (McDowall 1996a; Unmack
2001; Allen et al. 2002). Three primary groups occur:

(1) Southern endemic obligate freshwater species including the pygmy perches (genus
Nannoperca), other larger percichthyids (Gadopsis and most species of
Maccullochella and Macquaria), several galaxiids (notably Galaxiella) and the unique
salamanderfish Lepidogalaxias salamandroides,

(2) Species with temperate to subtropical (e.g. Retropinna, Maccullochella peelii
mariensis, Macquaria ambigua complex, Philypnodon) and sometimes tropical (e.g.
Nematalosa erebi, Tandanus tandanus, Mogurnda adspersa) distributions, and

(3) Temperate diadromous species including lampreys, anguillid eels and numerous
galaxiids.

With respect to conservation status, the regional fish fauna includes significant numbers of
threatened species or regional populations (Koehn and Morison 1990; Pollard et a/. 1990; Wager
and Jackson 1993; Hammer et al. 2007a).
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Molecular tools have yet to play a significant role in refining Australian freshwater fish
taxonomy (cf. Allibone et al. 1996; Kocher and Stepien 1997; Johnson ef al. 2004). While there
is a growing literature of molecular studies, the identification of species boundaries has not been
at the forefront of most assessments (see however, Crowley and Ivantsoff 1990; Musyl and
Keenan 1992; Rowland 1993; Bertozzi ef al. 2000). Many phylogeographic studies nevertheless
have revealed deep divergences (Watts ef al. 1995; Hurwood and Hughes 1998; Page et al. 2004;
Wong et al. 2004; Thacker et al. 2007; Jerry 2008), demonstrating the likely presence of cryptic
taxa and the need for broad-scale molecular systematic investigations. Similarly, population
genetic studies have largely focused on narrow regional or theoretical issues, with only secondary
consideration of conservation units. Nevertheless, high levels of sub-structure have been
observed in most obligate freshwater species (e.g. Hughes ef al. 1999; McGlashan and Hughes
2002; Faulks et al. 2008).

The existing regional coverage of molecular studies is biased toward the east coast of Australia,
and the few studies on southern endemics are constrained, as above (e.g. Ovenden et al. 1993;
Watts et al. 1995; Smith et al. 2002). Other applications of molecular studies in the region
include identification of hybridization, confirmed by nuclear genetic markers (Douglas et al.
1995; Jerry and Woodland 1997; Bertozzi et al. 2000), fine-scale assessment of gene flow (Cook
et al. 2007), and forensic-like investigations to identify native compared to translocated

populations (Waters et al. 2002b).

1.4. STUDY OVERVIEW

As naturally-divided and often restricted environments, freshwater habitats are further segregated
by the spatial and temporal variability created by complex flow regimes and physical and
biological isolating mechanisms (see Chapter 2). Accordingly, opportunities for isolation and
diversification are increased, and freshwater biota such as fishes often show high biodiversity
(Nelson 1994; Ward et al. 1994) which can remain undocumented (e.g. Mulvey et al. 1997;
Hanken 1999; Lundberg ef al. 2000). In these circumstances, distinct units may be overlooked,
and their survival prejudiced (e.g. Austin and Ryan 2002; Ferguson 2004; Johnson et al. 2004).
Moreover, this richness of species and conservation units is disproportionately threatened by
intensive human industry focused around or utilising fresh water (Allan and Flecker 1993; Poff et
al. 1997; Cambray and Bianco 1998; Ricciardi and Rasmussen 1999). The combination of high
levels of diversity and threats suggest that freshwater environments in southern Australia have a
special need for genetic assessments aimed at identifying distinctive components. The virtual
lack of regional molecular systematic studies of species boundaries, conservation units and

general population genetic structure is another motivation for a dedicated study.




Studies to document species boundaries and conservation units ultimately rely on the local
geopolitical framework to acknowledge and enact upon findings. In the Australian context, much
activity already exists with regard to biodiversity conservation (i.e. Federal, State and community
threatened species programs/legislation). Natural resource management has a focus on fishes as part
of ecosystems and as indicators and icons for ecosystem function or health (e.g. Harris and Silveira
1999; Humphries and Lake 2000; Kennard ef al. 2006), supported through a net of regional bodies
and other programs (notably including the MDB Native Fish Strategy: MDBC 2003). Significant
work has also occurred to improve ecological understanding of local fishes (e.g. McDowall 1996a;

Morgan and Gill 2000; Pusey et al. 2004; Lintermans 2007; McNeil and Hammer 2007).

The objective of this study is to conduct inclusive and holistic molecular studies on a range of
single species, as currently defined, to allow a more complete recognition of aquatic biodiversity,
confident assignment and collection of ecological data, and frameworks for conservation and
management. This approach will facilitate a second focus, the examination of extrinsic
environmental and intrinsic biological factors affecting historic and contemporary gene flow and

fragmentation, including a comparative element across different species.

The technique of allozyme electrophoresis is ideally suited to the characterisation of genetic
variation above and below the species level. Allozymes have the advantage of providing rapid,
multi-locus assessment of nuclear genetic characters, and have particular utility in detecting
instances of hybridisation (Richardson ef al. 1986). The general method is to source
comprehensive collections across the range of each chosen species, genotype individuals for a large
suite of nuclear loci (allozymes) and, where possible, cross reference the allozyme analyses with a
complementary mtDNA dataset. Major genetic groups within allozyme data will be used to identify
diagnosable taxa (cf. evolutionary species in allopatry and biological species in sympatry), as the
platform for other evidence to assign species. Sub-groups (lineages) within taxa, and divergent sub-
populations or population groups, then form the operational criteria for assessing the nuclear

genetic component of ESUs and MUs, respectively.

The thesis includes an initial literature review that establishes a framework for the selection of
study species (Chapter 2), a series of data chapters individually focused on species with contrasting
intrinsic biological characteristics (Chapters 3-8), and a general discussion summarising the key
themes of the study, namely taxonomy, genetic sub-structure, biogeography, ecology, and
conservation (Chapter 9). The data chapters are presented in manuscript format, allowing for ready
preparation and submission (e.g. Hammer et al. 2007b). The Appendices contain additional
molecular data and includes two complementary papers contributing to an improved understanding

of fish biodiversity in southern Australia (Hammer and Walker 2004; Hammer 2006b).
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Figure 1-3. Topography of Australia including major features referred to in the text (base layer ©
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Figure 1-4. Indicative summer and winter rainfall in southern Australia, highlighting general
aridity and pronounced seasonality (base layer © Geoscience Australia 2004).




Chapter 2: Review

2. LITERATURE REVIEW

Habitat fragmentation and the conservation of freshwater fishes

2.1. INTRODUCTION

Habitat fragmentation is universally recognized as a process threatening biodiversity, and there is
a voluminous literature on the nature, extent and effects of the process in global terrestrial
environments (e.g. Wilcox and Murphy 1985; Saunders et al. 1991; Young and Clarke 2000;
Davies et al. 2001). A reader could be forgiven, however, for assuming that the phenomenon is of
little or no consequence in marine and freshwater environments. This neglect is particularly
evident in the conservation biology literature, which includes comparatively few references to
aquatic systems (Irish and Norse 1996; Ricciardi and Rasmussen 1999; Hixon et al. 2001; Abell
2002). Such an environmental bias potentially limits holistic treatment of threats to biodiversity
and the understanding of ecological patterns (Allan and Flecker 1993; Cambray and Bianco
1998; Fagan et al. 2002).

This review invokes the concepts of conservation biology to analyse declines in freshwater
organisms, particularly of fishes. Freshwater fishes are of special interest in the current context
because a comparatively large proportion of the world fauna is conservation listed, they respond
to changes in aquatic habitats and are good indicator species, and they are iconic species for the
conservation of freshwater systems (Angermeier 1995; Bruton 1995; Harris 1995; Ricciardi and
Rasmussen 1999; Jackson et al. 2001). The review outlines the nature of fragmentation in the
environment generally, and freshwater systems in particular, then applies this conceptual

framework to freshwater fishes.

2.2. FRAGMENTATION OVERVIEW

Fragmentation is the process of separating one formerly continuous entity into discrete parcels. It
has ramifications in social, economic and environmental terms. In an environmental context,
fragments are remnants of a formerly continuous habitat, surrounded by a matrix of altered
habitats, and are distinct from islands or new features of the landscape (Davies et al. 2001;
Watson 2002). Fragmentation may be cyclic or largely irreversible, and may occur at any
spatiotemporal scale. In undisturbed environments, it is implicated in the origins, history and
form of landscapes, biota and ecosystems. Natural divisions can arise from global events such as
glaciation, continental separation and climate change (e.g. Moritz ef al. 1997) or localised

features such as fire or rivers bisecting a landscape (e.g. Wright 1974). In recent evolutionary




time, the biological and cultural ascent of Homo sapiens has introduced a potent new force with
the ability to divide habitats and populations, causing massive environmental changes within
relatively short periods of time. The best-documented examples of anthropogenic fragmentation
relate to land clearance, while other forms of agricultural and urban development have partitioned
once-continuous terrestrial landscapes (e.g. Whitemore 1997; Kemper et al. 2000; Young and
Jarvis 2001). The effects are progressive, cumulative and complex (Debinski and Holt 2000).
Fragmentation isolates remnants and imposes external influences on fragments. In the following
selective review, the ecological consequences of fragmentation are viewed in terms of these two

key elements, leading to discussion of freshwater environments.

Isolation

Isolation is driven by the formation of hostile intervening habitats or other physical barriers
preventing the dispersal of organisms between fragments (thus, habitat fragmentation can lead to
population fragmentation). Accordingly, isolation promotes divergence between remnants, leaves
fragmented biota vulnerable to insular effects, restricts distribution to particular areas
(geographic fixation) with unavoidable exposure to deleterious conditions (e.g. diminishing
resources, drought, climate change), and limits opportunities for recolonisation from other areas,
particularly for small fragments and populations (MacArthur and Wilson 1967; Caugley 1994;
Holsinger 2000).

In contrast to the natural rates of ecological, behavioural and genetic divergence which occur as a
result of isolation, the rate and extent of recent habitat destruction and geographic fixation leaves
species with little opportunity to adjust and adapt to new environmental conditions. Man-kind
continues to divide landscapes into ever finer portions at rates measurable in decades or even

years (e.g. Hobbs and Hopkins 1990; Ehrlich 1993; Skole and Tucker 1993).

The degree of isolation imposed by fragmentation, and the consequent exposure to deleterious
conditions, is usually species specific, being influenced by factors such as their initial spatial
distribution and abundance (Davies et al. 2000; Fagan et al. 2002), habitat needs (Boswell et al.
1998), mobility (determined by specific intrinsic characteristics such as size), trophic position
and biological interactions, dispersal method and behaviour (e.g. Davies et al. 2000; Biedermann
2003; Hausner et al. 2003; Driscoll and Weir 2005). Idiosyncratic responses however, also imply
a degree of interaction between species traits and environmental conditions (Henle et al. 2004),
landscape spatial configuration (e.g. suitability of transport routes, threats in external areas, the
degree of isolation and arrangement of fragments) and temporal dynamics, especially in variable

environments (Fahrig and Merriam 1994).
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External influences

External influences act to reduce connectivity, further isolating populations and interrupting
physical processes. The degree of external influence may be dependent on landscape
characteristics (e.g. connectivity and patch size) as well as the time since perturbation (Mclntyre
and Barrett 1992; Andrén 1994). As with isolation above, certain species are more vulnerable or
resilient to external influences. Some generalists or ‘weedy’ species increase in abundance
following fragmentation, taking advantage of resources in the matrix surrounding remnants or
being favoured by the new combination of habitats (e.g. Marvier et al. 2004). External influences
are best categorised as the result of habitat loss and the reduction and alteration in surrounding

habitats.

Habitat loss is a significant landscape change in its own right, but it also disrupts environmental
processes, genetic gradients and population dynamics. Physical processes such as nutrient cycling
may be interrupted (Saunders et al. 1991), and removing proportions of a landscape may
eliminate certain habitat types, hence species, components of demographic structure and
ecological links (e.g. Purvis er al. 2000). Similarly, extirpating part of a species’ range may
selectively abolish unique or locally adapted genetic and ecological forms and reduce overall

genetic variability, especially for rare or patchily-distributed species (Sherwin and Moritz 2000).

An overall reduction in habitat area can lead to a variety of interlinked problems such as the
concentration and turnover of biota and breakdown of ecological relationships, with fragments
serving as crowded focal points for intra and interspecific competition and predation (e.g. Crooks
and Soulé 1999; Ford et al. 2001). Loss of intervening habitat facilitates edge exposure to
physical conditions such as wind, fire, solar radiation and alternate microclimates (e.g. moisture
levels), serving to modify the conditions and habitat within fragments (Saunders et al. 1991;
Kapos et al. 1997). Such ‘edge effects’ exemplify the continual feedback faced by fragments and
hence fragmentation has momentum,; its effects can accumulate well beyond particular divisions

and impacts.
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2.3. FRESHWATER SYSTEMS

Two key elements emerge in the comparative lack of coverage given to aquatic fragmentation in
the conservation biology literature. Firstly, aquatic systems may be overlooked because of the
contrasting physiological properties of air and water (see Hixon et al. 2001), and certainly the
physical form of water acts as a barrier to understanding of organisms and processes beneath its
surface (water blindness: Cambray and Bianco 1998). Beyond this physical mask, the other
fundamental distinction involves differences in connectivity, organization and system dynamics.
Aquatic systems generally have restricted habitat continuity and are highly dynamic on small and
large spatial and temporal scales, compared to the generally more continuous nature of terrestrial

habitats. The distinction is especially pronounced for freshwater systems.

Connectivity and dynamics

Pathways for transmitting freshwater extend across and below terrestrial surfaces throughout
drainage areas worldwide. However, freshwater systems constitute only a tiny fraction of the
Earth’s surface (> 0.01%) and occur as spatially restricted and patchy habitats (Pringle 2001;
Turner et al. 2001). Different systems are often independent, being entrapped topographically
and then further segregated by physicochemical barriers such as that imposed by the marine
environment whereby waters of catchments with only minor spatial separation may never
intermix. Connectivity can also be cyclic, influenced by temporal variation in climates and
geological events like the advance and retreat of the sea, periods of increased aridity or humidity,
and drainage rearrangement. For instance, many water features in the deserts of today represent
the restricted extremities of more extensive and interconnected systems formed during wetter

times (e.g. Minckley and Douglas 1991; Johnson 2002).

The nature of connectivity within systems comprises the combination of variable spatial and
temporal characteristics. Essentially, a model for freshwater systems can be constructed as an
interaction between, and a defined hierarchy of, linear, lateral and vertical connections (Frissell ef
al. 1986; Ward 1989). Linear or longitudinal connections in stream and riverine systems involve
networks of smaller features (e.g. tributaries) that converge towards a simplified structure (e.g.
lowland river) before terminating (e.g. sea, endorheic lake, wetland system). Lateral connectivity
encompasses outward lying associations (e.g. floodplains, riparian areas), and vertical

connections involve linkage to subterranean sources of water (aquifers).

This complex, multidimensional habitat templet is influenced by standard, terrestrially-focussed

clines in climate and geology, and by variable abiotic characteristics such as flow regime and
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local habitat and geomorphic characteristics (Ward and Stanford 1995b). The flow regime
provides spatiotemporal variability to linear and lateral connections through different aspects of
flows (e.g. amplitude, duration, frequency) and the nature and timing of water level change (e.g.
Walker et al. 1995). This can shape the physical form and processes of ecosystems (e.g. Vannote
et al. 1980; Junk et al. 1989; Puckridge et al. 1998) and provide an avenue for disturbance that
shapes aquatic communities, like the displacement and subsequent recolonisation of biota from
stream surfaces or refuges (i.e. the Patch Dynamics Concept: Pringle et al. 1988; Townsend

1989).

Drivers of fragmentation

Local habitat loss such as the removal and destruction of woody debris or physical disturbance to
the benthos may create local habitat fragments (Kershner 1997; Goodsell and Connell 2002).
However, isolation and external influences take on additional complexity in aquatic systems
within a broader level of ecosystem change. The confined, multi-dimensional nature of
freshwater systems, in particular lotic (running) and riverine habitats, ensures they are vulnerable
to both natural and artificial fragmentation through physical disruptions to connections
(isolation), especially along linear flow paths. Natural physicochemical barriers occur at the
interface of salt and fresh water, as geohydrological features such as waterfalls and dry stream
sections, or as physical arrest following freezing (e.g. Currens et al. 1990; Power et al. 1999).
Other more selective barriers include high velocity, dense swamp, structurally sterile habitat (e.g.
Warren and Pardew 1998) and biological drivers relating to competitive exclusion and predation

(see below).

The extreme of natural temporal fragmentation relates to flow characteristics, with the extent of
continuous habitat formed during the peak of a flood. Receding water levels sever linkages, and
the aquatic landscape is segregated into a spatial and temporal mosaic of refuges that await
cyclical reconnection. Contraction is an especially prominent feature, and integral component, of
intermittent or dry land streams, and aquatic biota show adaptation to these natural patterns of

flow and disturbance (Townsend 1989; Ward and Stanford 1989; Sheldon et al. 2002).

In contrast to natural variability, regulation via artificial barriers has become a common feature of
aquatic habitats across the globe. Dynesius and Nilsson (1994) report of some 39,000 large dams
in the northern hemisphere alone, up until 1986. This, combined with more recent figures for the
southern hemisphere (e.g. Kingsford 2000; Arthington and Pusey 2003) and continuing
developments (e.g. the massive Three Gorges Dam: Wu et al. 2003), demonstrates how extensive

the fragmentation of the world’s rivers has been, even before considering smaller barriers and
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finer scale issues. Impoundments to secure water supply and navigational passage, barriers as the
result of trans-aquatic crossings (e.g. road culverts), in stream structures such as flow gauging
stations, and levees to separate and reclaim swamp and floodplains all serve to disrupt previously
contiguous habitat, with related consequences to biota (e.g. Dodd 1990; Walker and Thoms 1993;
Warren and Pardew 1998; Benstead er al. 1999; Ward et al. 1999; Andersson et al. 2000;
Cumming 2004; Leyer 2004).

Obstructions caused by artificial barriers are accompanied by habitat alterations and associated
changes in productivity pathways and biological communities (Poff et al. 1997). Thus, habitat
types can be transformed (e.g. lotic to lentic), sediment transport is altered (entrapment and
suspension), downstream habitats are often subject to unfamiliar physical conditions (e.g. high
water velocities, lowered temperatures) and abstraction might cause unnatural drying or
undermine natural thresholds for connectivity. A general alteration in flow regime, especially the
timing, duration and rates of change for flow events, can either exacerbate or de-emphasise
natural connections and interrupt biological responses (Ward and Stanford 1995a; Stanford and

Ward 2001; Bunn and Arthington 2002).

External influences have an expanded scope in aquatic systems due to hydrological connections
and the position of habitats within broader landscape configurations. Alterations from regulation
and pollution (physical and biological) can be telegraphed considerable distances downstream,
and in otherwise pristine habitat, and result in less obvious but equally influential problems (e.g.
Zwick 1992; Knapp and Matthews 2000). As an ultimate destination for rainfall, aquatic habitats
incur the additional burden of being affected by many of the environmental changes to
interlinked terrestrial environments. Hence, issues associated with land clearance and land use,
such as increased sediment and nutrient input, the altered nature of water run-off (delivery and
quality), higher levels of physical disturbance from stock, and habitat removal (terrestrial sources
of shade, physical and biological cover) fall within the larger picture of external influences in
aquatic environments (Pringle 2001), particularly considering the corridor-like structure (i.e.

dominant edge environments) of stream and riverine systems.
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2.4. FRAGMENTATION AND FRESHWATER FISHES

Living underwater, freshwater fishes are dependent on the availability of continually submerged
habitats for persistence and are physically locked into the freshwater habitat templet. They are
also biologically attuned to natural flow regimes and connectivity as cues for reproduction and
recruitment (cf. Bunn and Arthington 2002) and rely on connectivity to move within spatially
restricted and inherently variable freshwater habitats (e.g. migration and recolonisation: Schlosser
and Angermeier 1995; Dunham and Reiman 1999). Consequently, freshwater fishes are strongly
disposed to react to the aforementioned changes brought about by natural and artificial

fragmentation in freshwater systems.

A general vulnerability to fragmentation is enhanced by the often spatially restricted patterns of
freshwater fish distribution, either permanently (e.g. isolated desert fishes, habitat specialists) or
temporarily such as over summer in Mediterranean type climates (Closs and Lake 1994;
Magalhdes et al. 2002; Hammer 2004). In an evolutionary context, a propensity for isolation
combined with heterogeneous aquatic habitat contributes to freshwater fishes as a group being
speciose (around 21% of the world’s vertebrates, despite the relative scarcity of their habitat) and
displaying highly structured patterns of spatial genetic variation (Nelson 1994; Ward et al. 1994;
Berra 1997). Strong isolation and geographic fixation expose them to natural short-term change
and the vagaries of dynamic systems. However, they are also vulnerable to human mediated
habitat divisions and other rapid changes which can alter within-species genetic variation and
spatial structure (Neraas and Spruell 2001; Melgaard et al. 2003; Yamamoto et al. 2004) and
cause local or global extirpations (e.g. Angermeier 1995; Dunham and Reiman 1999; Fagan et al.

2002; De La Vega-Salazar et al. 2003).

While migratory fishes may have flexibility to overcome alteration in affected habitats (e.g.
recolonisation, selection of favourable habitats), they cannot avoid all negative aspects of losses
of connectivity in aquatic environments. Diadromous species requiring passage between fresh
and saltwater are vulnerable to the direct elimination or interference of lifecycle components (e.g.
Harris 1984; Moyle and Williams 1990), while potamodromous species requiring spatial and
temporal passage within systems face similar problems of exclusion from required or preferential
habitat and spawning areas (lateral and linear movements) as part of large home ranges (e.g.
Neraas and Spruell 2001). Species with a lesser reliance on migration, particularly small
demersal taxa, are vulnerable at more localised scales. Indeed, comparison of pre- and post-
impoundment fish communities as the most readily identifiably cause of aquatic fragmentation,

often highlights two key groups of vulnerable species: migratory taxa and small-bodied, lotic
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specialists, compared to a typical increase in the abundance of generalist or exotic taxa (Winston

and Taylor 1991; Ruiz 1998; Taylor et al. 2001).

Clearly, as in terrestrial situations, differing intrinsic characteristics of freshwater fishes will
dictate each species’ response to altered conditions, with some species more vulnerable to
fragmentation or conversely favoured by associated changes. Thus, linking a species response to
fragmentation with particular intrinsic characters under a certain environmental context may
allow for a greater understanding of fragmentation, guide the establishment of testable
hypotheses for assessing patterns and impacts to regional faunas, and provide predictions
concerning vulnerable taxa or groups and related conservation management (e.g. Angermeier
1995; Park et al. 2003). Table 2-1 presents a framework of intrinsic characters designed to assess
the species-specific response of freshwater fishes to fragmentation, derived from a synthesis of
literature studies to examine the effects of fragmentation on freshwater fishes and adapting the
useful assessment categories employed by Tibbets and Dowling (1996) and Angermeier (1995).
Three categories emerge as banners for groups of intrinsic characteristics: dispersal capabilities,

reproductive behaviour and biological characteristics.

Dispersal capabilities

In addition to large-scale issues involving a species’ life history strategy, adult mobility (looking
at smaller-scale movements) might play a critical role in metapopulation dynamics and determine
capability to overcome barriers. Vagility relates to differing aspects of locomotion such as burst
speed, critical swimming ability and leaps (a reflection of size and morphology) with small size
in general limiting dispersal due to issues of scale (Mallen-Cooper 1992; Angermeier 1995;
Warren and Pardew 1998). Pelagic, free-swimming species represent the most suited vertical
position for dispersal, although sedentary behaviour might be advantageous in certain conditions
(e.g. for negotiating riffles: Tibbets and Dowling 1996). Species that frequent areas close to
drainage divides such as headwaters or estuaries are in a better position or are more exposed to
between system dispersal (e.g. Waters ef al. 2002b). Various adaptations enhance abilities to
overcome isolation, such as specific anatomical features for climbing (McDowall and Fulton
1996; Potter 1996). Conversely, survival strategies such as aestivation reduce the need to
recolonise, instead providing the ability to persist in areas that undergo seasonal habitat

desiccation (e.g. Beck 1985; Pusey 1989; McDowall 1990).
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Reproductive behaviour

Most fishes show seasonal patterns of reproduction to focus on optimum conditions for offspring
survival. A specific reproductive strategy reliant on particular components of a flow regime or
synchrony of extrinsic cues and flows accordingly leaves a species vulnerable to external
influences associated with regulation (e.g. Brown and Ford 2002). A long spawning duration
increases chances to coincide with events favourable to dispersal and the general mode of
reproductive strategy would also likely affect responses to perturbation. Generally short-lived (»
selected) strategists would more likely be impacted by exacerbated patterns of drying, unnatural
short-term isolation and environment-related reproductive failure than longer-lived, less-fecund
(K selected) species (MacArthur and Wilson 1967). Various nesting behaviours could influence a
species’ vulnerability to fragmentation, particularly fish spawning near to the edge or even out of
water (e.g. some galaxiids: McDowall and Fulton 1996). Fixing or scattering demersal eggs
within a confined area (e.g. affixed to structure) provides exposure to the problems of geographic
fixation at microhabitat scales (e.g. siltation: Berkman and Rabeni 1987; Soulsbya et al. 2001).
Conversely, broadcasting semi-buoyant or negatively geotactic eggs facilitates dispersal, but
possibly into areas unfavourable for recruitment (Winston and Taylor 1991). Larval
characteristics should also be considered in parallel with adult mobility and habitat specificity
where pelagic larvae would be less prone to fragmentation than sedentary larvae with strong

habitat specificity (e.g. Vrijenhoek 1998).

Biological characteristics

Flowing through a variety of terrestrial biomes with pronounced spatiotemporal variability,
freshwater systems display a remarkable degree of habitat heterogeneity. Particular types of
habitat often represent rare spatial extremities or are distributed patchily in a system
(e.g. Townsend 1989). Consequently, habitat specificity provides a pathway for isolation and
geographic fixation (e.g. Rahel ef al. 1996). Responses to environmental clines and variability in
conditions relate directly to physicochemical tolerance and also to behaviour (i.e. avoidance of
certain conditions). For example, upper and lower thermal limits can determine distribution
(e.g. Closs and Lake 1994; Power ef al. 1999) and migratory behaviour might be stimulated by
flow events (e.g. Meffe 1984; Chapman and Kramer 1991) or be programmed in memory (e.g.
natal homing in salmonids). Biotic interactions (competition or predation) can fragment
populations (Fraser et al. 1995; Thuesen et al. 2008), especially following the introduction of

larger growing and mobile species (e.g. Townsend and Crowl 1991; Kershner 1997).
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2.5. REVIEW SUMMARY

Fragmentation is a natural process acting at a multitude of spatial and temporal scales. However,
when coupled with significant anthropogenic change, it can be a pervasive and serious threat to
the persistence of biota and the function of ecosystems. Some changes in aquatic landscapes are
as stark and visually confronting as those witnessed in terrestrial situations (e.g. large dam
construction versus land clearance) and the two biomes are generally interlinked (e.g. each are
affected by altered water runoff, drainage, riparian habitat loss). A major difference in the nature
of fragmentation between terrestrial and aquatic systems, however, concerns the additional level
of complexity in freshwater habitats though a four-dimensional habitat templet, and the ease by
which connectivity is broken: a relatively minor or local habitat alteration may lead to far-

reaching changes.

Given a level of natural exposure to fragmentation, aquatic biota might be expected to have a
level of resilience or resistance to anthropogenic fragmentation. This being the case, localised
impacts could be countered by specific management solutions to restore dispersal (e.g. fishways).
The response of a species to fragmentation (and restoration) might also be predicted in a general
sense on the basis of intrinsic characteristics, and hence more vulnerable species could form
targets of indicator species for broader ecosystem restoration and monitoring. However, the
broader and potentially catchment wide scale of isolation and external influences, and the current
precarious status of indicator organisms such as some freshwater fishes, suggests that the real
challenge for management is to understand the dynamics of species within ecosystems and
accommodate ecological complexity in the face of extensive and rapid alteration to aquatic
systems. A key component is environmental flow regimes that cater for vulnerable or specialist

species rather than strictly generalists.

Although fragmentation is entrenched in the natural structure and dynamics of freshwater
systems, the topic is also integrated within theoretical and applied knowledge of these
environments. Consequently, models for connectivity, serial discontinuity and flow regimes
already provide a strong basis for the holistic understanding and management of artificial
fragmentation in freshwater systems (Ward 1989; Ward and Stanford 1995a; Poff et al. 1997).
Such integration is perhaps less pronounced in terrestrial realms, as fragmentation is treated more
as a separate phenomenon and a discrete theoretical branch of conservation biology. Ultimately,
to address the current neglect of aquatic systems in the literature, a synthesis of perspectives from
wider disciplines such as freshwater ecology is required. This could in turn aid the development
of largely terrestrially-based theory in conservation biology, and inject a constructive and

objective basis for managing threats to freshwater biodiversity.
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2.6. STUDY SPECIES

The selection of study species was designed to encompass a range of factors, namely species with
broadly complementary distributions, including comparison between southern endemics and
those of wider occurrence, a mix of common and threatened species, and diversity in intrinsic
characteristics that may influence dispersal (Table 2-2, with further elaboration in Chapters 3-8).
A group of obligate freshwater fishes was selected from the southeast due to greater accessibility
and the existence of some tissue collections, but the fauna and environments of southwestern

Australia remain as an ideal complementary study in future.
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2.77. TABLES

Table 2-1. Intrinsic characteristics of freshwater fishes as a framework for assessing their

vulnerability to fragmentation.

Intrinsic characteristics

Traits to examine

Dispersal capabilities
Life history strategy
Adult mobility
Adaptations

Reproductive behaviour
Strategy
Nesting behaviour
Larval characteristics

Biological characteristics
Habitat specificity
Physicochemical tolerance

Behaviour
Biotic interactions

Larger scale movements: diadromy, potamodromy, home range
Locomotion, size, vertical position (e.g. benthic, pelagic), morphology
Anatomical features, aestivation

Relationship to flow regime, timing, duration, K- or -selected
Spawning substrate and position
Dispersal potential (e.g. demersal or pelagic)

Specialised or opportunistic, lotic- or lentic-adapted, flow requirements
Tolerance of abiotic factors (e.g. flow, temperature)

Deterrents or response, memory (e.g. natal homing)
Potential exposure to competitors, vulnerability to predation
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Table 2-2. Study species with indications of intrinsic traits, hypothesised genetic structure,
distribution and conservation status (after Koehn and O'Connor 1990; McDowall 1996a;
Humphries and Lake 2000; Allen ef al. 2002; Growns 2004; Pusey et al. 2004).

Nannoperca Nannoperca Gadopsis  Mogurnda Philypnodon Philypnodon Retropinna
Intrinsic characteristics australis obscura _marmoratus _adspersa _macrostomus grandiceps __ semoni

Dispersal capabilities

Life history strategy
-Non-migratory: N
-Diadromous: D
-Small home range: H
Adult mobility

-Small bodied: S
-Large bodied: L
-Pelagic: P or Benthic: B
Adaptations

-Climbing: C
Reproductive behaviour

S,B S,B L,B S,B S,B S, B-P P

Strategy
-K- or r-selected
-Low flow recruitment: LF r, F r,F K, F r,L r,L r,L r,O
-Flow cues: F,
-Opportunistic: O
Nesting behaviour (eggs)
-Scattered in vegetation: V
-Affixed to substrate: A
-Broadcast pelagic: B
Larval characteristics
-Large and demersal: D
-Semi-pelagic: S
-Pelagic: P
Biological characteristics

Habitat specificity

-Specialists: S S S S S G G G
-Generalists: G

Physicochemical tolerance

-Narrow: N N N N M H H H
-Moderate: M or High: H

Behaviour

-Response to flow: R R R? R? R? - - N?

-Natal homing: N
Biotic interactions

-Vulnerable to predators: P P, C P,C C P,C P P P
-Vulnerable competitors: C
Hypothesised genetic Strong Medium- Medium- Medium  Medium Low- Low
structure strong strong medium

c e e Southern  Southern  Southern  Southern-  Southern-  Southern-  Southern-
Distribution . . . . . . .

endemic  endemic  endemic tropical ~ sub-tropical sub-tropical sub-tropical

Conservation status Common Threatened Threatened Threatened Rare Common  Common
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3. A RE-THINK ON RETROPINNA

3.1. INTRODUCTION

Southern Hemisphere smelts and graylings (Retropinnidae) are small- to medium-sized fishes
(<320 mm) endemic to southeastern Australia and New Zealand, and related to the Northern
Hemisphere Osmeridae (Johnson and Patterson 1996; Waters et al. 2002a; Lopez et al. 2004).
Members of both families have a distinctive cucumber-like odour (McDowall et al. 1993). The
Retropinnidae comprises two sub-families, Prototroctinae (southern graylings) and Retropinninae
(southern smelts). The later contains two genera of small fishes (< 150 mm), Retropinna (three
species) and Stokellia (one species), typical of lowland rivers, streams, lakes and estuaries
(McDowall 1979, 1990, 1996b). Retropinna species are schooling, pelagic fishes, often found in
very large numbers. They have attracted little attention in conservation (McDowall 1990, 1996Db),
although there has been concern over the loss of morphologically-distinct lacustrine populations
in New Zealand (Ward et al. 2005). Australian species are regarded as ‘forage’ in natural
ecosystems and in fisheries based on alien salmonids (Milton and Arthington 1985; McDowall
1996b), and may also be food for humans (Lake 1967, 1971). They are prominent in assessments
of ecosystem function (Lieschke and Closs 1999; Puckridge et al. 2000; King et al. 2003),
riverine health (Arthington ef al. 1983; Harris and Silveira 1999; Humphries and Lake 2000), and
biodiversity (Raadik 1992; Cashner ef al. 1999; Wedderburn and Hammer 2003).

Retropinna in Australia includes R. semoni (Weber) from the mainland and R. tasmanica
McCulloch from Tasmania (McDowall 1979). However, traditional taxonomic assessments are
hindered by limited characters (retropinnids are morphologically conservative), and difficulty in
examination for key morphological characters that are present (e.g. scales are thin, unpigmented
and easily dislodged: McDowall 1979). Some geographic isolates have been suggested as
separate taxa (Ogilby 1908; Stokell 1941; Lake 1971; Wager and Unmack 2000), but none are
recognised in the current taxonomy. Retropinna semoni occurs in widely dispersed and naturally
divided inland waters (McDowall 1979; Unmack 2001; Hammer and Walker 2004), where it breeds
(Milward 1965; Legget and Merrick 1987), and is vulnerable to isolation and genetic divergence.

The apparent restriction of R. tasmanica to Tasmania is curious if, as suspected, the species is
anadromous (McCulloch 1920; Lake 1971; Fulton 1990; McDowall 1996b), because migratory
behaviour would facilitate wider dispersal. The integrity of these two taxa is also of interest
because of opportunities for dispersal between Tasmania and mainland Australia during glacial

maxima and sea-level regressions (Unmack 2001).
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3.2. METHODS

Sampling and analyses

Samples were obtained from coastal systems between Baffle Creek, Queensland and the Glenelg
River, Victoria; from the inland Murray-Darling and Lake Eyre drainage divisions (basins); and
from Tasmania (Figure 3-1 and Table 3-1). Fish sampled were euthanased and snap frozen in
liquid nitrogen, then stored at -70°C in the laboratory, pending analysis. Additional voucher

specimens have been deposited at the Australian, South Australian and Victorian museums.

Allozyme analyses were conducted in two stages. The first involved an overview study to
examine species boundaries and broad population structure, and thereby incorporated a large
number of loci, small sample sizes per locality, and numerous localities spread across the
geographic range (as recommended by Richardson ez al. 1986). Geographic coverage included 52
localities from five Australian states, with two fish per location screened for allozyme variation at
50 loci in two gel batches. Where appropriate, sample sizes were increased (n = 3-6) in the
second gel batch for those locations and areas which displayed genotypes inconsistent with the
presence of a single panmictic population (i.e. multiple fixed differences between sympatric
individuals). The second stage, a population study, involved more detailed screening to clarify
patterns detected in the overview study, and to investigate population sub-structure. This
involved increasing the sample sizes (final » = 5-12, mean 7.4) at informative polymorphic loci
(i.e. frequency of most common allele < 95%) for 24 regional populations from among the 52
original localities. Ten populations were added (bringing the total number of sites examined to
62), including eight from the Lower Murray, one from the Glenelg River and a temporal (10
years) comparison at one site in Lake Alexandrina. Localities and sample sizes are indicated in

Table 3-1 and Figure 3-1.

Allozyme electrophoresis

Homogenates comprised a small piece of caudal muscle sonicated in an equal volume of buffered
lysing solution (0.02M Tris-HCI, pH 8.0, with 0.2% 2-mercaptoethanol and 0.02% NADP). After
centrifugation for 10 min. at 10,000 g, supernatant fluids were stored at -20°C as 10-20 pL
aliquants in glass capillary tubes. Allozyme electrophoresis was conducted on cellulose acetate

1I™), following Richardson et al. (1986). Thirty one enzymes or non-enzymatic

gels (Celloge
proteins produced zymograms of sufficient intensity and resolution for genetic interpretation in
the overview study: ACON, ACYC, ADA, AK, CA, CK, ENOL, EST, FDP, FUM, GAPD, GLO,
GOT, GP, G6PD, GPI, GSR, IDH, LDH, MDH, ME, MPI, PEPA, PEPB, PEPD, 6PGD, PGK,
PGM, PK, TPI, and UGPP. Details of enzyme and locus abbreviations, enzyme commission

numbers, electrophoretic conditions and stain recipes are in Richardson et al. (1986) and Bostock
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et al. (2006). Allozymes were designated alphabetically and multiple loci, where present, were
designated numerically, both in order of increasing electrophoretic mobility (i.e. Mpi®, Mpi’,

Gpil, Gpi2).

Data analysis

The initial unit for analysis was individual specimens. No a priori assignments to taxa were made
because the allozyme data were intended to provide an independent assessment. The genetic
affinities of individuals from the overview study were explored using principal co-ordinates
analysis (PCO), as implemented on a pairwise matrix of Rogers’ genetic distance (Rogers 1972)
using PATN (Pattern Analysis Package, DOS version, Belbin 1994). Together with an
examination of the raw data, these analyses revealed the presence of sympatric taxa at three sites.

Otherwise, each site was treated as a distinct Operational Taxonomic Unit (OTU).

Two between-OTU estimates of genetic similarity were calculated, namely (1) percentage fixed
differences (%FD, Richardson ef al. 1986), allowing a 10% tolerance for shared alleles (i.e. the
cumulative total of any alleles in common at a locus should not exceed 10%), and (2) Nei’s
unbiased Distance (Nei D, Nei 1978). As explained by Richardson et al. (1986), the number of
fixed or diagnostic differences is biologically more relevant than any measure based on
differences in allele frequency (such as Nei D) for the delineation of species boundaries, whereas
the latter is a more appropriate measure of between-population divergence and relevant for

assessing systematic hierarchies above and below the rank of species.

For the population study, the genetic affinities among individuals were explored using PCO on a
pairwise Rogers’ genetic distance matrix, as in the overview study. The genotypic data were
examined for statistical evidence of any deviation from Hardy Weinberg expectations or linkage
disequilibrium within populations and any heterogeneity of allele frequencies between
populations. These tests involved estimating exact probabilities using GENEPOP version 3.4
(Raymond and Rousset 2003), with all probability values adjusted for multiple tests using the
sequential Bonferroni correction factor (Rice 1989). F-statistics were used to assess the degree of
population genetic sub-division within and among individual populations and regions. Fsr and Fig
values plus their 99% confidence intervals were obtained using the program FSTAT 2.9 (Goudet
2000). Finally, the data were examined for geographic patterns of genetic diversity, using
observed heterozygosity levels (Hp, direct count method) as a measure of within-population
diversity, and by mapping allele frequencies for the most informative loci at each site using

ArcMap™ 8.3 software.
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Chapter 3: Retropinna

For both overview and population studies, the genetic affinities of OTUs or populations were
displayed visually as UPGMA (Unweighted Pair-Group Method of arithmetic Averages)
dendrograms and Neighbor Joining (NJ) networks constructed from Nei D values using the
NEIGHBOR routine in PHYLIP 3.5¢ (Felsenstein 1993) and drawn using TREEVIEW 1.6.0
(Page 1996). Allele frequencies, observed heterozygosity levels and genetic distances were

calculated using BASIC programs written by Mark Adams, South Australian Museum.
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Figure 3-1. Geographic relationships of Retropinna samples subject to allozyme electrophoresis.
Also shown are major drainage divisions and river basins (AWRC 1976). Sites codes as per
Table 3-1 and taxon abbreviations as per the text.
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3.3. RESULTS

Major genetic groupings

Forty three putative loci were interpretable in the overview study, six of which (Gapdi, Gapd?2,
Gp, Idh2, Pkl, and Tpil) were invariant amongst all 122 individuals screened (allozyme profiles
are given in Appendix 1). An initial PCO grouped individuals, in three dimensions, to one of five
well-separated and discrete clusters (i.e. no intermediate or hybrid forms were detected) and
identified sympatric individuals belonging to different major groups at three sites (Figure 3-2).
This allowed confident allocation of 55 OTUs (49 sites with a single taxon; three sites each with

two sympatric taxa).

The genetic affinities of the 55 OTUs identified are shown visually in the dendrogram of Figure
3-3. Five major genetic groups were obvious (see also Table 3-2 and Table 3-3) and these have
largely abutting and distinctive geographic ranges. Based on geographic distribution (Figure 3-1),
the groupings are hereafter referred to as CEQ (central-east Queensland), SEQ (southeast
Queensland), SEC (southeast coast), MTV (Murray-Darling Basin + Tasmania + western coastal
Victoria), and COO (Cooper Creek River Basin).

Three taxa occurred in drainages along the eastern coastline of mainland Australia. CEQ was
diagnosable by fixed or near-fixed differences at seven loci from SEQ (4cyc, Enoll, Gotl, Got2,
Gsr, Ldhl, and Mpi), and SEC was diagnosable by fixed or near-fixed differences at 12 loci from
CEQ (4kl, Ca, Enoll, Estl, Gpil, Gpi2, Gsr, Mel, Me2, PepAl, PepB, and Pk2;) and 14 loci
from SEQ (4kl, Ca, Estl, Fum, Gotl, Gpil, Gpi2, Gsr, Ldhl, Me2, Mpi, PepAl, PepB, and Pk2)
(Table 3-2). The three instances of sympatry between individuals representing two different
groups were: CEQ and SEQ at site 4 (Yabba Creek), and SEQ and SEC at site 12 (Oxley River)
and site 13 (Richmond River). The persistence of these groups without evidence of genetic
exchange at numerous loci (six loci for CEQ v. SEQ at site 4; 17-20 loci for SEQ v. SEC at sites
12/13: see Appendix 1) unambiguously demonstrates that these three groups are distinct species.
Visual examination of the whole frozen specimens sub-sampled for genetic analysis indicated
that the sympatric individuals also differed in external appearance (e.g. head bluntness, body
depth, colouration of body and fins), sufficiently so that novel individuals were correctly

assigned a priori to their major genetic groupings in the second batch of gels (Figure 3-4).

The fourth major genetic grouping, MTV, was by far the most widespread, occurring in three
drainage divisions in five Australian states and one territory (i.e. coastal Victoria west of Wilsons
Promontory, the Murray-Darling Basin, and Tasmania). Its range abuts that of SEC near Wilsons

Promontory (Retropinna spp. are apparently absent from the Promontory), where there are
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localities separated by only c. 75 coastal kilometres. Here, the two groups displayed fixed
differences at 10 loci (23%FD: Acon2, Akl, Enoll, Estl, Gsr, Mel, Me2, PepD, 6Pgd, and Ugpp;
Appendix 1) when sites were compared (sites 25-26 pooled to represent MTV and sites 21-24
pooled to represent SEC). Given that MTV also displayed numerous fixed differences in
allopatry from both CEQ and SEQ (23%FD and 36%FD respectively: Table 3-3) the allozyme
data strongly support the notion that MTV represents a distinctive fourth taxon.

The three OTUs from the Cooper Creek River Basin (Drainage Division X) were as divergent
from those in drainage divisions II, III, and IV (0.32 Nei D, Figure 3-3; minimum 12%FD, Table
3-3) as the dichotomies between CEQ/SEQ and SEC/MTV (0.25 Nei D and 17%FD, 0.35 Nei D
and 14%FD respectively; Figure 3-3 and Table 3-3). MTV and COO were fully diagnosable at
four loci (Acye, Akl, Gpil, and PepD), a result comparable to the yardstick of differentiation
provided by the most closely-related sympatric species CEQ versus SEQ, and by near-fixed
differences at three others (Aconl, PepAl, and Ugpp). Importantly, the two taxa exhibited
pronounced differentiation between proximate allopatric populations, namely 14%FD between
COO compared to Darling River populations of MTV (sites 48 and 49; see Appendix 1).
Moreover, all COO individuals were homozygous at each of four loci for an allele not found
elsewhere, namely Acyc® AkI¢, Gpil', and PepD" (apart from a single rare PepD heterozygote in
SEC: Table 3-2). This indicates that the distinctiveness of COO and MTV is more than the
stochastic variance typical of allopatric populations which recently shared an ancestral gene pool
(other alleles detected only in COO included Aconl®, Gotl?, Gsi’/, PepB® and Pgk”), and supports
the recognition of COO as a fifth taxon.

Intriguingly, the expectation of an endemic Tasmanian species, based on current taxonomy, was
not supported by the overview study. Specimens from the five Tasmanian sites were scattered
among the genetically-heterogeneous MTV cluster that also included 11 Victorian populations

(Figure 3-3).

Genetic structure in MTV

Significant geographic and genetic diversity displayed in MTV was confirmed, and is addressed
in the population study. The final dataset for the population study comprised genotypes for 250
individuals (202 newly-screened plus 48 from the overview study) at those variable loci which
displayed strongly-staining, unambiguous electrophoretic phenotypes for all putative genotypes.
Allele frequencies at 26 polymorphic loci are presented in Table 3-4 for the 34 populations

surveyed.
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The first analysis undertaken was a PCO on all 250 specimens (Figure 3-5). This analysis also
revealed no indication of a simple ‘tasmanica’ (Tasmanian sites) versus ‘semoni’ (mainland sites)
dichotomy in MTV (Figure 3-3). Instead, regional distinctiveness was evident for five groupings,
namely (1) Upper Murray plus Darling rivers (i.e. upstream of river basin 26), (2) Lower River
Murray, (3) Glenelg River, (4) western coastal Victoria, and (5) Tasmania. Only the Glenelg
cluster (sites 35-36), however, is unequivocally different; this involves alleles that are absent
(Aconl®, 6Pgd) or rare (Me2") elsewhere (Table 3-4). The Upper Murray/Darling, Lower
Murray, and Tasmanian clusters occurred as discrete but adjacent groups. In sharp contrast, and
despite individuals representing a single site invariably forming a relatively-cohesive cluster
(Figure 3-5, not all sites shown), coastal western Victorian populations were spread out along the

entire length of Axis 1 and most overlapped one or more of the three aforementioned clusters.

Figure 3-6 summarises the genetic affinities between the 34 MTV populations. The same general
features displayed by PCO are evident here, namely discrete clusters for each of the Upper
Murray/Darling, Lower Murray, Glenelg, and Tasmanian regions, with the coastal Victorian sites
interspersed throughout. However, the dendrogram provides two additional insights. First, the
primary dichotomy delineates what could be construed as ‘fasmanica-like’ (all Tasmanian plus
four coastal Victorian sites) and ‘semoni-like’ (all other sites) groups (although these do not
appear to be reciprocally monophyletic in a Neighbor-Joining tree, analysis not presented).
Secondly, all but three coastal Victorian sites occupy basal or near-basal positions within their
cluster, except (1) site 32, one of two isolated lakes within the Upper Murray/Darling genetic
cluster, (2) site 25, closely aligned with site 41 in Tasmania, and (3) site 31, within the main
cluster of Tasmanian sites. Together, Figure 3-5 and Figure 3-6 indicate that coastal western
Victorian sites were the most genetically heterogeneous of all the geographic regions, and

displayed a complex mosaic of affinities with the other regional groupings.

One possible explanation for the complexity observed in MTV is suggested by the observation
that the Upper Murray/Darling, Lower Murray, and Tasmanian regional PCO clusters were
arranged from left to right along Axis 1 (Figure 3-5). Such an outcome might be anticipated for
the scenario of a ‘pure’ inland form, a ‘pure’ Tasmanian form, and an intermediate Lower
Murray ‘hybrid sink’. Under such a scenario, the heterogeneity of coastal Victorian populations
could then reflect varying degrees of historical distinctiveness, tempered by differing levels of
gene flow. A comparison of the allele frequencies for the Upper Murray/Darling versus Tasmania
support this scenario, by revealing considerable divergence involving near-fixed differences at
four loci (Ca, Mdh, Ldh2, PepD; Table 3-4) plus significant differences at numerous other loci

(mean across all pairwise comparisons = 5.7).
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Figure 3-7 displays the geographic distribution of alleles among all MTV populations at the four
near-diagnostic loci. Each locus exhibits a geographic pattern entirely consistent with the ‘hybrid
sink” model, namely (1) all Tasmanian and all Upper Murray/Darling sites largely fixed for
different alleles, and (2) all Lower Murray sites polymorphic for these alleles. Moreover, the
coastal Victorian and Glenelg sites display a complicated pattern of relatedness which varies
from locus to locus, consistent with them having been subjected to differing levels of gene flow
involving ‘tasmanica’ alleles. More support for this observation is evident for alleles at other

polymorphic loci (Ca®, Glo®, Got2%, Gsi*, Me2’, and Pgmd; Table 3-4).

Heterozygosity estimates for the regional groups provide indirect corroboration for the idea that
Lower Murray populations represent a ‘hybrid sink’ between pure Tasmanian and pure Upper
Murray/Darling lineages. The Hp value for the pooled Lower Murray sites was 0.091 £ 0.025,
which is significantly larger than values for the other two regions (Upper Murray/Darling = 0.051
+ 0.015; Tasmania = 0.060 + 0.018). However, the overall Hq values for coastal Victoria (0.061 +
0.015) and Glenelg (0.050 = 0.018) did not differ significantly from those of the two ‘pure’

regions.

Statistical methods provided no evidence to reject the two null hypotheses assumed to apply in
any analysis of population structure (i.e. individual populations are panmictic, and no two loci are
in linkage disequilibrium). Further support for within-population panmixia was provided by F-
statistics, with no Fig value differing significantly from zero (Table 3-5). Neither set of replicate
samples (sites 56 v. 57, spatially proximate in the Finniss River; sites 54 v. 55, collected 10 years
apart at the same site in Lake Alexandrina) showed any significant differences in allele

frequency, allowing each population to be represented by pooled sites.

Two measures were employed to quantify the extent of between-population divergence, namely
(1) the number of statistically-significant differences in allele frequency among pairwise
combinations of the 32 populations, and (2) F-statistics for various hierarchical levels (Table
3-5). The UPGMA dendrogram was used both to provide the population hierarchy and to
summarize the number of significant differences present between populations (via branch
thicknesses: Figure 3-6). Both analyses demonstrate that MTV displays considerable
heterogeneity throughout most of its geographic range. Indeed, there were only five instances
where groups of populations did not display any significant differences in allele frequency from
one another (Table 3-5 and Figure 3-6). These were the Lower Murray sites (50-57, 59), a subset
of the Upper Murray/Darling sites (42-46, 48), the two Glenelg sites (35, 36), three sites along
the north coast of Tasmania (37-39), and the Derwent and Tarwin River sites (41 and 25).
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All other pairwise comparisons revealed one or more significant differences among at least some
of the sites grouped together in the dendrogram (Figure 3-6), while seven populations (sites 27,
34, 28, 35/36, 33, 26, 40; Figure 3-7) were statistically distinct from all others, generally at
multiple loci (Table 3-5). F-statistics revealed an even greater level of differentiation. All Fgr
values were significantly positive (mostly p < 0.01, Table 3-5), not just those for population
clusters differentiated by pairwise comparisons of allele frequency (Figure 3-6). Thus, divergence
is evident within each of the five groups identified earlier, indicating that genetic distinctiveness

is the rule rather than the exception among populations of MTV, even at smaller geographic

scales.
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Figure 3-2. Principal Coordinates analysis of the 122 specimens in the allozyme overview study.
The relative PCO scores have been plotted for the first and second dimensions, which explain
33% and 17% of the total variance, respectively. Envelopes highlight major genetic groups. Note
that the COO taxon is distinctive in the third dimension of the ordination (not shown).
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Figure 3-3. UPGMA dendrogram depicting genetic affinities among the 55 OTUs in the
overview study, based on pairwise Nei Distance values. Sample locations from Tasmania (Tas)
are shown within the broader genetic grouping of the MTV taxon.
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Figure 3-4. Visual comparison of frozen specimens of sympatric Retropinna (Yabba Creek).
Individuals on the left are the SEQ taxon; those on the right are CEQ.
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Figure 3-5. Principal Coordinates analysis of the 250 specimens involved in the examination of
population structure in the MTV taxon. The relative PCO scores have been plotted for the first
and second dimensions, which explain 28% and 7% of the total variance, respectively. Envelopes
highlight three major genetic groups (dashed lines) and selected western coastal Victorian
populations (dotted lines).
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Figure 3-6. UPGMA dendrogram depicting genetic affinities among the 34 sites sampled during
the population study, based on pairwise Nei D values. Replicate sites (54 and 55, 56 and 57) were
pooled for this analysis. Branch thicknesses reflect the number of statistically-significant
differences in allele frequency; thick = at least one difference between that site and all others,
thin = some but not all sites show at least one difference, dashed = no differences. Letters
represent hierarchical levels used in statistical evaluation (see Table 3-5). (*) denotes western
coastal Victorian populations.
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Upper Murray and Darling regions within MTV. The loci from top to bottom are PepD, Mdh, Ca,
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3.4. DISCUSSION

This study provides a compelling illustration of the need for systematic frameworks that
incorporate molecular approaches. Previously, only two species of Australian Retropinna were
recognised and no information was available on population genetic structure. In contrast, the
allozyme data indicate the presence of at least five species in Australia, suggest that one of the
previously-recognised species may not be valid, and reveal significant intra-specific
substructuring, signalling the need for a major review of taxonomy, ecology and conservation
within the group. Five species are strongly supported by the allozyme data, based on genetic
divergence, discrete geographic ranges, and, most importantly, instances of sympatry among

three species, CEQ, SEQ, and SEC, on the eastern seaboard.

Taxonomic considerations

Whilst morphological and molecular data often concur, it is not unusual to encounter situations
where molecular markers reveal additional cryptic diversity, or where a single taxon includes
multiple morphotypes (Avise 2004). Both scenarios were uncovered in this study. The type
locality for R. semoni s.s. is the Burnett River, Queensland, within the range of both CEQ and
SEQ, and hence this name may ultimately be applied to either species. The status of R.
tasmanica, on the other hand, is unclear. The name R. tasmanica would apply to MTV, should
MTYV prove to be a single species. However, the presence of two distinct gene pools within
MTYV, with extensive hybridisation in their zone of contact, could reflect a predominantly

Tasmanian species (R. tasmanica) and a mainland species.

Clearly, there is a need for review of morphological criteria for separating Tasmanian Retropinna
from those in key Victorian rivers, and for additional molecular datasets to resolve the MTV
complex. There is also a need for a morphological re-appraisal of all Australian Retropinna,
including specimens identified using molecular markers in zones of potential overlap. Qualitative
observations from this study on combinations of SEQ versus CEQ/SEC in sympatry suggest that
external differences may exist. Morphological and ecological differences have previously been
noted for COO (e.g. Lake Eyre Basin fish have larger eyes and dwarfed size at maturation:
McDowall 1979; Wager and Unmack 2000), and Musyl and Keenan (1992) used a similar
genetic rationale to that employed here to distinguish golden perch (genus Macquaria) from the
Lake Eyre Basin as a distinct (but still undescribed) species from those in the Murray-Darling

Basin (cf. multiple diagnostic loci and a Nei D of 0.32 for COO/MTV v. 0.23 in Macquaria).
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High species richness and multiple instances of sympatry, detected using only 14 sites, argue
strongly for the need to survey additional river basins in Queensland and northern New South
Wales, where the distribution of the three species was assessed only at a broad scale. Additional
material from river basins in New South Wales (Bellinger River, Karuah River, Macquarie-
Tuggerah Lakes: tissues supplied by the Australian Museum), obtained after analyses were
completed, displayed the diagnostic characters expected for SEC (data not presented). Genetic
distance values and allozyme profiles also suggest divergent regional populations from one or
more river basins in SEQ and SEC, and these warrant more in-depth examination to identify any

distinctive evolutionary components.

Genetic sub-structure

Most populations within MTV were genetically distinct, involving both conspicuous sub-
populations (e.g. Glenelg River) and including unexpectedly distinctive gene pools in the Lower
and Upper Murray-Darling Basin. Observed structure within MTV shows a general coastal
homogenisation between two broadly disparate mainland and Tasmanian genetic profiles, but
with genetically distinctive populations (possibly reflecting potentially older evolutionary
components) randomly interspersed in western coastal Victoria, particularly for inland locations
buffered from the influence of coastal dispersal. This appears to reflect stochastic mixing and
subsequent drift as a signature of intermittent historic gene flow. The present genetic data (i.e.
large between-region Fsr values plus the numerous highly-significant differences in allele
frequency) suggest no current exchange across Bass Strait, or between any populations separated
by marine barriers. As a basis for future studies using DNA markers to probe phylogenetic
relationships, it is hypothesized that fish from Tasmania spread northward during periods of

connection between freshwater or more sheltered estuarine habitats.

Biogeographic patterns

The overall pattern of strong genetic sub-structuring within and deep divergence between species
is characteristic of a group with endemic origins and a long association with Australian fresh
water or inland habitats. The Great Dividing Range, separating coastal and inland river basins in
eastern Australia, is a well-documented barrier to east-west dispersal (see Unmack 2001), and
clearly has affected Retropinna along its length. In Queensland and northern New South Wales,
the distributions of CEQ, SEQ and SEC mirror three lineages identified in the ornate rainbowfish
Rhadinocentrus ornatus (Page et al. 2004), reaffirming that biogeographic relationships in this
region are complex (e.g. Iredale and Whitley 1938; Georges and Adams 1992; Musyl and Keenan
1996; Chenoweth and Hughes 2003; Munasinghe et al. 2004). Species divisions roughly align to

36



Chapter 3: Retropinna

the northern end of Fraser Island (CEQ v. SEQ) and to the McPherson Range (SEQ v. SEC),
which also forms the state boundary between New South Wales and Queensland (a similar divide
occurs in Rhadinocentrus ornatus: Page et al. 2004). Further south, the boundary between SEC
and MTV at Wilsons Promontory is the distributional limit for many freshwater fishes
(potentially a relict of ancient drainage patterns: Unmack 2001), reflected also in an essentially
east-west genetic division in Nannoperca australis (Chapter 5). The single most distinctive
population in MTV, that in the Glenelg River, mirrors biogeographical distinctions for other
species including the restricted variegated pygmy perch Nannoperca variegata, spiny crayfish
Euastacus bispinosus and freshwater mussel Hyridella glenelgensis. Lastly, the current and
recent-historic isolation of the Lake Eyre Basin seems surmountable, through natural means, by
only the most highly mobile taxa (e.g. spangled perch Leiopotherapon unicolor: Bostock et al.
2000).

Ecology

Researchers have often pooled data on Retropinna from different regions (e.g. Cadwallader and
Backhouse 1983; McDowall 1996b; Allen et al. 2002; Pusey et al. 2004), and applied this to
local areas (Humphries et al. 1999). However, such an approach is likely to mask ecological
heterogeneity resulting from deep genetic separations between species that occur in contrasting
and isolated environments, especially the Lake Eyre Basin (cf. Milward 1965; Milton and
Arthington 1985; Puckridge et al. 2000; Humphries et al. 2002), and through competitive forces
acting on sympatric species. Comparisons even within the same system may be problematic,
given the genetic divergence apparent in the upper and lower Murray-Darling Basin. The number
of cryptic species with discrete ranges plus the strong genetic sub-structuring in MTV together
provide a contrast from traditional views on the ecology of Australian Retropinna, in that
dispersal appears to be limited by certain ecological traits and/or environmental conditions. In
particular, the presumption that R. fasmanica s.1. is diadromous (anadromous) is not supported by
this study. Varying degrees of genetic heterogeneity are evident among Tasmanian coastal rivers,
whereas near-panmixia would be anticipated for any species undergoing regular dispersal
through marine environments in the absence of natal homing or strong ecological structuring (e.g.
Ward et al. 1994). While it appears that R. tasmanica can routinely be sampled from estuarine
areas (e.g. samples were collected from the Derwent River and Duck River estuaries as part of
this study), their presence within whitebait runs could simply be incidental to normal habitat use,

arising from being euryhaline rather than diadromous.
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Conservation

Australian Retropinna have long been regarded as ‘common’ species, and thereby have attracted
little conservation concern. Yet conventional taxonomy has obscured the diversity that exists
within the genus, and this is significant considering the generally low species richness among
freshwater fishes in southeastern Australia (Unmack 2001; Allen et al. 2002). There are
implications also for state-based wildlife management: one species becomes four in Queensland,

three in New South Wales, and two in South Australia and Victoria.

Identification of conservation units is hindered by the considerable taxonomic complexity
encountered and the scope for even greater within species sub-structure. Intensive assessments of
population sub-structure, incorporating nuclear and mtDNA markers, are warranted for all
Retropinna species, especially those in coastal eastern Australia to help clarify taxonomy and
define conservation units. Several observed sub-groups within species represent a first focus for
the assessment of Evolutionarily Significant Units. The high degree of genetic sub-structuring
suggests that individual river basins are the appropriate scale for management as the overall basis
for protecting biodiversity and evolutionary potential (Moritz 1994). Little or no gene flow
implies that once populations are extirpated, natural recolonisation is highly unlikely in the short

to medium term.

Although Retropinna is abundant in some habitats, there is no certainty that populations are
secure, or that some genetic components have not already been lost. For example, Retropinna is
rare in the northern coastal part of its range (aligning with CEQ), and less common in small
Queensland rivers than elsewhere (Pusey et al. 2004). Coastal southeastern Queensland is
exposed to pressures from a fast-growing human population (see Arthington et al. 1983; Hughes
et al. 1999), and genetically distinct populations in inland lakes of Victoria could be vulnerable to
environmental change as in New Zealand (Ward et al. 2005). Issues of translocation and mixing
of different populations are significant for sub-structured species like Retropinna, as they may
eliminate local variants and change evolutionary trajectories (e.g. Esa et al. 2000; Austin and
Ryan 2002; Hughes 2003; Utter 2004). Translocations of Australian Retropinna have occurred,
for example, as attempts to establish forage species for introduced salmonids (Lake 1971;

Frankenberg 1974; McDowall 1979).
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Chapter 3: Retropinna

Table 3-1. Retropinna locality and sample size information for the overview (ov) and population
(pop) studies. Site numbers match those in Figure 3-1. DD = Drainage Division; RB = River
Basin (AWRC 1976).

Latitude Longitude n n
Site Field code Locality State DD RB S (E) (ov) (pop)
1 PU02-50 Baffle Ck Qd I 34 24°21 151°36' 4 -
2 PU99-52 Barambah Ck Qd I 36 26°14 151°53' 4 -
3 PU02-36 Lenthal Dam Qd I 37 2526 152°32' 3 -
4 PU99-54 Yabba Ck Qd I 38 26%27 152°39' 6 -
5 PU97-44 Reynolds Ck Qd I 43 27°57 152°35' 4 -
6 PU02-29 Christmas Ck Qd 1 45 2815 153°00' 2 -
7 PU02-26 Canungra Ck Qld I 45 2806 153°07' 2 -
8 PU02-25 Coomera R. Qld I 46 2805 153°08' 2 -
9 PU97-142 Little Nerang R. Qld I 46 28°07 153°18' 2 -
10 PU02-20 Tallebudgera Ck Qd I 46 28°10 153°21" 2 -
11 PU02-21 Currumbin Ck Qd I 46 28°12 153°23" 3 -
12 PU02-22 Oxley R. NSw 11 1 2821 153°18 4 -
13 PU02-19 Richmond R. NSwW 1II 3  28°52 153°02' 6 -
14 PU99-44 Timbarra R. NSW 11 4  28°54' 152°31" 2 -
15 PU99-41 Macleay R. NSW II 6 30°49 152°30' 2 -
16 PU99-38 Mortons Ck NSw 1II 7 31°2% 152°41" 2 -
17 PU02-06 Hunter R. NSwW 11 10 32°15' 150°53" 2 -
18 F-FISHADDI-1 Nepean R. NSW 11 12 33°50' 150°32' 2 -
19 PU99-84 Maramingo Ck Vic. 1 21 37°26' 149°38' 2 -
20 PU99-86 Snowy R. Vie. 11 22 37°43' 148°27 2 -
21 PU99-78S Morwell R. Vic. II 26 38°18' 146°19' 2 -
22 PU99-74 Macks Ck Vic. 1T 27 38°30' 146°40' 2
23 PU02-99 Albert R. Vie. 1I 27 38°31 146°28' 2 -
24 PUO02-101 Tin Mine Ck Vie. 1I 27 38°37 146°19' 2 -
25 PUO02-76 Tarwin R. Vie. 1I 27 38°39' 145°56' 2 7
26 PU02-104 Lang Lang R. Vic. 11 28 38°14' 145°39' 2 7
27 F-FISHADDA4-1 YarraR. Vic. 11 29 37%45 145°10' 2 7
28 PU02-86 Barwon R. East Branch Vic. 1I 33 3828 143°44' 2 7
29 PU02-89 Lake Colac Vic. II 34 38°19 143°35' 2 7
30 TRO1-199 Lake Tolliorook Vic. II 34 37°59 143°16' 2 7
31 PU02-91 Curdies R. Vic. II 35 38°26' 142°57 2 7
32 PUO1-59 Lake Burrumbeet Vic. II 36 37°30' 143°35' 2 10
33 PUO02-111 Merri R. Vic. II 36 38°16 142°31" 2 7
34 PUO02-116 Lake Bolac Vie. 1II 36 37°43' 142°50' 2 7
35 F-FISH18-1 Glenelg R. (mid) Vic. 1I 38 37°32' 141°23' 2 7
36 F-FISHY2-1 Glenelg R. (estuary) SA 1 38 38°01' 140°57 - 5
37 F-FISH98-1 Duck R. Tas. I 14  40°50' 145°09' 2 7
38 F-FISH98-2 Mersey R. Tas. HI 16 41°15 146°23' 2 7
39 F-FISH90-1 Great Forrester R. Tas. III 19 41°00' 147°25' 2 7
40 F-FISH98-3 Last R. Tas. III 2  41°09 148°10' 2 5
41 F-FISH98-4 Derwent R. Tas. III 4  42°45 147°10' 2 7
42 PU94-44 Ovens R. Vie. IV 4  36°38 146°00' 2 7
43 F-FISH18-2 Goulburn R. Vic. IV 5 36°23' 145°24' - 7
44 PU94-32 Murray R. (Black Swamp) Vic. IV 9 35°42 144°09' - 7
45 F-FISH18-3 Murrumbidgee R. NSW IV 10 34°%5' 146°33' 2 7
46 PU03-02 Wimmera R. Vic. IV 15 37°02 143°01' 2 7
47 PU02-54 Turon R. NSW IV 21  33°04' 149°24' 2 7
48 PU99-60 Maranoa R. Qld IV 22 26°29 147°58' 2 7
49 PU99-63 Warrego R. Qld IV 23 28°07 145°41" 2 7
50 F-FISH99-1 R. Murray (Berri) SA IV 26 34°17 140°36' - 7
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Latitude Longitude n n

Site Field code Locality State DD RB S (E) (ov) (pop)
51 F-FISH5-1 Bryants Ck SA IV 26 34°20' 139°40' 2 12
52 F-FISH99-2 R. Murray (Swanport) SA IV 26 35°09 139°18' - 10
53 F-FISHY2-2 Lake Albert SA IV 26 35°%0 139°20' - 9
54 PU94-22 Bremer R. (1994) SA IV 26 35°23' 139°03' - 7
55 F-FISHY2-3 Bremer R. (2004) SA IV 26 35°23' 139°03' - 9
56 F-FISH84-1 Finniss R. (L. Alexandrina) SA IV 26 35°24 138°50' 2 5
57 F-FISHY2-4 Finniss R. (main channel) SA IV 26 35°23' 138°49' - 7
58 F-FISHADD2-1 Currency Ck SA IV 26 38°30' 146°40' 2 -
59 F-FISH98-5 Mundoo Channel SA IV 26 35°31 138°54' - 10
60 F-FISH40-1 Darr R. Qd X 3 23°12 144°04' 2 -
61 F-FISHS-2 Cooper Ck SA X 3 27°4% 140°44' 2 -
62 F-FISH94-1 Coongie Lakes SA X 3  27°02 140°17' 2 -
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Table 3-2. Allele frequencies for the five taxa identified within Refropinna at those loci
displaying fixed or near-fixed differences among taxa. For polymorphic loci, the frequencies of
all but the rarer/rarest alleles are expressed as percentages and shown as superscripts (allowing
the frequency of each rare allele to be calculated by subtraction from 100%). A dash indicates no
genotype was assignable at this locus. Sample sizes in bracke