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Synopsis 
 

Ecological theory and research has shown a critical link between in-stream connectivity 

and the ecological persistence of aquatic fauna with particular emphasis on taxa with 

higher commercial or recreational value such as fishes.  However, limited information 

exists on both the dispersal levels and behaviour of fish that have no obvious economic or 

conservation values.  The biological connectivity (or isolation) of individuals/populations 

across heterogeneous spatio-temporal dimensions occurs primarily via the processes of 

movement and dispersal.  The movement of individuals affects current patterns of 

population dynamics over an ecological timescale whilst dispersal ultimately shapes the 

level of gene flow among populations and contributes to the processes that shape 

population dynamics over an evolutionary timescale.  Despite the temporal differences in 

scale, both the ecological and evolutionary outcomes of connectivity are governed by the 

ability of individuals to freely move or disperse through all axes of space and time.  This 

very ability for individual connectivity relies on factors both intrinsic and extrinsic to the 

species.   

 

In an attempt to better understand the fundamental population dynamics of aquatic fauna 

in the natural environment, it is vital to design and apply methodologies that can 

accurately estimate in-stream levels of connectivity.  By utilising such techniques 

researchers can then determine the underlying biological principles that shape the 

patterns of distribution and abundance for a given species and use these key biological 

indicators to contribute to the information required in the long term protection and 

management of an often undervalued resource.    

 

The focus of the study was to estimate levels of connectivity in a model species, the 

ubiquitous Australian smelt (Retropinna semoni), both on an ecological and an 
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evolutionary timescale across contrasting drainage systems from inland rivers of 

Australia.  Contrasting patterns of connectivity from different drainage systems allowed 

inferences to be drawn on the effects that extrinsic factors, such as flow regimes and 

stream architecture, have had on population dynamics.  Additionally, utilising a temporal 

approach provided information on the changes that have occurred to population 

dynamics on a small scale from annual changes in local hydrological conditions and 

longer term changes resulting from human induced impacts, and finally the effects that 

may have shaped the structure of a species over evolutionary timescales.    

 

Several ecological methods both direct and indirect can be utilised to measure levels of 

connectivity amongst populations of freshwater fish and ultimately provide evidence to 

infer how and why species are structured in space and time.  In this thesis, indirect 

estimates of connectivity were inferred through the examination of non-coding genetic 

markers, primarily mitochondrial DNA, using the ATPase gene region and nuclear DNA, 

using multiple microsatellite loci, providing information on intra and interpopulation 

levels of diversity and genetic similarity.  The highly regulated, spring dominated, 

ephemeral rivers of central Victoria were contrasted with the examination of connectivity 

in the hydrologically extreme arid floodplain rivers of far western Queensland.  Despite 

the large variation in hydrology and stream architecture, the sampling design remained 

the same in both drainages.  Sites were sampled and analysed in an hierarchical manner 

from locations within rivers through to rivers as a whole.  Initial predictions for levels of 

connectivity levels amongst populations of Retropinna semoni were based on previous 

studies both for this species and other freshwater fish and were expected to follow the 

predictions of the Stream Hierarchy Model which suggests gene flow among populations 

within rivers/locations would be greater than that detected among population from 

different rivers/locations. 
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Within the Victorian drainages, in the initial year of sampling strong evidence suggested 

that despite the ubiquitous nature of Australian smelt, dispersal over an evolutionary time 

frame had been relatively restricted to small spatial scales but populations had 

significantly increased in size within these local demes.  Additionally, contemporary 

estimates of dispersal highlighted extreme levels of isolation among the sites sampled, 

even among local populations unrestricted by anthropogenic barriers to movement.  In 

contrast, connectivity at the larger scales (among rivers) suggested that widespread 

connectivity had previously been possible with genetic similarity evident among rivers.  It 

was suggested based on this evidence that following a rapid expansion into these 

drainages, some form of microvicariant fragmentation has occurred resulting in the 

almost complete isolation of some populations.   

 

An alternative hypothesis to the microvicariant fragmentation of a formerly panmictic 

population was examined by comparing patterns of connectivity in a temporally 

replicated sample to decipher if the results from the first year of sampling could be 

reproduced, were the result of patchy recruitment in highly ephemeral streams or some 

other error associated with the sampling procedure.  Interestingly, results varied among 

years with virtual panmixia detected in the penultimate sample and the identification of a 

few highly divergent populations contributing large scale bias to the previous year’s 

results.  From an analytical perspective, these results highlight the significant impact that 

just a few highly divergent populations can have on broad scale analyses such as the 

analysis of molecular variation.  Without the temporal replication, outlier detection and 

subsequent removal in the second year study, conclusions drawn on this species’ level of 

gene flow and ultimately dispersal ability may have remained fundamentally flawed.  

Temporal replication of diversity estimates and connectivity levels among populations 

also provided a unique opportunity to examine the change in the genetic composition 

within and among populations over a relatively short timeframe.  Seldom is this approach 
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taken but results from this study indicate that within some rivers, especially those likely to 

be subjected to ephemeral flow regimes, population turnover is likely and small scale 

differences in gene frequencies can be attributed to stochastic events within sites.   

 

Similarly, within the Cooper Creek system, highly divergent populations in an otherwise 

panmictic system significantly impacted results in the analysis of spatially structured 

dendritic hierarchies.  Interestingly the divergent populations were hypothesised to be 

associated with altered drainage structure due to the deposition of parabolic dune systems 

and this possibility requires further investigation; including the investigation of patterns 

of connectivity found in other aquatic taxa.         

 

Outliers aside, despite the vastly different riverine structures and flow regimes, 

populations in both drainages where not truly panmictic but were much closer to this end 

of the connectivity spectrum, relative to being strongly genetically subdivided across 

drainage networks.  This comparative study highlights how important an influence 

species biology has on determining levels of connectivity.  Like many studies on aquatic 

taxa, minor small scale differences amongst populations were detected and are likely to 

result from the effects of patchy recruitment or the Allendorf Phelps effect following 

extinction and colonisation events at the local scale.  It appears that the best model to 

describe the population structure of R.semoni is that of a metapopulation.  Evidence of 

small magnitude differences among years for the same site and amongst some sites 

suggests the central tenants of metapopulation theory, that is, population turnover and 

subdivided groups of local populations, are satisfied.  Potentially this should be the initial 

hypothesis to test in Australian inland riverine systems that are dominated by unstable 

environments such as streams that undergo frequent drought.  It is likely that in many of 

these systems high but intermittent gene flow among sites maintains genetic homogeneity 

despite the constant effects of bottlenecks and founder events. 
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Chapter One: General Introduction 

 

1.1 Connectivity in fish populations  

 

Increasingly, ecological theory and research is discovering the integral effects that in-

stream connectivity has on the ecology and persistence of aquatic fauna with particular 

emphasis attributed to taxa with higher commercial or recreational value such as fishes 

(Pringle 2003).  However, limited information exists on the levels of movement and 

behaviour of fish that have no obvious economic or conservation values (Lucas & Baras 

2000).  To understand the fundamental population dynamics of such species in the natural 

environment, it is important that ecological research techniques can accurately estimate 

in-stream levels of connectivity to determine these underlying biological principles that 

shape patterns of distribution and abundance (Adams & Hutchings 2003).  These key 

biological indicators can then contribute to the information required in the long term 

protection and management of an often undervalued resource (FAO 1999).   

 

The distribution and abundance patterns of any given species is significantly moulded 

through the biological connectivity (or isolation) of individuals/populations across 

heterogeneous spatio-temporal dimensions via the often, but inappropriately, 

interchanged processes of movement and dispersal (Gillanders 2005).  The movement of 

individuals effects current patterns of population dynamics such as the demographic size 

and structure of local populations, (re)colonisation, persistence and extinction rates as 

well as sustaining fundamental processes like access to resource opportunities in unstable 

environments (Wilson et al. 2004; Albanese et al. 2004).  Dispersal involves not only the 

movement of individuals but also the exchange of genes between populations.  This 

ultimately shapes the level of gene flow among populations and contributes to the 
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processes that are responsible for maintaining evolutionary potential such as genetic drift, 

local adaptation and speciation (Slatkin 1985; Whitlock & McCauley 1999). 

These ecological and evolutionary outcomes are governed by the ability of individuals to 

freely move or disperse through all axes of space and time (Magoulick & Kobza 2003).  

This very ability for individual connectivity relies on factors both intrinsic and extrinsic to 

the species.  Intrinsic factors broadly include life history strategies, dispersal ability and 

behavioural constraints such as in-stream migrations prior to spawning (Mallen-Cooper 

1994) while extrinsic factors include channel structure, natural barriers, flow regimes and 

habitat heterogeneity (McGlashan & Hughes 2000).  Unravelling the degree to which 

populations are connected or more importantly isolated provides a cyclical approach to 

extrapolate which of these intrinsic and extrinsic factors are the likely drivers that 

maintain the distribution and abundance patterns of a species filling the knowledge gaps 

needed to better understand and manage the long term persistence and adaptability of 

each taxon.  

 

1.2 Estimates of Connectivity 

 

Several ecological methods can be utilised to measure levels of connectivity amongst 

populations of freshwater fish and ultimately provide evidence to infer how and why 

species are structured in space and time (Lucas & Baras 2000).  The majority of these 

measures can be split into two main categories: direct and indirect methods.  Direct 

methods such as traditional mark re-capture studies offer the best evidence of individual 

movement within the lifetime of a fish as they track individual organisms.  Individuals 

that are representative of a population are captured, marked, released and recaptured 

providing direct real time evidence of individual movement (Bohonak 1999).  However, 

these traditional approaches are problematic especially for dealing with large population 

sizes and in systems where recapture is unlikely (e.g. extensive riverine systems).  They 
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have also been proven to be very time consuming (multiple sampling required), 

technically difficult and expensive (tag attachment and type) (Bilton et al. 2001).  Thus they 

have limited temporal and spatial scope and they often underestimate rare (straying or 

mass migration), repeated (multiple short distance movement or annual breeding 

migration) or long distance movements (Watts et al. 2004).   

 

Indirect methods on the other hand use surrogate measurements to allow inferences of 

movement and dispersal.  One such method is the biochemical approach of population 

genetics which takes advantage of natural markers that are intrinsic to an individual 

(DNA) to determine dispersal (gene flow) patterns and/or population subdivision. These 

methods have been seen as an alternative to more traditional methodologies which can 

only reflect the movements of an individual within its lifetime (Baker et. al. 2003).  Genetic 

markers on the other hand offer a contemporary and historical overview of gene flow 

among populations across several generations (Bunn & Hughes 1997).     

 

1.3 Gene flow and Connectivity 

 

By identifying similarities and differences in the genetic structure of populations we can 

infer connectivity levels based on the assumption that the evolutionary processes of 

genetic drift (stochastic loss of genetic variation), gene flow (homogenising variation 

among populations) and mutation (creation of new variation) are not compromised by 

selection (Avise 1994).  That is, the effects of selection to either maintain or reduce genetic 

variation are not affecting the regions of the genome used as markers.  Therefore the levels 

of genetic variation detected within and among populations at different spatial scales 

directly reflects the chance outcomes from the combination of the effective population size 

(Ne), random mating and most informatively rates of dispersal (Slatkin 1985).  If these 

assumptions hold true then the variance in allele type and frequency among populations 
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is reflective of the rates of gene flow from which we can extrapolate estimates of dispersal 

such as the number of migrants per generation (Slatkin 1981; Moran 2002).  

 

For example at one extreme of the connectivity spectrum, populations where connectivity 

amongst sample locations is frequent (high gene flow), generally undergo extensive 

mixing of different alleles.  Over time this high gene flow will homogenise gene 

frequencies (panmixia) among demes (Slatkin 1985).  Additionally under high rates of 

gene flow mutational events are less likely to be stochastically lost through genetic drift as 

smaller demes behave as a large panmictic population, theoretically increasing 

heterozygosity (Page & Holmes 1998).  This enhanced genetic variability may be 

associated with increased levels of fitness within a population (Frankham 1995) and 

combined with habitat connectivity can also promote basic population processes such as 

recolonisation in disturbed systems and larger distributional ranges across a wider array 

of environments (Carvalho 1993).   

 

In contrast, at the other end of the connectivity spectrum, where the potential for 

connectivity among populations is retarded or completely restricted, the reverse scenario 

of diversity is usually detected.  Homogeneity within populations increases due to genetic 

drift and reduced input of novel mutations which lowers overall heterozygosity and 

increases genetic divergence among the isolated populations (Vrijenhoek 1998).  Reduced 

diversity within a deme typically also reduces the evolutionary potential for adaptability 

and therefore long term persistence of a species (Frankham 1995).  Homogeneity results 

from the process of random genetic drift, which occurs from the stochastic loss of low 

frequency alleles from isolated populations while the more common alleles tend to drift to 

fixation (Feral 2002).  Although the two examples of the connectivity spectrum are 

extreme scenarios and perhaps overly simplistic it is clear that dispersal alone does not 

prevent homogeneity within populations, it is also highly dependent on a deme’s effective 
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population size (Meffe & Vrijenhoek 1988).  Small populations will diverge more rapidly 

as a result of the random process of genetic drift unless high rates of gene flow occur. 

Alternatively larger populations remain slightly more buffered from the effects of 

stochastic loss and can maintain genetic variation with reduced levels of gene flow (Meffe 

& Vrijenhoek 1988).   

 

The use of molecular markers to determine levels of connectivity among populations also 

needs to be interpreted in the correct time frame as it is not only a representation of 

contemporary population processes (recent dispersal), it is clearly also heavily influenced 

by the processes of genetic drift and mutation which are effected over an evolutionary 

time scale (Avise 1994).  For example, results indicating genetic similarity among 

populations can be interpreted as though high levels of dispersal currently exist.  

However, two factors need to be considered.  Firstly small levels of gene flow between 

populations may be all that is required to maintain genetic homogeneity among 

populations (Slatkin 1985) therefore genetic models may underestimate the degree of 

population structure (Patterson et al. 2004).  Secondly the results may be more indicative 

of historical processes of connectivity and current movement may be heavily restricted 

(e.g. anthropogenic barriers such as dams and weirs).  This is because genetic estimates 

provide an estimate of migration over a time period controlled by mutation rates and the 

timescale of genetic drift (Beerli & Felsenstein 1999).  To test if historical patterns of 

connectivity reflect current dispersal patterns it is essential to combine historical analysis 

with a method that measures dispersal of individuals within their lifetime or at the very 

least the last few generations (Thresher 1999; Watts et al. 2004).    
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1.4 Molecular markers - mitochondrial DNA and microsatellites  

 

Two common molecular markers used in population genetic studies include 

mitochondrial DNA (mtDNA) and microsatellites from nuclear DNA (nDNA).  MtDNA is 

only inherited from the maternal parent and is haploid, therefore the effective population 

size (Ne) is roughly one-quarter that of nuclear DNA (Birky et al. 1989).  This makes 

mtDNA highly sensitive to the effects of genetic drift, primarily reflecting the smaller Ne.  

MtDNA is not subject to recombination due to its maternal mode of inheritance (Avise et 

al. 1987).  Therefore, unlike nuclear genes, the spread of specific genetic lineages can be 

accurately tracked and so provide information on both historical and contemporary 

demographic processes (Avise 1994).  Arranging mtDNA lineages in the form of a 

haplotype network and overlaying this genetic data with geographical locations is termed 

phylogeography and is a technique that can be used to infer historical patterns of 

evolution and connectedness on an intraspecific level (Avise 1994).  The utility of mtDNA 

for detection of haplotype frequency differences between closely related fish populations 

has also been attributed to an increased rate of DNA mutation in the mitochondrial 

genome compared with the nuclear genome (microsatellites excluded) (Ovenden 1990). 

For these reasons mtDNA can be used to resolve more recent changes in population 

genetic structure relative to nuclear genes, especially in cases of limited dispersal among 

subpopulations (Page & Holmes 1998).   

 

Using a single gene for the estimation of connectivity may increase the probability of 

incorrect conclusions as the information on the evolution of a species is interpreted from 

only one section of the genome, whilst other genomic regions may provide different 

information.  For example as mtDNA is inherited maternally, any inferences as to the 

connectivity of populations essentially ignore the effect of male dispersal (Zhang & 

Hewitt 2003).  Using multiple mtDNA markers does not overcome this problem in 
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analysis as mitochondrial genes are linked on the one chromosome, meaning markers are 

not independent.  Furthermore, the smaller Ne which can be seen as a positive aspect due 

to faster drift in isolated populations may however oversimplify evolutionary 

relationships, underestimate diversity, conceal population processes and create 

ambiguous haplotype networks creating genealogical uncertainty (Zhang & Hewitt 2003).  

To overcome these concerns, mtDNA analysis should be undertaken in combination with 

other molecular markers.  

 

One method of analysing nuclear DNA is to examine the variability in microsatellites.  

Microsatellites are short (1-6 base pairs) tandem arrays that are highly abundant and 

dispersed throughout the genome (O’Connell & Wright 1997).  Several characteristics of 

microsatellites lend themselves to being a useful secondary marker to mtDNA in 

population studies.  Firstly alleles are inherited in a mendelian fashion reflecting dispersal 

by both sexes (Page & Holmes 1998).  Secondly, unlike other forms of nuclear DNA, 

microsatellites typically have high levels of polymorphism due to much faster mutation 

rates (Zhang & Hewitt 2003).  Thirdly large numbers of loci are readily detectable offering 

numerous markers on which to base analysis (O’Connell & Wright 1997).  As a result of 

the high allelic diversity at numerous loci and high mutation rate, these markers are 

especially applicable to detecting fine scale population structure even among recently 

isolated and closely related populations (Manel et al. 2002; Berry et al. 2004).    

 

1.5 Patterns and models of gene flow in riverine fish biota  

 

Long before the advent of population genetics became part of the arsenal of freshwater 

ecologists to characterise fish movement, numerous ecological paradigms had been 

developed to encapsulate the growing evidence that, unlike their marine counterparts, 

obligate freshwater fish were essentially sedentary animals (Gerking 1959).  Indeed the 
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‚Restricted Movement Paradigm‛ (RMP) (sensu Gowan et al. 1994) was proposed to 

describe the general lack of connectivity amongst freshwater fish populations.  More 

recently the debate over the applicability of such a general paradigm has been 

enthusiastically pursued with evidence to show that dispersal can be far reaching in these 

typically heterogeneous environments (Gowan et al. 1994; Rodriquez 2002).   

 

Recently the use of genetic markers has added information to this debate by detecting 

levels of gene flow between populations for several taxa, across an array of landscapes 

(Hughes et al. 2003 and references there in).  A common conclusion from these studies is 

that the population genetic structure detected is a direct reflection of the species biology 

but more influential is the strong structuring caused by the heterogeneous nature of 

freshwater environments (McGlashan & Hughes 2000).  Ward et al. (1994), in keeping with 

the results from more traditional approaches, showed that it was common to detect higher 

degrees of genetic differentiation among populations of freshwater fish and thus low 

levels of connectivity, compared with relatively unencumbered marine species.  

Additionally, Avise (2000) suggests that most freshwater fish species conform to category 

I of phylogeographic separation where low levels of connectivity over extended periods of 

time result in genetic gaps between geographical regions.  However on a finer population 

scale, categories III and V are also common, with category III consisting of small genetic 

gaps across regions from relatively recent isolation and category V characterised by a 

common haplotype across all regions with unique derived haplotypes at the various 

geographic locations.  Category IV represents populations that have had recent and 

extensive connectivity whilst category II is rarely detected for freshwater fish (but see 

Water et al. 2006 for recent examples), where deep isolated lineages are reconnected across 

the species range.  These general findings are likely to result from the fact that taxa that 

exist in freshwater environments are generally faced with a relatively disconnected and 

patchy matrix of suitable habitat (Carvalho 1993).  It is these barriers that ensure 
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freshwater fish species differ from most other vertebrate species, particularly regarding 

their spatial extent and methods of dispersal (Kullander, 1999).  Therefore panmixia, 

where a population displays unrestricted gene flow, such as among sites along a river 

continuum, is atypical in freshwater environments.   

 

In the absence of panmixia two general models of population genetic structure have been 

developed to characterise populations that are isolated to some extent and experience 

restricted gene flow.  These include the classic Island Model (IM) (Wright 1943) used to 

describe populations that are not panmictic but essentially divided into local demes 

(islands) that breed within themselves but experience some migration into and from the 

total remaining local populations (mainland).  Often in nature the majority of these 

immigrants will be derived from proximate localities (Wright 1943).  The second approach 

reflects the more realistic approach of a Stepping Stone Model (Kimura 1953) where 

subdivided local demes experience migration primarily from adjacent demes and not 

from the mainland population as a whole.  When the average dispersal distance of a 

species is less than the entire distribution of a species (e.g. SSM) then divergence amongst 

distant populations arises whilst more adjacent populations remain genetically similar 

resulting in a model of Isolation By Distance (IBD) (Wright 1943).   

 

The models above are simplifications reflecting processes in predominantly linear 

environments.  Dendritic riverine environments are more structurally complex and 

experience extreme variation in habitat conditions that often create significant change to 

these most basic of population genetic models (Hanfling & Weetman 2006).  For example, 

Meffe and Vrijenhoek (1988) suggest two zoogeographic models to explain the isolation 

and restricted gene flow that often is detected in more complex riverine systems.  Firstly 

the Death Valley Model (DVM) is used to describe populations that are completely 

isolated and as such the small isolated populations generally become homozygous via 
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genetic drift and high levels of genetic differentiation will exist among all populations 

(Meffe & Vrijenhoek 1988).  In these cases, levels of connectivity are essentially negligible 

and populations are likely to diverge under directional selection and drift for neutral 

alleles.  This strong genetic divergence can lead to morphological, physiological, 

behavioural and life history traits differing among such isolated populations (Meffe & 

Vrijenhoek 1988).   

 

The second model, The Stream Hierarchy Model (SHM) relates to populations inhabiting 

dendritic river systems (Meffe & Vrijenhoek 1988).  In dendritic systems all populations 

experience some form of connectivity, which can potentially lead to gene flow (Meffe & 

Vrijenhoek 1988).  The hierarchical nature of the model stems from the theory that gene 

flow is most likely to occur amongst geographically proximate populations with moderate 

levels of connectivity and such connectivity will decrease as a function of isolation caused 

by distance and the physically isolating nature of stream confluences (Meffe & Vrijenhoek 

1988).  The predictions of the SHM can be tested by comparing observed levels of genetic 

divergence to those expected if the model holds true.  That is, populations with higher 

genetic exchange within streams should be less differentiated than populations from 

different streams and increasingly higher rates of divergence are likely to be detected as 

the complexity of the stream hierarchy increases including comparisons among 

populations from separate catchments and drainage basins.   

   

In addition to the dendritic hierarchy, population genetic structure is also strongly 

influenced by the unidirectional flow of rivers (Fraser et al. 2004).  Strong downstream 

flow is often shown to result in higher levels of diversity at downstream sites and reduced 

levels at upstream sites due primarily to founder effects, small effective population sizes 

and the isolation of headwater locations (Carvalho 1993; Hernandez-Martich & Smith 

1997).  It is also expected that unidirectional flow will artificially inflate estimates of 
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population differentiation reducing the ability to detect a meaningful estimate of 

connectivity among populations (Wilkinson-Herbots & Ettridge 2004).   

 

Further complexities in riverine systems stem from the variability in hydrological flow 

patterns and regimes (Sclhosser & Angermeier 1995).  Ephemerality of flow, altered flow 

regimes from human activities that fragment rivers or even longer lasting catastrophes 

such as drought place significant stress on fish populations and greatly influence 

population structure (Fagan 2002).  In these unstable environments the ability of fish to 

find refugial waterholes is paramount for species persistence and (re)colonization.  The 

process of population turnover within refugial waterholes is akin to the predictions of the 

classic Levins-style metapopulation model (Levins 1969, 1970) where numerous patches 

are either vacant or occupied but the nature of occupancy is temporally variable.  

Numerous population genetic variants of these traditionally ecological approaches have 

been hypothesized such as those by Slatkin (1977) including the migrant-pool model 

where migrants fill vacant demes from numerous sources reducing between population 

genetic divergence or the propagule-pool model where vacant demes are colonised from a 

single source stochastically increasing the chance of population differentiation.  Recently 

the application of metapopulation theory to describe patterns detected with molecular 

techniques has expanded rapidly (Harrison & Taylor 1996; Hanski & Gaggiotti 2004).  

Irrespective of their finer defining features the majority of metapopulation models all 

require some form of dispersal to recolonise formerly extinct yet discrete patches (Wade & 

McCauley 1988; Reimen & Dunham 2000).  What is debated however is the genetic 

structure within and among populations that is likely to result from metapopulation 

dynamics (Slatkin 1977; Pannell & Charlesworth 2000) and the appropriate spatial and 

temporal scale utilised to test metapopulation processes (McElroy et al. 2003).      
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1.6 Patterns of connectivity in Australian freshwater fish fauna 

 

The plethora of models and predictions relating to the genetic structure of riverine taxa, 

just a few of which were mentioned above, have been empirically applied or tested in 

several freshwater fish species.  Connectivity studies on Australia’s freshwater fish fauna 

are quite numerous and cover several different drainage structures and hydrological 

regimes.  A number of these studies have focused on coastal riverine systems where 

dispersal among drainages is limited by the marine environments separating them (e.g. 

Hughes et al. 1999).  As a result of these physical barriers some species show strong 

genetic structuring among drainages (Hughes et al. 1999).  In another study on the 

connectivity of the obligate freshwater fish, Hypseleotris compressa, McGlashan and Hughes 

(2001) suggest that, despite coastal streams being separated from each other by vast 

marine distances, levels of connectivity appear high. Yet significant genetic variation 

among populations within these same coastal drainages has also been detected for the 

freshwater fish Mogurnda adspersa (Hurwood & Hughes 1998).  These results indicate that 

despite similar coastal river structures, vastly different patterns of connectivity can be 

detected for different species.  The different conclusions regarding the observed patterns 

of connectivity for these three studies result from differences in species biology e.g. 

marine tolerant dispersal of larvae or juveniles (McGlashan & Hughes 2001) through to 

physical barriers for dispersal such as waterfalls that are barriers to gene flow (Hurwood 

& Hughes 1998).   

 

The above systems generally have similar flow regimes which peak at the end of the wet 

season, are fairly constant on a yearly basis and are thus relatively predictable 

environments (McMahon & Finlayson 2003).  The patterns of connectivity in these systems 

are therefore predominantly influenced by differences in intrinsic factors and river 

architecture rather than river flow.  Inland drainages of Australia on the other hand are 
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typically characterized by low flow hydrology, which greatly increases the role of river 

flow on connectivity of freshwater systems (McMahon & Finlayson 2003).  In systems 

where flow is irregular or has experienced large reductions in natural levels, it would be 

expected that taxa in isolated refugial waterholes would diverge as a result of reduced 

chances for connectivity (Amoros & Bornette 2002) akin to the predictions of the Death 

Valley Model (Meffe & Vrijenhoek 1988).  However Huey (2003) suggests that despite the 

low topological relief and the highly unpredictable nature of rainfall across central 

Queensland, levels of connectivity among isolated populations of a catfish, Neosulris hyrtlli 

were sufficient to maintain virtual panmixia.  Therefore the intermittent but large flow 

events are influential in patterns of connectivity in these inland drainages (Puckeridge et 

al. 2000).    

 

Musyl and Keenan (1996) examined the genetic structure of the catfish, Tandanus spp. in 

both coastal and inland drainage systems and concluded that the coastal systems 

displayed complex levels of genetic structuring while within the centrally located Murray-

Darling Basin (MDB) very little genetic differentiation was detectable.  These results 

highlight the effect that different hydrological and catchment structures can have on the 

connectivity within the same species in different environments.  However, Carini and 

Hughes (2004) have shown that connectivity levels among populations of Macrobrachium 

australiense a freshwater shrimp, were extensively structured throughout the MDB based 

on their mtDNA population study.  Taken together these studies highlight how a species 

that can potentially disperse across vast distances within a drainage such as the MDB may 

not maximize this potential, even when habitats within the river are connected (Carini & 

Hughes 2004).  Therefore unlike the catfish in these drainages some fish in these inland 

waterways, that are connected during high flow events, may seek refuge in areas out of 

the main flow disturbance and thus miss the opportunity for widespread dispersal due to 

intrinsic behavioural characteristics (Winterbottom et al. 1997).  
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Other intrinsic factors that influence dispersal ability include the behavioural 

characteristics associated with the timing of spawning. Two theories as to the spawning 

times of freshwater fish in Australia have been postulated and each has significant 

impacts on the dispersal ability of the species especially as larvae and juveniles.  Firstly 

the Flood Pulse Concept (Junk et al. 1989) suggests that floods and the associated lateral 

connections of rivers to their flood plain habitat are stimuli for fish to spawn so offspring 

have increased access to food.  At the same time, these larvae will be able to utilise the 

increase in water flow and levels of connectivity to disperse more widely than is possible 

during periods of low flow.  An alternative theory is the Low Flow Recruitment 

Hypothesis (Humphries et al. 1999), which suggests that the low flow periods are optimal 

for spawning, as food is concentrated into refugial pools for the developing larvae and 

localised recruitment levels are high as larvae and juveniles are not washed downstream 

in the high flows to unfavorable habitats.  The time of spawning can therefore have a large 

impact on dispersal patterns of a species and thus will contribute to patterns of 

connectivity. 

    

The above case studies highlight the effect that stream hydrology, architecture and species 

biology can have on levels of connectivity for riverine fauna.  As Unmack (2001) suggests 

any inferences with regard to species connectivity cannot be supported without the 

consideration of that animal’s dispersal ability and ecology.  

 

1.7 Australian Smelt – Retropinna semoni 

1.7.1 Distribution 

 

The salmoniform family of Retropinnidae is distantly related to the Northern Hemisphere 

Osmeridae (Waters et al. 2002) and are endemic to Australian and New Zealand waters 

containing two genera Retropinna and Stokellia (McDowall 2002).  The genus Retropinna 



 

28 

 

contains two taxonomically recognised species endemic to Australia; R. tasmanica 

(McCulloch 1920) which is thought to be confined to Tasmania, while the focus of this 

study, R. semoni (Weber 1895) (Australian smelt) (Figure 1.1), is present on mainland 

Australia (Pusey et al. 2004).   

 
Figure 1.1 Retropinna semoni, Australian smelt (Webber 1895).  Illustration courtesy Pusey et al. 

(2004). 

 

Australian smelt are one of the most widespread species in south-eastern Australia 

occupying a number of diverse habitats from headwater to lowland sites (Milton & 

Arthington; Humphries et al. 2008).  Adults are known to inhabit a diverse array of 

environments, including slow-flowing lowland rivers, upland rivers and streams, small 

coastal streams, river impoundments, dune lakes and brackish river estuaries (Pusey et al. 

2004) and are reportedly tolerant of flow regulation and diversion (Gehrke et al. 1999).  

Larvae are also reportedly tolerant to a number of diverse habitats, from the floodplains to 

main river channels and deep billabongs (King 2002; Balcombe et al. 2007).  Despite their 

obvious adaptability to numerous habitats, smelt are limited by their sensitivity to 

hypoxic environments and so the duration of occupancy on floodplain and billabong 

habitats is severely limited by the availability of suitable oxygen/temperature conditions 

which often become inhospitable in the summer months of western and southern 

Australia resulting in local extinctions (McNeil & Closs 2007).   
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The species distribution  extends across coastal and inland drainages in the east and south 

of the continent, ranging from the east flowing coastal catchments of central Queensland, 

south to Victoria and west to the mouth of the Murray River in South Australia (Allen et 

al. 2002) (Figure 1.2).  Within these catchments smelt generally have greater abundances in 

the coastal regions compared to the Murray region and predominance for the southern 

drainages over more northerly systems (Gehrke & Harris 2000).  Habitat preferences also 

differ between regions with higher abundances associated with upland slope habitats in 

coastal populations compared with a greater preference for regulated lowland stretches in 

the Murray populations (Gerhke & Harris 2000). The species has also been recorded from 

more isolated systems such as Cooper Creek in the Lake Eyre Basin in Western 

Queensland and from the coastal islands off the south-east coast of Queensland (Pusey et 

al. 2004).   

 

 
Figure 1.2 Distribution map of Retropinna semoni (from Allen et al. 2002). 
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1.7.2 Life history   

 

Australian smelt are small ubiquitous fish that grow a little over 100mm TL but most 

commonly adults are found between 50 – 60 mm TL (Pusey et al. 2004).  A pelagic shoaling 

fish, it is often sampled from the top 60 cm of the water column (Pusey et al. 2004).  Life 

span usually reaches 2 years and sexual maturity is reached within one year.  A highly 

fecund species, reproduction in Australian smelt is typically associated with decreased 

water temperatures followed by a subsequent rise in water temperature above ~150C 

reflecting their salmoniform tendencies (Milton & Arthington 1985).  Spawning occurs 

slightly earlier in northern populations (July compared to September) reflecting the 

latitudinal temperature gradient transcending the Australian continent (Pusey et al. 2004; 

Milton & Arthington 1985; Humphries et al. 2002).  Eggs are strongly adhesive with the 

majority of spawning occurring in the littoral shallows of slow flowing stream pools with 

sandy bases and sufficient aquatic plant life for egg attachment (Milton & Arthington 

1985).  Despite the adhesive nature of smelt eggs, predominantly spawned in protected 

environments, displacement and dispersal of eggs can occur and has been recorded in 

recent drift net studies (King et al. 2005).   

 

Whether individuals spawn over a protracted time period, are serial or repeat spawners is 

not known (Humphries et al. 1999).  What is known from numerous larval studies is that 

this species is capable of spawning for up to nine months of the year (Humphries et al. 

2002).  However, the majority of ‚successful‛ recruitment (resulting in the greatest 

contribution to the next year class) often occurs in the first few months of the breeding 

season following an increase in temperature to cue spawning (Milton & Arthington 1985; 

Humphries et al. 1999).  Spawning also appears to be independent of flow condition (King 

2002; King et al. 2003) with the majority of spawning in the south associated with high 

flow events resulting from winter rain and snow melt while peak spawning in the north 
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often coincides with more naturally fragmented systems associated with the dry season.  

However, due to the extended spawning periods the reverse conditions are also 

encountered by late season recruits with low flows and fragmentation in the south and 

flood conditions in the north (Milton & Arthington 1985; King et al. 2003).   

 

In both the northern and southern systems the more reliable and predictable of all climatic 

patterns is that for certain periods of the year reduced rainfall will generate low flow 

conditions.  It has therefore been postulated that the majority of spawning strategies in 

many of Australia’s temperate freshwater fish fauna including smelt relate more to 

temperature cues rather than the less reliable trigger of high flow events that are often 

incorrectly associated with spawning in species that inhabit floodplain rivers (Mallen-

Cooper & Stuart 2003; Humphries et al. 1999; King et al. 2003).  Furthermore the low 

velocity habitat and concentration of prey in small refugial pools and backwaters rather 

than large open river systems with high velocity flows provides excellent conditions for 

small developing larvae to progress from endogenous to exogenous feeders and may 

create a more favourable habitat for the developing young (Humphries et al. 1999). 

 

1.7.3 Movement 

 

Pusey et al. (2004) suggest movement patterns of Australian smelt display both facultative 

amphidromous (migrate between fresh and salt water but not for breeding purposes) and 

potomodromous movements (true migrations within freshwater to breed) with the latter 

appearing more common (McDowall 1996).  Larvae are reportedly planktonic with 

movement studies suggesting their behaviour may range from a more sedentary nature in 

backwaters and billabong habitats (Humphries & King 2003) through to facultative 

drifters in more open river systems, promoting large-scale connectivity via dispersal (King 

2002; Balcombe et al. 2007).  There is also evidence that, despite being a relatively small 
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sized fish, upstream migratory behaviour is an intrinsic aspect of the smelt’s biology 

rather than the incidental strayings of a few individuals (Baumgartner 2004; Mallen-

Cooper & Brand 2007).  Studies have found several cases where large congregations of 

post-larval and juvenile smelt (young of year – YOY) have been trapped downstream of 

instream barriers, such as weirs, preventing upstream migration (e.g. Torrumbry Weir on 

the Murray River (Mallen-Cooper 1996), Balranald Weir on the Murrumbidgee River 

(Baumgartner 2004) and the Goondiwindi Weir on the Macintyre River (Harris et al. 

1998)).  Even in cases where fishways have been constructed the passage of such a small 

species has essentially been totally blocked primarily due to the gradient and subsequent 

turbulence created (e.g. Euston Fishway, Murray River (Mallen-Cooper & Brand 2007)).  

Easily passed by northern hemisphere salmonoids, the systems used in the design of 

many Australian fishways, they are too steep and turbulent for Australia’s smaller native 

fish fauna (Mallen-Cooper & Brand 2007).   Further evidence suggests a protracted 

migratory period that encompasses seasonal preferences for spring and summer in the 

Murray River (Mallen-Cooper 1994) and summer through autumn in the Murrumbidgee 

River system (Baumgartner 2004).   

 

Unlike spawning which has been strongly correlated with temperature cues, movement 

has been correlated with both large and small rises in water levels (Humphries et al. 1999) 

and has also been shown to be independent of river level change (Mallen-Cooper & Brand 

2007).  This upstream movement has been suggested to be an intrinsic biological response 

associated primarily with juvenile life stages attempting to compensate for downstream 

movement associated with the egg and early larval stage drift (Mallen-Cooper & Brand 

2007).  However, as stated, the majority of spawning occurs in lentic and semi isolated 

habitats so the spatial scale of movement for many smelt would appear to have more of an 

intergenerational effect, that is a few upstream migrants when the possibility arises over 
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numerous generations rather than mass movement for every generation to specific 

breeding, refugial or rearing grounds (Mallen-Cooper & Brand 2007).   

Several native freshwater fish species that undergo some form of migration within their 

life cycle have severely declined in recent history, such as silver perch in the Murray 

Darling Basin and barramundi in coastal Queensland (Mallen-Cooper 1999).  Australian 

smelt are a notable exception from this trend and recently it has been suggested that their 

numbers have increased or at least remained stable, especially in the southern region of 

their range (Humphries et al. 1999; Mallen-Cooper 1994).  In a study by Gehrke et al.  

(1999) no smelt were recorded in the upper reaches of unregulated rivers but they were 

relatively abundant in tributaries flowing into impoundments in regulated rivers of the 

Hawkesbury-Nepean River systems in New South Wales.  This suggests that the slow 

flowing pool like environments created from instream barriers may actually provide 

improved conditions for this species.  It is perhaps a reflection on a spawning strategy 

void of flow mediated triggers, a flexible migration strategy that may allow movement 

over instream barriers in chance periods of high flow and the increase in lentic habitat 

from water diversion practices that have allowed this species to maintain large population 

sizes and maintain evolutionary and ecologically important connections among otherwise 

isolated populations.  In addition to longitudinal movement, more localised movement 

from refugial waterholes to floodplain habitat and back has been shown both in western 

Queensland populations and central Victorian populations (Arthington et al. 2005; 

Balcombe et al. 2007; King 2002).  This lateral movement highlights the potential for this 

species to exhibit opportunistic and high levels of connectivity in numerous riverine 

environments.   Human-assisted movement both within and across drainage boundaries 

at least in the southern region of the species distribution has also been reported in this 

species for conservation, forage and recreational purposes (live bait) (Lintermans 2004).  
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1.7.4 Genetic structure 

 

The studies mentioned above relate to ecological observations with indirect observations 

on the dispersal and/or migratory behaviour of R. semoni made in a posthoc fashion.  In 

contrast two recently published studies have inferred levels of connectivity based on 

molecular approaches focusing on either taxonomic boundaries across the species range 

(Hammer et al. 2007) or examining localised dispersal among and within populations from 

both an inland and internally draining river system (Hughes & Hillyer 2006).  Hammer et 

al. (2007) suggest, based on an allozyme study which showed significant intra-specific 

substructuring across the species range, that the taxonomy of Australian smelt needs a 

major review obviously affecting both the ecological and conservation status of the 

species.  Based on their results, the authors suggest that this species needs to be managed 

on an individual river basin level and that natural recolonisation of any extirpated 

populations is highly unlikely in the short term.  The study highlighted five genetically 

distinct subgroupings across a contiguous range with three clear cases of sympatric 

species and within group substructuring.  The groupings included central-east 

Queensland (CEQ), south-east Queensland (SEQ), south-east coast (SEC), Murray-Darling 

basin + Tasmania+ western Victoria (MTV) and Cooper Creek River Basin (COO) 

populations.  Indeed these results of strong genetic structuring even within some of 

Australia’s major drainage systems (e.g. Murray Basin populations <100km apart) 

contrasts strongly with previous ecological studies and observational data which suggests 

large population sizes and intrinsic instream movement including both active upstream 

and passive downstream movement.  Of interest however is that the majority of ecological 

information on this species has been developed from two locations, firstly in south-east 

Queensland where Milton and Arthington (1985) studied the reproductive and growth 

strategies of smelt in an area that may possess two and possibly three sympatric lineages 

and also from a subset of central Victorian rivers which have contrasting structure to 
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populations elsewhere within the MTV clade as being the only subset of populations that 

displayed no significant differences in allele frequencies among populations (rivers).  

Obviously the latter scenario where observations across populations from neighbouring 

subcatchments have been based on what Hammer et al. (2007) suggest are panmictic 

populations is of little concern compared to the first case where ecological observations 

may have arisen from three species with separate evolutionary and ecologically 

trajectories.   

 

In contrast to the remainder of the populations within the MTV clade the small subset of 

central Victorian and New South Wales populations from the upper Murray-Darling sites 

were not statistically different from panmixia despite covering a much larger geographical 

range (>500km), a greater complexity in stream structure and instream barriers due to 

river regulation practices primarily for irrigation purposes than other more structured 

populations within the clade and even other clades as a whole (e.g. CEQ).  In addition to 

these panmictic populations that appear to buck the trend of strong substructuring within 

the MTV clade and indeed the species complex as a whole are the results for the 

individuals from the Cooper Creek River Basin which are also deeply genetically 

divergent as originally shown by Hughes and Hillyer (2006) and morphologically and 

ecologically different from the Darling River populations that are geographically the most 

proximate (Hammer et al. 2007).  Similar deep divergences were reported by Musyl and 

Keenan (1992) examining the population genetic structure of Golden Perch Macquaria 

ambigua which they estimated became separated some time during a significant drying 

phase at the end of the tertiary period some 4.6-4.35 million years BP.  Estimates of 

divergence based on R. semoni (~1.5 million years BP) contrast with the estimates of 

golden perch but none the less suggest that separation of smelt among these drainages is 

quite old and that no connectivity has reoccurred.  Recently Huey et al. (2006) examined 

the levels of gene flow among populations of the catfish Neosilurus hyrtlii among similar 
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drainages and suggest an even more recent time of connection (~50 000 years BP) 

highlighting the role that intrinsic dispersal ability has on connectivity in association with 

the potential for hydrological connectivity.   

 

In addition to drainage scale, Hughes and Hillyer (2006) examined the dispersal levels of 

this species in far greater detail than the previous taxonomic study by Hammer et al. 

(2007) from localised sites both within and among populations from Cooper Creek and the 

Darling River system.  Results of this study highlighted weak but significant structuring 

amongst populations within the Darling River system for mitochondrial DNA but were 

not statistically different from panmixia based on nuclear DNA (allozymes).  Again these 

results mirrored the hierarchical structure detected in the golden perch with among 

drainage variation and little genetic differentiation within drainages (Musyl & Keehan 

1992).  Due to a lack of sampling Hughes and Hillyer (2006) were unable to examine 

connectivity levels among populations within the Cooper Creek Basin.  Together these 

studies highlight that structuring within this species can exist at varying spatial scales 

both within and among catchments and at various temporal scales with some differences 

showing deep historical breaks and others more evident of recent divergences.  

Furthermore both studies were unable to conclusively determine the levels of population 

structure at small and broad scales in both the heavily regulated Upper Murray Basin and 

the naturally flowing Cooper Creek Basins.  It is at these scales and in such geographically 

and structurally varied systems as mentioned by Hammer et al. (2007) that future research 

should be aimed to ensure the protection of this species biodiversity and evolutionary 

potential.       
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1.8 Australian inland river systems 

 

Australian smelt appear, at least from a molecular perspective, like their northern 

hemisphere relatives the salmonids to be spatially and temporally arranged into highly 

differentiated metapopulations in often inhospitable environments that undergo frequent 

local, small catastrophes and larger less frequent ones (Northcote 1997). Differentiated 

metapopulations result from subpopulations existing in relative isolation where the 

extinction of some populations is only infrequently repopulated from outside sources and 

where dispersal amongst existing populations is rare.  This leads to genetic divergence 

amongst populations of the same species.  Metapopulation persistence and recolonisation 

requires fluvial connectivity to facilitate the innate potodromous movements of species 

such as R.semoni.  Fluvial connectivity in these riverine environments is governed by 

many physical characteristics such as channel structure and architecture, flow regimes 

and direction, climatic fluctuations, natural and anthropogenic barriers and habitat 

heterogeneity. 

 

Two of the twelve major drainage divisions found across Australia, the Murray-Darling 

Basin and the Lake Eyre Division (Figure 1.3) (Geosciences Australia 1997) correspond 

with two distinct freshwater fish biogeographic provinces, the Murray-Darling Province 

and Central Australian Province (Figure 1.4) (Unmack 2001).  Each biogeographic 

province represents two contrasting and highly unpredictable aquatic environments, with 

particular emphasis on differences in climatic conditions and landform structure.  These 

drainages are of particular interest to this study as they contain highly divergent 

populations of Australian smelt that have been largely unstudied at the population level. 
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Figure 1.3 Two major Australian drainage divisions. The rivers examined in the Murray-Darling 

Basin (IV) are shaded with checker pattern and the rivers in the Lake-Eyre Division(X) are shaded 

with horizontal bars. (from http://www.bom.gov.au/hydro/wr/basins/basinhi_grid.jpg). 

 

http://www.bom.gov.au/hydro/wr/basins/basinhi_grid.jpg
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Figure 1.4 Freshwater fish Biogeographic Provinces (from Unmack 2001).  Provinces used in this 

study include catchments of the Central Australian Province (LEB), Eastern Province (SEQ and 

NEN) and the Murray-Darling Province (MDB). 

 

1.8.1 Murray-Darling Province: Murray-Darling Basin (MDB) 

 

The Murray-Darling Basin supports a remarkably small number of freshwater fish taxa 

compared to other provinces considering the size of the drainage basin (Humphries et. al. 

2002).  Unmack (2001) suggests that the fish fauna of the MDB is a mix of nine endemics, 

with the remaining 15 taxa mixed widely among neighbouring subcatchments. The 

depauperate freshwater fish fauna is the result of the long term isolation of the Australian 

continent and the climatic variability across the basin with particular emphasis on the 

area’s highly variable flow and low rates of river discharge (Puckeridge et al. 2000).  More 

recently Humphries et al. (2008) have suggested that large scale river regulation may have 
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altered natural conditions for breeding and movement thus creating inhospitable 

conditions leading to local extinction of freshwater fish within the basin.   

The Murray River drainage system extends back at least 50 Ma to the early Tertiary 

following the breakup of Australia and Antarctica (Stephenson & Brown 1989).  During 

the upper Miocene to the Pliocene, the basin was subjected to a series of marine 

transgressions and regressions, which would have increased and lowered levels of 

connectivity dramatically across the catchment (Kingham 1998; Ollier 1995).   

 

Four major and two minor rivers drain hills and low mountains in the southeast Murray 

drainage basin (Ogden et al. 2001).  As these rivers drop in elevation and emerge from the 

hills, they meander across large floodplains, such as those located at Seymour in the 

Goulburn River catchment of central Victoria (Ogden et al. 2001).  The minor catchments 

discharge into the Murray River and ultimately drain to the sea through river systems in 

South Australia.  The upper tributaries of this dendritic system which are the catchments 

focused on in this study such as the Campaspe, Goulburn and Ovens Rivers (Figure 1.5) 

have all existed since at least the Eocene (Stephenson & Brown 1989) and their headwaters 

are located along the Great Dividing Range.  The Campaspe and the Goulburn Rivers are 

both estimated to have retained their river architecture for at least the last 13, 000 years 

and the Ovens River has been dated as conforming to its modern day structure for the last 

9, 000 years based on sediment studies by Ogden et al. (2001).  Several different riverine 

structures are characteristically found within the three catchments from side arms, 

backwaters, oxbow lakes and ephemeral ponds (Amoros & Bornette 2002) as well as the 

primary, secondary and tertiary channels that characterise the dendritic network of the 

Murray River system (Schumm et al. 1996).   
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Ovens R.

Murray R.

Goulburn R.

Campaspe R.

 

Figure 1.5 Location map of the Campaspe, Goulburn and Ovens catchments in the Murray Darling 

Basin. 

 

Like many drainage divisions in Australia the rivers of the MDB experience unpredictable 

and varied flow regimes typical of lowland systems in dryland environments (Puckeridge 

et al. 1998).  It is a result of these unpredictable conditions that has led to large scale river 

regulation within the MDB with nearly 100% of the annual run-off being diverted, second 

greatest number of dams of all Australian drainage divisions and approximately 90% of 

all divertable water extracted (Kingsford 2000). Historically, mean monthly rainfall and 

discharge levels are generally the same across the three catchments and peak in the coolest 

months of the year in late winter and early spring as a result of winter rain and snow melt 

(King et al. 2003).  However of more reliability are the periods of low flow which 

correspond to the hottest months in the summer, where many streams historically have 

been characterized by a series of disconnected pools that act as refugial habitat for 
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freshwater organisms (Humphries et al. 1999).  Of the three catchments the Ovens River is 

a unique system being the most easterly and smallest river it flows unobstructed for 150 

km from the alpine regions of Victoria north to Lake Mulwala prior to joining the Murray 

River and remains one of the last unregulated rivers in the entire basin (King et al. 2003; 

McNeil & Closs 2007).  Not only is connectivity not anthroprogenically encumbered but 

also natural patterns of flow and levels of discharge remain fairly variable.  With this 

variability come large and sudden changes to both instream and overbank flows (about 

every 75 out of 100 years) providing links to floodplain and billabong habitat which may 

be constrained in more controlled rivers.  With no regulation practices in place, the system 

has also been able to maintain a large number of habitat types along its course from 

floodplains with large permanent and temporary billabongs to anabranches that vary 

dramatically in their size, depth and vegetation structure (King et al.  2003).  Conversely 

within the larger Campaspe and Goulburn catchments the majority of the lower sections 

of these catchments contain a more homogenous habitat type usually consisting of a wider 

shallower main channel with diminishing bank height as the river meanders across 

lowland floodplains with reduced inputs from higher order streams (Pollino et al. 2004).  

In the upper sections a more varied structure of tributaries containing long, deep and slow 

flowing pools is common feeding into the steeper banked main channel (Humphries et al. 

2008).    

 

In the late 1880’s and through to the mid 1960’s a large number of potential barriers to 

movement such as dams and weirs were constructed for both irrigation and town water 

supplies (DWR 1989) in the remaining two catchments.  Of particular interest to this study 

are the barriers constructed for irrigation and water supply purposes, such as the 

Goulburn weir (1890) and Lake Eildon (1927) in the Goulburn catchment and the 

Campaspe weir (1882) and Lake Eppalock (1962) in the Campaspe catchment (DWR 1989).  

Dams have the greatest impact, because they virtually eliminate fish passage both 
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upstream and downstream except for a small number of climbing species (e.g. eels and 

climbing galaxias).  At weirs, downstream passage over the weir is typically retained 

whilst upstream passage is only possible when the structure is ‘drowned out’. Drown-out 

occurs when the river level is high enough to completely submerge a barrier and little or 

no headloss persists (i.e. the difference between upstream and downstream water levels) 

(Thorncroft & Harris 2000).  In certain cases these barriers not only reduce the mean 

annual discharge levels of each river (Humphries et al. 2008) but more importantly they 

affect the periods of high flow by releasing unseasonable and peak flow events in 

summer, when rivers usually cease flowing, rather than winter (Richardson et al. 2004) 

and reduce the likihood of overbank flow events in more traditionally wet months 

(Pollino et al. 2004).  Furthermore they alter the hydrological attributes of rivers in less 

obvious ways.  Any instream barriers will obviously store water upstream creating pool 

and even slightly lotic environments (Pringle et al. 2000).  The main river corridor may 

also act as an inhospitable environment rather than an open conduit between tributaries 

due to both altered flow regimes and thermal ranges more suitable for introduced 

slamonid species than native fish communities (Pollino et al.  2004).  

 

The above catchments provide an ideal structure to examine connectivity among 

Australian smelt populations at a multilevel spatial scale across the stream hierarchy as 

well as examine the impacts of human induced fragmentation by comparing changes in 

connectivity across a temporal range that spans evolutionary and ecological timeframes to 

determine the effects of the recent construction of river regulation in the regulated versus 

unregulated rivers.   

 

1.8.2 Central Australian Province: Lake Eyre Basin (LEB) 

 

Cooper Creek is situated on the eastern side of the Lake Eyre Basin which is one of the 

world’s largest internally draining catchments (Fagan & Nanson 2004).  Cooper Creek is 
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fed by the Barcoo and Thompson Rivers in the north (Figure 1.6) and forms one of the 

major catchments in the LEB (Sheldon et al. 2002).   

 

 

Figure 1.6 Location map of Cooper Creek in the Lake Eyre Basin (from Capon & Brock 2006). 

 

The catchment is characterised by its low topological relief and the anastomising channel 

network that is connected across vast flood plains (~60 km) during flood events and 

disconnected waterholes that range from 100m to 20km in length during dry periods 

(Knighton & Nanson 2001).  These characteristics are relics of previously connected river 

systems that have become disorganized under arid conditions resulting in low flow 

strength, low bank erodibility and isolated large flooding events (Kotwicki & Allan 1998).   

The catchment is known for its boom and bust ecology (Walker et al. 1997) which is typical 

of Australian dryland river systems (Puckeridge et al. 2000).  These cycles, which exhibit 

some of the most extreme hydrological variation in the world (Puckeridge et al. 1998), 

result from the dramatic changes in surface water discharge from extended periods of low 
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flow to flooding of vast floodplains facilitated by the low topographic relief across the 

catchment (Capon & Brock 2006).  Periods of low flow on average last about 6 years but 

extreme variability is more common (Sheldon et al. 2002).  The major floods associated 

with the La Nina phase of the El Nino Southern Oscillation cycle, which occur 

approximately once every 100 years (Pickup 1991) and break these supraseasonal 

droughts, provide opportunities for connectivity among waterholes, floodplains and 

subcatchments in all directions not just longitudinally along the river (Puckeridge et al. 

2000; Marshall et al. 2006 ).  The majority of flow is generated from the rainfall in the 

northern part of the catchment associated with seasonal monsoon rainfall (November – 

March) and the remainder of stream flow results from periodical local rainfall (Knighton 

& Nanson 1994).  Flow in Cooper Creek has not yet been diverted for irrigation or blocked 

by dams and weirs for storage (Kingsford et al. 1999).  However state storage 

infrastructure exists in the Barcoo River with the Charles Lloyd Jones Weir at Barcaldine 

and in the Thompson River significant local government infrastructure exists at 

Longreach where a series of 4 weirs are used for the supply of town water, irrigation, 

domestic and industrial uses (NRM 2005).   

 

The Lake Eyre Basin’s fish fauna is somewhat of an overlap zone between the northern 

and southern drainage divisions and is also similar to more eastern catchments (Unmack 

2001).  However due to the isolation of many of the rivers, numerous endemic species can 

also be found in the basin (Unmack 2001).  It has been suggested that due to the unique 

hydrological conditions in Cooper Creek much of the fish fauna in the system will have 

adapted to take advantage of the intermittent floods that produce increased resource and 

growth opportunities associated with floodplain inundation (Balcombe et al. 2008).  

Indeed several studies have shown that numerous species move onto the floodplain in 

high flow events (Arthington et al. 2005; Balcombe et al. 2008).  Furthermore these large 

scale flooding events or ‚booms‛ provide the perfect platform for increased biotic 
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connections throughout the catchment and thus high genetic connectivity for several fish 

species (Huey et al. 2006; Hughes & Hillyer 2006).  However the long periods of low flow 

and pool isolation ‚busts‛ may lead to extensive extinctions and recolonisation from a 

limited number of survivors leading to significantly reduced levels of within population 

genetic diversity from the stress of drought induced bottlenecks (Huey et al. 2008).           

 

1.9 Project outlines and aims   

 

Small freshwater fish taxa have received little attention in the scientific literature with 

respect to molecular studies characterising dispersal in Australian river systems.  The 

overriding theme of this research was to utilise population genetic markers to investigate 

connectivity levels amongst a small but extremely abundant member of Australia’s 

freshwater fish community.  The primary aim of the study was to examine how applicable 

contemporary models of aquatic connectivity are in describing the spatial patterns of 

dispersal in Retropinna semoni from vastly contrasting hydrological environments and to 

determine the temporal variance in intrapopulation diversity levels and interpopulation 

migration estimates.  The drainages chosen for this study are vastly different in their 

hydrological, climatic and architectural makeup (see section 1.8).  These contrasting 

environments can potentially alter or shape a species dispersal patterns highlighting the 

impacts that extrinsic components can have on connectivity levels.  The focal species has 

been selected because it is abundant, relatively easy to capture, has been well studied by 

ecologists with respect to traditional estimates of movement and basic biological 

information, and for its reported abilities to disperse within inland drainage systems (see 

section 1.7.3).  This study provides additional information into the biological, ecological 

and physical constraints on just one species that potentially due to its widespread nature 

and ubiquity could function as a model species for describing patterns of population 

connectivity in stream fauna and therefore be utilised in management decisions relating to 

hydrologic alterations and restoration projects. 
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Specifically, chapter two details the methodology associated with all aspects of this 

research from sample design, collection and preparation through to laboratory procedures 

and analysis followed by statistical treatment of raw data.  Chapter three presents the 

findings from the investigation of population connectivity across a hierarchical spatial 

structure in three major rivers that flow into Australia’s largest drainage division, the 

Murray Darling Basin in Victoria.  Historical and contemporary levels of dispersal among 

populations within rivers are also examined to identify the effects that altering 

hydrological connectivity has on spatial patterns of connectivity.  Chapter four, in a novel 

approach, examines the effect that temporal sampling and analysis can have on estimates 

of population structure and individual dispersal estimates within the same drainage.  The 

final data chapter, chapter five, shifts the focus of the study to the northern most range of 

Retropinna semoni to compare and contrast levels of population connectivity and 

intrapopulation diversity in Australia’s largest internally draining and most 

hydrologically variable drainage system, Lake Eyre Basin with those of the Murray 

Darling Basin from chapters three and four.  Chapter six summarises the findings of this 

research with a primary focus on how levels of population connectivity fit into current 

models of aquatic connectivity, assesses the utility of population genetic methods for 

ascertaining spatiotemporal estimates of connectivity and more specifically relates the 

findings of past ecological estimates of dispersal and movement to current estimates 

based on population genetic markers. 
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Chapter 2: General Methods 
 

2.1 Field sampling 

 

Australian smelt (Figure 2.1) were systematically sampled from disconnected refugial 

pools (Figure2.2) across various spatial scales using a fine-mesh seine net (1.5 m depth × 7 

m length) (Ethics approval number: AES/04/03/AEC and AES/07/06AEC).  Sampling was 

restricted to the dry season in the lower Murray Darling Basin (MDB) (Figure 2.2) which 

occurred over a two week period in February 2004 and again in March 2005.  Within the 

MDB 30 individuals were sampled from 13 sites (n=390) across three rivers in 2004 and 30 

individuals from 23 sites (n=690) in 2005.  A sample size of 30 individuals per site was 

utilised at this stage of the project as similar or smaller sample sizes have been shown to 

be useful in the examination of the genetic population structure of several freshwater fish 

species (e.g. McElroy et al. 2003 and Heath et al. 2002).  In the more northerly Lake Eyre 

Basin (LEB) (Figure 2.3) samples were collected over twelve days in September 2006 prior 

to the potentially flooding monsoonal rains that occur across the northern boundaries of 

the catchment in the summer months (Nov – Mar).  Twenty individuals were collected 

from 18 sites (n=360) encompassing large waterholes through to small isolated pools.  

Sample sizes in this catchment were based on the results from the MDB which suggested 

that significant differences amongst populations could be established from fewer 

individuals than previously sampled due to the hypervariability of loci developed for 

microsatellite analysis and an initial analysis of mtDNA results using just 5 individuals 

(Woods 2004).  Sampling locations accommodated both the hierarchical nature of the 

study, covering multiple sites both longitudinally and laterally within catchments and 

among several catchments, and also covered sites upstream and downstream of recently 

built barriers to movement.   
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Upon capture each fish was dissected immediately posterior to the pectoral fin along the 

dorso-ventral plane to separate the head for otolith removal, and subsequent analysis in a 

concurrent project, and the body for molecular analysis (Figure2.1).  Each fish was given a 

unique identification number and the heads stored in individual plastic bags in 95% 

ethanol and the body of each fish was stored in a separate plastic bag, immersed in liquid 

nitrogen and subsequently transported back to the laboratory and stored at –80oC (Forma 

Scientific Enviro-Scan Bio Freezer), prior to molecular analysis.   

 

  
Figure 2.1 Australian smelt, (Retropinna semoni – Webber 1895) (Photo by Jed Macdonald) and fish 

dissection in the arid rivers. 
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Figure 2.2 Clockwise from top; map of the lower Murray Darling Basin (MDB) with the three 

subcatchments sampled, refugial pools in Sugarloaf creek, seine netting vegetation on the fringe of 

an MDB billabong.  
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Figure 2.3 Clockwise from top; map of Cooper Creek, Lake Eyre Basin (LEB) from Capon & Brock 

(2006), small refugial pool in Cooper Creek, large billabong in Cooper Creek. 
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2.2 Molecular genetic methodology 

2.2.1 Total genomic DNA extraction 

 

Total genomic DNA was extracted from each individual using a modification of the 

CTAB/phenol-chloroform extraction protocol (Doyle & Doyle 1987).  Approximately 50mg 

of muscle tissue was homogenised with a plastic pestle in a 1.5mL eppendorf tube 

containing 700 μL of 2 x CTAB extraction buffer (0.5 M Tris HCL pH 8.0, 2 M NaCl, 0.25 M 

EDTA, 0.05 M CTAB; Sigma, Sydney, Australia) and 5 μL of Proteinase K (20 mg mL-1).  

Samples were then vortexed and left to digest overnight at 65oC on a Thermoline dry 

block incubator.   

 

Following digestion, proteins and lipids were removed via the following set of 

extractions.  Initially chloroform-isoamyl (24:1, 600 μL) was added to each sample, mixed 

and centrifuged for 10 minutes at 13 000 rpm with the resulting supernatant siphoned off 

to a new 1.5 mL tube.  Secondly phenol-chloroform-isoamyl (25:24:1, 700 μL) was added 

to each sample and mixed for 10 minutes on a carousel and then centrifuged for 5 minutes 

at 13 000 rpm with the resulting supernatant siphoned to a new tube.  This step was then 

repeated due to the excessive presence of lipids and proteins in solution.  The samples 

were re-washed in Chloroform-isoamyl (24:1, 600 μL) and mixed for 2 minutes on a 

carousel followed by centrifugation for 5 minutes at 13 000 rpm with the resulting 

supernatant transferred to a new 1.5 mL tube.  600 μL of cold isopropanol was then added 

(1 hour at –80oC) to precipitate the DNA out of solution.  The samples were centrifuged at 

13 000 rpm for 30 minutes to allow for the formation of a DNA pellet and subsequently 

aspirated.  Pellets were washed in 700 μL of 70% ethanol and further centrifuged for 15 

minutes and aspirated.  Pellets were then dried in a vacuum bell before being re-

suspended in 100 μL of ddH2O and stored at 4oC prior to further analysis. 
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2.2.2 Mitochondrial DNA (mtDNA) amplification and sequencing  

 

The fragment of the mitochondrial genome used in the study incorporated the protein 

coding ATPase 6 and ATPase 8 genes for which specific primer sets namely ATP8.2L8331 

and COIII2H9236 (Table 2.1) have been designed and used in other fish studies 

(S.McCafferty, unpublished available from http://striweb.si.edu/bermingham/research/primers).  

Initial screening of six individuals resulted in the development of a more specific internal 

primer to improve the resolution of sequenced product and improve the amplified 

product concentration.  To amplify the ATPase region in a Polymerase Chain Reaction 

(PCR) the species-specific internal primer smelt-r7 (Table 2.1) was combined with the 

ATP8.2L8331 primer which was also altered with the addition of a GC rich clamp (Table 

2.1) to improve the melting temperature profile.  Reactions (12.5 μL) contained 0.5 μL 

10mM ATPGC primer, 0.5 μL 10mM smelt-r7 primer, 1.0 μL template DNA, 0.25 μL 

dNTP’s (Bioline), 0.5 μL 25mM MgCl2 (Astral), 1.25 μL 10 x Polymerase Reaction Buffer 

(Astral), 0.25 μL Thermus aquaticus DNA (Taq) polymerase (1units/µL) (Astral) and 8.25 μL 

ddH20.  The PCR temperature profile consisted of a 4 minute denaturing period at 95oC 

followed by 40 cycles at 94oC for 30 seconds to denature, 50oC for 30 seconds to anneal and 

72oC for 1 minute for extension.  Following the 40 cycles, one last extension period of 72oC 

for 5 minutes was undertaken upon which time samples were returned to 4oC for further 

analysis.  PCR reactions and all further thermal cycling reactions were performed on an 

Applied Biosystems GeneAmp PCR system 2700. 

 

Table 2.1 R.semoni primers for ATPase 6 and ATPase 8 mitochondrial genes.  

Primer Sequence 5’-3’ 

ATP8.2L8331* AAAGCRTYRGCCTTTTAAGC 

COIII2H9236* GTTAGTGGTCAKGGGCTTGGR 

smelt-r7 AGCCGTAGGTTGGTTTCGCAT 

ATP8.2L8331 + GC  GCCCGCCCCCGCGCCCTGCCCGCGCCCCGCGCCGCCCGCCCAA

AGCRTYRGCCTTTTAAGC 

* S.McCafferty, unpulished (http://striweb.si.edu/bermingham/research/primers). 
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Amplified PCR product was checked for DNA concentration and fragment length on a 

1.6% agarose gel (1.6% agarose, 0.5 μL ethidium bromide/100mL).  Samples (3 μL PCR 

product) were mixed with gel loading buffer (1 μL) (0.25% bromophenol blue, 0.25% 

xylene, 30% glycerol in ddH2O) and loaded on to agarose gels, which were immersed in 1 

x TAE Buffer (4.84g Tris, 1.142mL glacial acetic acid, and 2mL 0.5 EDTA pH 8.0 in 1L of 

H2O) in horizontal electropheretic baths. A 100 V current was applied to the bath for 30 

minutes before the fluorescently labeled PCR product was visualised under a UVP 

transilluminator to determine if the concentration of DNA was adequate for further 

analysis.  Correct fragment size and concentration was confirmed by comparing the 

migration length and band intensity of the sample against a DNA size marker of known 

concentration (100bp DNA Ladder, Fermentas).   

 

The amplified PCR product was purified via an enzymatic purification protocol using 

Exonuclease I-Shrimp Alkaline Phosphatase (EXO SAP, Fermentas).  Each reaction (5 μL 

of PCR product, 0.5 μL Exonuclease I and 2 µL Shrimp Alkaline Phosphatase) was 

incubated at 37oC for 35 minutes to activate the enzyme, followed by a heating process of 

80oC for 20 minutes to inactivate the enzyme.  Purified product was stored at 4oC prior to 

the sequencing reaction.  The sequencing reaction contained 2 μL of Terminator Mix 

BigDye v1.1 and v3.1 (Applied Biosystems), 2 μL of 5 x Terminator Mix Buffer (Applied 

Biosystems), 0.32 μL of the ATP+GC forward primer, 0.5 μL of purifed PCR product and 

5.18 μL of ddH2O.  Reactions were run under the following conditions; an initial hold of 

96oC for 1 minute, 30 cycles of 96oC for 10 seconds, 50oC for 5 seconds and 60oC for 4 

minutes.  Samples were then stored at 4oC for further analysis.   

 

Cleaning the sequencing reaction required 40 μL of 76% ethanol to be added to the 

samples.  Samples were left for at least 20 minutes prior to centrifugation for 30 minutes at 

13 000 rpm.  Samples were aspirated to remove the liquid from the pellet of DNA.  The 
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DNA pellet was cleaned in 250 μL of 70% ethanol and centrifuged at 13 000 rpm for a 

further 30 minutes.  Samples were again aspirated and thoroughly dried in a vacuum bell 

for at least 30 minutes.  Fragments were then sequenced at the School of Biological and 

Biomedical Sciences, Griffith University on an automated sequencing machine (Applied 

Biosystems 3130xl Capillary Electrophoresis Genetic Analyses).  Sequences were aligned 

by eye and edited using the BIOEDIT program Version5.0.9 (Hall 1999).   

 

2.2.3 Microsatellite library development  

 

Two separate libraries were developed for R.semoni, the first in January 2005 (by M. 

Hillyer, Griffith University) and a second library by myself in mid 2007.  Both libraries 

were developed from slightly different protocols as outlined below.  The first library was 

developed from six individuals spanning the geographic scale of the Murray Darling 

study sites.  Composite samples of DNA together with 5µl of the DpnII restriction enzyme 

(New England BioLab), 10µl 10xNe buffer and enough ddH2O to bring the reaction 

volume to 100µl were digested at 37oC for three hours.  Digested product was run on a 

1.2% agarose gel for 30 minutes at 80 volts and fragments ranging from 200-800bp were 

excised and purified using an ammonium-acetate/ethanol.  The purified DNA was ligated 

into a pUC18 plasmid vector (BamHI digested and dephosphorylated) (Amersham 

Biosciences) using T4 DNA ligase (Promega).  Ligations were transformed into competent 

Escherichia coli cells (strain JM109, Promega) using electroporation.   Transformed cells 

were ‘relaxed’ for approximately one hour at 37oC, plated onto LB agar containing 

ampicillin (100µg/mL), IPTG and X-gal, and then incubated at 37oC overnight to allow for 

colony growth and replication.  Colonies that were white (i.e. containing inserts) were 

picked and added to new LB-ampicillin agar on a grid formation and again incubated at 

37oC overnight.  Colonies were subsequently transferred to Hybond-N filter membranes 

where the DNA was denatured in a denaturing buffer (0.67 M NaCl, 0.5 M NaOH) for ten 
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minutes and neutralized in a neutralizing buffer (0.67  M NaCl, 0.5 M Tris-HCl pH 7.5) 

again for ten minutes.  DNA was then fixed to the membrane by soaking it in 20 x SSC 

and exposing them to UV radiation in a Vilmer Lourmat UV cross-linker.   

 

Eight oligonucleotide probes [(CA)15, (GA)12, (AAC)8, (AAG)8, (ACC)8, (ACG)8 and (ACT)8] 

were radioactively end labeled with *γ32P]-dATP (PerkinElemer) using T4 polynucleotide 

kinase.  These labeled probes were hybridised to the fixed single-stranded DNA at 55oC 

overnight.  The membranes containing the DNA and attached probes were exposed to X-

ray film at -80oC for 17 hours which revealed 90 positively probed clones.  These positive 

clones were cultured in TB broth and the plasmid DNA was extracted using an alkaline-

lysis miniprep method.  DNA was sequenced using the same sequencing reaction 

protocols and sequencing machines as used for mtDNA (see section 2.2.2) with the M13F 

primer (5’-GTAAAACGACGGCCAGT-3’) (Amersham Pharmacia Biotech) used to target 

our region of interest in our plasmid.  Sequences were checked for microsatellite inserts 

using the BIOEDIT program Version5.0.9 (Hall 1999).  From 90 sequenced clones, 37 

contained microsatellite inserts with 72% of these containing dinucleotide repeats (CA)n.  

Of these 37 microsatellites, 20 had sufficient flanking regions for suitable primer design 

and were subsequently screened using TAMRA dUTP’s (Applied Biosystems) , yielding 

four loci (Table 2.2) that could be amplified and contained variation among eight 

randomly selected test individuals.  Each locus was run with 5’ HEX labels on the reverse 

primer (GeneWorks).  [This section has been published as a technical note in Molecular 

Ecology Notes 6: 224-226 (2006)]. 

 

The second method was adapted from a combined approach developed by Perrin and 

Roy (2002) and Glenn and Schable (2005).  Again six geographically separated individuals 

were individually digested using 10µl of extracted DNA, 1µl DpnII enzyme (New 

England Biolab), 1µl RNase, 1.5µl 10xbuffer and 1.5µl of ddH2O overnight at 37oC with an 
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additional 1.0 µl of enzyme added for 3 hours the following day to complete the digestion 

process.  Samples were run on a 1% agarose gel to check the DNA had digested properly 

(smear pattern) and all samples were subsequently pooled.  Two linkers SauLA (5’ 

GCGGTACCCGGGAAGCTTGG 3’) and SauLB (5’ GATCCCAAGCTTCCCGGGTACCGC 

3’) (Sigma Genosys) were made to a concentration of 200μM and combined into a single 

linker using 3.44µl of both SauLA and SauLB, 1.0µl 10x reaction Buffer and 2.12µl ddH 2O 

under a single cycle of 95oC for 40 seconds, 65oC for 15 minutes, 60oC for 15 minutes, 50oC 

for 15 minutes, 45oC for 15 minutes, 40oC for 15 minutes and finally held at room 

temperature.  This linker was then ligated onto the digested DNA to optimize priming 

sites in the enrichment PCR process by incubating 2.0µl digested DNA, 2.0µl linker, 1.5µl 

10xbuffer, 1.5µl T4 DNA Ligase, 0.5µl rATP and 7.5µl ddH2O at room temperature for two 

hours and then 16oC overnight.  The DNA was then amplified using a pre-enrichment 

PCR containing 2.5μl 10xbuffer, 2.0μl 2.5mM dNTP’s, 1.5μl 50mM MgCl2, 1.0µl Taq 

(1U/µl), 1.5µl 10uM SauLA, 2.0µl ligated DNA and 14.5µl ddH2O under a thermal cycle of 

94oC for 5 minutes, 35 cycles of 58oC for 30 seconds, 72oC for 40 seconds and 95oC for 30 

seconds with a final cycle on 72oC for 4 minutes.   

 

Amplified product was run on a 1% agarose gel with the majority of fragments ranging in 

length between 400-800bp so size selection and purification was not necessary.  Linker-

ligated PCR product was then combined in solution with 5’ biotinylated repeat probes for 

eight high melt probes ( AC13-58oC, AGC6-60oC, AAGG6-68oC, AG15-65oC, AAG8-57oC, 

ACC8-78oC and ACG8-80oC) (Sigma Genosys) and separately for four low melt probes 

(AT15-32oC, AAC6-48oC, AGAT6-46oC and AAT8-43oC)(Sigma Genosys)  in reactions 

containing 15.0µl 2xHyb solution (60µl 20xSSC, 1.0µl 10% SDS and 39µl ddH2O), 6.0 µl 

probe mix, 6.0µl linker-ligated PCR product and 3.0µl ddH2O and cycled for 95oC for 5 

minutes then 70oC for 5 seconds and reduced 2oC every 5 seconds until held at 50oC for 10 

minutes then further reduced to 40oC again at 2oC per 5 seconds and then quickly chilled 
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to 15oC.  Attachment of biotin labeled probes provided the opportunity to target 

specifically, fragments with these repeated arrays as this product has an abnormally 

strong affinity to streptavidin.  To utilise this extremely strong biological bond in the 

process of bioseparation of fragments with repetitive motifs from nontarget fragments I 

used Streptavadin MagneSphere Paramagnetic Particles (Promega) as per the 

manufacturer’s instructions utilising a series of washes and centrifugation to remove 

nontarget fragments and then elute the biotinylated fragments from the magneshperes.  

The process was repeated for two rounds of PCR enrichment for both low and high 

temperature probe mixes with the only difference being that the low probe mix was 

incubated at 45oC and the high probe mix at 55oC (Promega).  At the end of the series of 

enrichments I was left with product in the 400-800bp size range that should have 

contained a high concentration of microsatellite rich fragments.   

 

The enriched DNA was then digested prior to vector ligation again using the DpnII 

enzyme using 3.0µl 10xbuffer, 1.0µl DpnII, 20µl enriched DNA and 6.0µl ddH2O.  

Enriched DNA was then ligated into the pGEM-4z (Promega) vector which had been cut 

and dephosphorylated with BamHI using 2.0µl Bam buffer, 1.0µl pGEM-4z (1µg/µl), 1.5µl 

BamHI (10U/µl) 2.0 µl TSAP and 13.5µl ddH2O that had been incubated at 37oC for one 

hour followed by deactivation at 80oC for 20mins.  The ligation process used 5µl of 

enriched DNA, 2.0µl of the cut vector, 10.0µl 2xRap.Lig.Buffer, 2.0µl T4 DNA ligase and 

1.0µl ddH2O.  Through electroporation ligations were used to transform competent 

Escherichia coli cells (Invitrogen).   Transformed cells were allowed to recover at 37oC in a 

mild shaker for 2 hours, smeared on to LB agar plates containing ampicillin (AMP) 

(100µg/mL) and then incubated at 37oC overnight to allow for colony growth and 

replication.  Colonies were picked and placed in 96 well plates containing 20µl of ddH2O 

for immediate amplification using PCR.  A corresponding plate containing 100µl growth 

mix made from 40ml LB, 10ml autoclaved glycerol and 50µl AMP was allowed to grow at 
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37oC on a shaker and stored for future reference at -80oC.  Screening the colonies 

temporarily stored in the water involved a PCR again using the M13F and M13R (5’- 

CAGGAAACAGCTATGAC-3’) primers (Sigma Genosys) using 1.3μl 10xbuffer, 1.0μl 

50mM MgCl2, 0.5μl of both primers (10μM), 0.3μl dNTP’s, 0.3μl TAQ (1U/μl),  2.0µl 

template DNA and 6.6µl ddH2O under the following thermal cycle 94oC for 4 minutes, 35 

cycles of 94oC for 30 seconds, 53oC for 40 seconds and 72oC for 60 seconds and a final step 

of 72oC for 4 minutes.  PCR product was examined on a 1% agarose gel and individual 

colonies above 500bp were sequenced using the M13F primer and protocols mentioned in 

the development of the initial library above.   

 

From 288 picked colonies (96 low probe mix and 192 high probe mix) 41 had inserts above 

500bp in length and of these 24 were sequenced with 15 containing repetitive motifs of 

sufficient length and enough bp overhang either side of the motif to enable adequate 

primer design using the program Net Primer (Premier Biosoft International) which was 

also used to analyse for palindromes, hairpins and dimer formation.  One third of these 

positive sequences were ordered with the forward primer labeled with a 5’ HEX 

fluorescent marker (GeneWorks), amplified and screened, producing strong and variable 

product for three loci (Table 2.2) across individuals from both the Murray Darling Basin 

and Lake Eyre Basin.  For future studies there are therefore 10 positive microsatellites still 

awaiting development and 17 colonies of sufficient length all stored at -80oC in a growth 

medium.   

 

2.2.4 Microsatellite amplification and assays 

 

Microsatellite amplification for all seven loci used PCR reactions(12.5 μL) containing  0.5 

μL 10mM of each primer,  1.0 μL template DNA, 0.25 μL dNTP’s (Bioline), 1.0 μL 25mM 

MgCl2 (Astral), 1.25 μL 10 x Polymerase Reaction Buffer (Astral), 0.25 μL Taq  (1units/uL) 



 

60 

 

(Fisher) and 7.75 μL ddH20.  The PCR temperature profile consisted of a 4 minute 

denaturing period at 95oC followed by 20-35 cycles (depending on product strength) of 

94oC denaturing for 30 seconds, 55oC annealing for 30 seconds and 72oC extension for 1 

minute.  Following these cycles, one last extension period of 72oC for 5 minutes was 

undertaken upon which time samples were returned to 4oC for further analysis.  Product 

visualization was performed by first preparing the samples by diluting the PCR product 

in a 1:1 ratio with a formamide-loading dye, denaturing at 95oC for 5 mins then rapidly 

chilling them on ice.  Samples were loaded onto a 5% denaturing acrylamide gel and run 

on a GelScan 3000 DNA Analyser (Corbett Robotics) at 1200 volts for 60 to 120 minutes.  

Each run contained four lanes of TAMRATM size standard (Applied Biosystems) and two 

known standards from previous runs.  Fragment analysis was performed using ONE-

DSCAN (Scanalytics). 

 

Table 2.2 Seven polymorphic loci developed for Retropinna semoni.  Loci with SM codes were 

designed in 2005 and those by a C in 2007. 

Locus Primer Sequence 5’-3’ Repeat TA 
Oc 

SM-18 F:GACTGGAGGTTCAGGATGCAC 

R: HEX-AATACAGTCCATACTCTACGC 

(AC)15<(AC)4<..(AC)8 55 

SM-26 F: TCAGGGAGAGACGGTCTGGGG 

R: HEX-GTGTAGGTACAGTGGATTAAC 

(CA)13(GACA)3 55 

SM-49 F: TCTCTCAATCCCCCACCTTGC 

R: HEX-AAAGAGAGCGAGAGACGCAGG 

(TC)11 55 

SM-80 F: CCGTCATGAAGGAGATGGAGG 

R: HEX-TTTCTGGGTATGTGTGTCAAC 

(GA)12 55 

C2 F: HEX- GGACTCAGAGTCAACATCTCAGC 

R: GGACTCAGAGTCAACATCTCAGC 

(GTT)9  

55 

C7 F: HEX-GCACCGTATGCCTGTCTACCAC 

R: CATCTGTTGCTGTTGTTGATGGTT 

(CAA)14 55 

E7 F: HEX-CGGCTTTGCAGCAGTATC 

R: CAGTCAGTCAGAACCATTACTACC 

(CAA)13 55 
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2.3 Data analysis 

2.3.1 Intrapopulation diversity 

 

MtDNA sequences were aligned by eye using the program BIOEDIT Version 5.0.9 (Hall 

1999).  A statistical parsimony procedure (Templeton et al. 1992) was used to develop 95% 

plausible haplotype networks with the program TCS version 1.13 (Clement et al. 2000) to 

visualise and infer the intraspecfic relationship of haplotypes at various spatial scales.  

Intrapopulation genetic variation was summarised by haplotype number and frequency 

as well as haplotype (h) and nucleotide diversity (π) indices using the program Arlequin 

Version 3.11 (Excoffier et al. 2005REF).  Haplotype diversity is similar to heterozygosity for 

diploid data and assesses the probability that two haplotypes drawn from a sample are 

different using frequency data following the formulae of Nei (1987). Nucleotide diversity 

not only includes information on haplotype diversity but also accounts for the actual base 

change (segregating sites), that is what is the probability that two individuals share the 

same nucleotide at a site which also follows the formulae of Nei (1987).  The program 

DnaSP Version 4.10.9 (Rozas et al. 2003) was used for two traditional tests of neutrality 

namely Fu’s Fs (Fu 1997) and Tajima’s D (Tajima 1989) statistics for each sample location, 

within catchments and across all populations to detect and characterise any deviations 

from expectations of selective neutrality at various spatial scales.  Significant results are 

likely to reflect non-equilibrium conditions resulting from the effects of selective forces on 

the gene region altering the balance between mutation and drift or changes in the 

demographic parameters of a population altering the balance between migration and drift 

(Pearse et al. 2006).  

 

Significantly negative departures in the test statistics, especially in the Fu’s Fs statistic 

indicates that a demographic change may have taken place rather than reflecting selective 

changes (Fu 1997; Rasmos-Onsins & Rozas 2002).  A mismatch distribution was calculated 

in DnaSP Version 4.10.9 (Rozas et al. 2003) to test whether a recent population expansion 
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had occurred.  Rodgers and Harpending (1992) suggest that recent demographic events 

such as a population expansion will cause most of the coalescent events to occur before an 

expansion and therefore the population’s genealogies will be stretched near the external 

nodes and compressed at the roots (star shaped genealogies).  Therefore population 

expansions should leave a footprint in the genetic data, which can be statistically tested 

(Ramos-Onsins & Rozas, 2002).  This study used Arlequin Version 3.11 (Excoffier et al. 

2005) to graphically construct the mismatch distributions.  

 

Traditionally, significance of the distribution is tested by comparing the smoothness of the 

observed distribution to the distribution of a stationary population (Chenoweth & Hughes 

2003) by calculating the raggedness value (Rodgers & Harpending 1992).  However, it has 

been suggested that the raggedness test lacks the statistical power to reject the null 

hypothesis of no population growth especially for small sample sizes (Ramos-Onsins & 

Rozas 2002).  Two alternate tests which have been shown to have significantly increased 

power to detect patterns associated with population expansions are Fu’s FS test statistic 

(Fu 1997) and the R2 test statistic (Ramos-Onsins & Rozas 2002).  Therefore it was decided 

to use these two alternate tests.  Fu’s FS test statistic is based on haplotype distributions 

(Fu 1997) and the R2 test statistic uses the difference between the number of single 

mutations and the average number of nucleotide differences (Ramos-Onsins & Rozas 

2002).  For populations that appeared to have undergone a recent population expansion, 

an estimate of the timing of the event was undertaken.  The formula used to calculate time 

since expansion was based on the rearrangement of the equation for tau (τ=2µt) to solve 

for t, which is the number of generations since the demographic expansion.  In the 

equation, µ is the mutational rate per sequence per generation and t is the time in 

generations (Rodgers & Harpending 1992).  The sequence divergence rate used for the 

ATPase gene was 1.3% per million years based on a previous study by Bermingham et 

al.(1997), the generation time was developed from Pusey et al. (2004) based on reported 
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life spans and age at sexual maturity, and τ was calculated in Arlequin Version 

3.11(Excoffier et al. 2005). 

 

For the nuclear microsatellite data, allelic frequencies and richness (AR) as well as the 

levels of heterozygosity (HE) for each population were calculated for the polymorphic 

nuclear loci using the program Genepop version 4.0 (Raymond & Rousset 1995) and allelic 

richness was corrected to account for sample size using HP Rare (Kalinowski 2006) .  All 

populations were tested for deviations from Hardy-Weinberg Equilibrium (HWE) using 

an exact P-test estimated from a Markov chain method using Genepop’s (Raymond & 

Rousset 1995) default settings (1 000 dememorisation steps, 100 batches and 1 000 

iterations per batch).  The tests were performed for each site/locus combination as well as 

a combined test of all sites for each locus.  Deviations from HWE, that is, the observed 

numbers of each genotype are significantly different to the number expected from a given 

number of alleles and their associated frequencies, suggests that at least one main 

assumption from a model of random-mating is invalid (Hartl 2000).  FIS values (Weir & 

Cockerham 1984) were used to detect an excess or deficiency of heterozygous genotypes 

at each site/locus combination (within a population).  This F statistic is used to measure 

the reduction in heterozygosity of individuals relative to their own subpopulation, which 

may result from local inbreeding, selection, the Walhund effect or the mis-scoring of gels 

particularly where null alleles may be an issue (Page & Holmes 1998).  Any of these 

situations can potentially lead to a heterozygote deficiency and thus violate the 

assumptions of HWE (Hartl 2000). A Chi-square test was used to test the goodness of fit 

between the observed numbers of heterozygotes against the expected number of 

heterozygotes for each locus across all sites with significance levels tested with Fisher’s 

method for exact tests; this eliminates the need for the Bonferroni correction of multiple 

tests (Burridge et al. 2004) and the summation approach of the Fisher method essentially 

results in an increase in power to detect genetic homogeneity (Rymann & Jorde 2001).  
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Each pair of loci was also tested for linkage disequilibrium in the same program. This tests 

the assumption that the genotypes at one locus are independent of the genotypes at 

another locus.  The Fisher exact test and the Markov Chain method were used to 

determine the probability that the association between two locus pairs was random, 

which is expected under random mating and in the absence of mixing of divergent 

populations (Kohn et al. 2000).   

 

Spearman’s Rank Correlations were used to assess the concordance between 

mitochondrial and nuclear markers with significant positive relationships expected from 

paired comparisons of within population genetic diversity indices (mean AR and HE for 

nuclear loci and AR and π  for mtDNA) especially if the current patterns of genetic 

diversity strongly reflected historical biogeographical and demographic processes (Pearse 

et al. 2006).   

 

2.3.2 Spatial population genetic structure  

 

Pairwise population comparisons of genetic variation based on allelic frequency 

differences were calculated for both markers using traditional FST estimates (Weir & 

Cockerham 1984) in Arlequin Version 3.11 (Excoffier et al. 2005).  Wright (1951) developed 

the fixation index, FST, to measure the extent of population subdivision and thus infer 

levels of gene flow among subpopulations.  By subtracting the mean heterozygosity of all 

subpopulations from the total heterozygosity of all populations and then dividing by the 

total heterozygosity, the proportion of variation between subpopulations compared to the 

total variation of all populations can be measured (Page & Holmes 1998).  The significance 

values of all fixation indices generated were tested in Arlequin Version 3.11 (Excoffier et 

al. 2005) using a non-parametric permutation approach, which determines whether the 

observed FST values are significantly larger than would be expected by chance (Excoffier et 

al. 1992).  Relationships among pairwise estimates of population genetic difference (FST 
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and ФST) were visualized using Principle Components Analysis using the program 

GENALEX 6 (Peakall & Smouse 2006).  Mantel’s tests (Mantel 1967) were used to assess 

the concordance of pairwise estimates among the microsatellite and mtDNA data (Pearse 

et al. 2006).   

 

To test for the effects of isolation by distance, the Mantel test option in Arlequin Version 

3.11 (Excoffier et al. 2005) was used.  The Mantel test assesses the significance of 

correlations between geographical distances (km) and genetic distance (FST).  In this test 

Slatkin’s linearized FST (Slatkin, 1995) distance matrix was used as a measure of genetic 

distance and river distance was measured from mapping software (Google Earth 2006).  

River distances were used instead of geographic coordinates, which calculate greater 

circle distances, as they were assumed to be a better representation of actual distances, as 

fish are most likely to disperse only within aquatic environments and not traverse over 

land (Fetzner & Crandall, 2003).  In other words distance was measured ‚as the salmon 

swims‛ rather than ‚as the crow flies‛ (Fagan 2002).   River distances are however rough 

estimates and changes in elevation were not considered.   

 

 A significant positive correlation would suggest that the further subpopulations are from 

each other (in terms of distance along the river channel), the greater the genetic distance 

between them and the greater the reduction to gene flow.  These are the basic tenants for 

models that attempt to characterise patterns of gene flow in riverine environments such as 

the Stream Hierarchy Model (SHM) (Meffe & Vrijenhoek 1998).  It is expected that the 

linear distribution of populations within rivers should create an isolation by distance 

effect if the populations are in gene flow / genetic drift equilibrium under their current 

pattern of gene flow (Wright 1951; Slatkin 1993).  Equilibrium assumes that the effect of 

homogeneity resulting from gene flow is balanced by the diverging effects of genetic drift.  

If populations of R.semoni are not in equilibrium, then isolation by distance effects may 
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not be detected which may indicate a lack of time to reach equilibrium from events such 

as (re)colonisation, high gene flow and total panmixia or different dispersal capabilities 

than previously thought (Hughes et al. 2003; Hutchison & Templeton 1999; Slatkin 1993).   

 

Often the examination of populations that are spatially structured, that is, populations 

affected by limitations to movement, fail to reject the null hypothesis of no association 

between genetic and geographical distances resulting in a lack of evidence to support the 

predictions under a model of isolation by distance (Slatkin 1993). Such patterns, especially 

for taxa that based on their biological attributes are expected to display some form of 

restricted movement over increasing geographical scales, are often inferred as 

disequilibrium between the balance of gene flow and genetic drift following changes in 

the demographic or physical distribution of the organism (Chenoweth & Hughes 2003).  

However Koizumi et al. (2006) highlight how a few highly divergent populations can alter 

the regression analysis used in detecting IBD relationships by significantly increasing the 

spread of the regression residuals and thereby reducing the power to detect a significant 

relationship.  To test for the influence of outlier populations on the IBD patterns the 

technique of decomposed pairwise regression ‚DPR‛ was utilised (Koizumi et al. 2006).  

The two step analysis firstly identified the outlier populations by systematically removing 

populations that displayed significant biases (95% CI of the mean regression residuals do 

not include zero) in the residuals of the regression.  Positive biases in the residuals 

indicate that a population is highly diverged from all other populations due to genetic 

drift and conversely negative biases suggest gene flow is far greater than expected for the 

geographic distances examined than the forces of genetic drift.  Secondly all putative 

outliers identified in step one were modeled for IBD and based on Akaike’s information 

criteria (AIC) (Aikaie 1974) the model that best characterised the relationship (ΔAIC<2) 

between genetic and stream distance was selected and confirmed the true outlying 

populations.   
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Highly isolated populations were further identified via pairwise estimates of relatedness 

between individuals within populations using the relatedness estimator, rqg, (Queller & 

Goodnight 1989) in the program GENALEX Version 6 (Peakall & Smouse 2006).  Using a 

permutation test the differences among the mean population levels of relatedness were 

examined for significant divergence (Peakall & Smouse 2006).  The tests involved 

randomly sampling genotypes from all sampled populations 999 times, generating upper 

and lower confidence intervals (95%) for the expected range of rqg under a model of 

panmixia.  This is the expected distribution that the range of rqg values are expected to 

display if reproduction is random within populations.  Population rqg values exceeding the 

upper confidence level from permutations suggest that processes such as inbreeding and 

significant isolation resulting in strong genetic drift are increasing the probability of 

relatedness.   

 

The large scale spatial genetic structure of populations was examined with several 

approaches.    Firstly, the hierarchical nature of the partitioning of genetic variation 

among populations was tested with an Analysis of molecular variance (AMOVA) 

(Excoffier et al. 1992) in Arlequin Version 3.11.  This method partitions the total variance of 

allele frequencies into defined covariance compartments (hierarchical levels) and therefore 

allows the hierarchical nesting of genetic diversity to be estimated.  AMOVA analysis was 

used to test the null hypothesis that genetic structure was not associated with catchment 

or riverine structure in other words the applicability of the SHM (Meffe & Vrijenhoek 

1988).  The hierarchical levels of analysis and their analogous FST statistics used in these 

studies were generally ‘among catchments-FCT’, ‘among sites within catchments-FSC’ and 

‘among all sites-FST’.   FST values are standardised to range between 0 and 1 with the latter 

value indicating total genetic differentiation between all subpopulations.  Negative F-

statistics were considered to be equal to zero as such values are most likely reflections of 

http://www3.interscience.wiley.com/cgi-bin/fulltext/117989823/main.html,ftx_abs#b54
http://www3.interscience.wiley.com/cgi-bin/fulltext/117989823/main.html,ftx_abs#b54
http://www3.interscience.wiley.com/cgi-bin/fulltext/117989823/main.html,ftx_abs#b54
http://www3.interscience.wiley.com/cgi-bin/fulltext/117989823/main.html,ftx_abs#b50
http://www3.interscience.wiley.com/cgi-bin/fulltext/117989823/main.html,ftx_abs#b50
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bias in the estimators and have equal chance of being positive as negative (Weir 1996).  F-

statistics for both mtDNA and microsatellites were analogous to Weir and Cockerham’s 

(1984) FST and based on haplotype/allele frequency data.  Additionally, haplotype 

frequency and sequence divergence data for the mtDNA was assessed for spatial genetic 

variation (AMOVA) by calculating ФST based on pairwise differences between haplotypes 

(Slatkin 1995).  The inclusion of sequence divergence for estimating Ф ST accounts for 

haplotype frequency differences and their actual base differences at all nucleotide sites 

(Chenoweth & Hughes 2003) which results in an increase in the sensitivity to detect 

genetic subdivision especially when haplotypes are structured phylogeographically 

(Excoffier et al. 1992).  Significance levels of all F and Ф statistics were determined by 

nonparametric permutation procedures outlined by Excoffier et al. (1992).  

 

The second approach was to test for hidden population substructuring using a Bayesian 

approach, implemented in the program BAPS 2 (Corander et al. 2004), that may not be 

explained by more traditional approaches that set out to specifically test the hierarchical 

nature of riverine systems.  This method has been shown to be relatively time efficient and 

relatively accurate compared to other alternate clustering programs (Latch et al. 2006; 

Corander & Marttinen 2006; Frantz et al. 2006).  The program utilises a stochastic 

optimization algorithm to partition predefined sampling locations (populations not 

individuals), drawn from separate rivers and across all catchments, into panmictic clusters 

based on the similarity of allele frequencies (log-likelihood values) for microsatellite data 

assuming both Hardy-Weinberg Equilibrium and linkage disequilibrium amongst loci.  

Posterior probabilities for the set number of predefined clusters were calculated using log 

marginal likelihood values for each possible clustering partition.  Each run consisted of 

multiple replicates of the same k values (number of clusters) ranging from 2 to 20 and the 

default parameters for clustering of groups of individuals.  The number of clusters with 

the highest likelihood score was considered the best clustering of populations into 
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differentiated groups.  Under a hypothesis of the SHM it would be most likely that 

populations within rivers should show greater support for clusters than among sites from 

separate catchments.    

 

2.3.3 Temporal population genetic structure 

 

To estimate connectivity over temporal scales an alternative approach was undertaken, 

comparing various methods that estimate migration/dispersal rates among populations 

within historical and ecological frameworks.  Several methods currently exist that provide 

alternatives to the traditional estimates of migration among populations generated from 

pairwise FST values (Manel et al. 2005; Pearse & Crandall 2004).  In particular two methods 

were utilised in this study to address the potential violations associated with recent 

criticisms for situations involving non-equilibrium conditions, asymmetric gene flow and 

differences in historical and current patterns of gene flow (Whitlock & McCauley 1999).   

 

Firstly historical migration was tested in the program LAMARC 2.0 (Kuhner 2006) which 

utilised a coalescence based maximum-likelihood approach to estimate long term 

unidirectional migration rates for both mtDNA and microsatellite data independently.  

This analysis was run on neighbouring populations within each river only, as the 

assumption of migration-drift equilibrium at larger geographical scales was not justifiable.  

Three replicate runs for both markers were run to check for convergence of theta (θ) and 

migration (M) estimates by ensuring values fell within the 95% criterion level across runs.  

The mtDNA data was run under the F84 model to allow the rate of transitions and 

transversions to vary and the microsatellite data under the Brownian-motion model which 

is a mathematical approximation of the stepwise mutation model (SMM).  Run conditions 

for both markers utilised Watterson’s estimate of θ derived from segregating sites 

(Watterson 1975) as the initial θ value.  After initial trials the final search strategy used 10 
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initial chains of  20, 000 steps and 2 long chains of 250, 000 steps and an active heating 

scheme using 4 temperatures (1, 1.25, 1.5 and 2) with confidence intervals calculated using 

the percentile approach.  Each application ran in excess of six months on a super computer 

provided by information services at Griffith University. 

 

 Not only does the information from this method provide information on historical levels 

of connectivity but it also provides information on within river processes that standard FST 

values often falsely assume are equal (Whitlock & McCauley 1999).  These included tests 

for asymmetrical migration patterns associated with preferential downstream gene flow.  

These biases have the potential to artificially inflate pair wise estimates of genetic 

differentiation (Wilkinson-Herbots & Ettridge 2004) and thus may increase the probability 

of incorrectly inferring restricted movement.  Detecting migration biases or unidirectional 

gene flow over symmetric patterns involved spearman’s rank correlations comparing 

upstream vs. downstream estimates of migration for each population pair within a river 

(Imbert & Lefevre 2003).  Additionally the relationship between the levels of genetic 

diversity and the upstream river distance were tested as, under strong downstream 

migration pressure, diversity is expected to be greatest in larger downstream populations 

as opposed to smaller headwater sites that have a reduced potential of migrants carrying 

novel alleles and the bias of alleles to pool at downstream sites through unidirectional 

flow (Hernandez-Martich & Smith 1997).   

 

The second approach estimated patterns of recent migration among populations within 

each river/location from multiple nuclear loci by utilising a partially Bayesian exclusion 

method in the program Geneclass Version 2 (Piry et al. 2004).  This method has recently 

been shown to be relatively accurate in studies using empirical data with individuals of 

known origins (Berry et al. 2004; Hauser et al. 2006).  Geneclass, as opposed to other 

similar methods such as Structure (Pritchard et al. 2000) and BAPS (Corrander et al. 2004), 
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provides the option to exclude all populations as the source for any given individual, 

allowing the inference of migration into a site from both sampled and unknown sources 

(Cornuet et al. 1999) as opposed to forcing individuals into only sampled locations.  The 

partial Bayesian approach of Rannala and Mountain (1997) was used with exclusion 

probabilities calculated from 10 000 simulated individuals and an exclusion threshold of 

0.05 using the simulation algorithms of Paetkau et al. (2004).  Individual fish were 

assigned as residents if they could not be excluded from their site of capture or 

alternatively under predefined higher levels of stringency, if they could not be confidently 

excluded (P<0.05) from all but the sampled population.  Of greater interest was the 

examination of the excluded individuals (potential immigrants) which were assigned to a 

source of emigration, where possible (may originate from an unsampled population i.e. 

excluded from all populations), based on two criteria.  Firstly the ‚most likely‛ criterion, 

that is the population identified as having the highest probability of being the source 

population and secondly the more stringent criterion which only confidently assigned an 

individual if it was not excluded from one and only one population (Manel et al. 2002).  

These levels of stringency have been shown to produce varying but relatively high 

accuracy in assignment rates (up to 100%) even in cases of relatively low to moderate 

genetic differentiation (Berry et al. 2004).  Immigration rates into a population from its 

neighbouring population along the river continuum were estimated for both methods by 

dividing the number of estimated new migrants by the population sample size, resulting 

in the percentage of migrant individuals (Manel et al. 2005).  Again, where applicable, tests 

of asymmetric migration were performed. 
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Chapter 3: Natural and anthroprogenic fragmentation in 

populations of the ubiquitous Australian smelt (Retropinna 

semoni). 

 

3.1 Introduction  

 

Rivers and streams have historically been viewed as linearly connected conduits allowing 

aquatic taxa to move both upstream and downstream albeit at restricted levels (Fagan 

2002; Schlosser & Angermeier 1995).  In Australia, the driest inhabited continent on earth 

(Bowler et al. 2003), species of freshwater fish have adapted over evolutionary timeframes 

to the physically isolating nature imposed from the variable and unpredictable flow 

regimes that dominate riverine systems (Unmack 2001).  These flow regimes are usually 

dominated by short but strong unidirectional peak flow events interspersed with long 

periods of intermittent stream flow creating a highly unstable and isolated patchwork of 

suitable refugial habitat (Puckeridge et al. 1998).   This unpredictability in flow has been 

shown to create shifts in both the structuring of fish communities, the spacing of refugial 

habitat and connectivity of populations on an annual basis (Magoulick & Kobza 2003).   

 

In response to these harsh natural conditions, water has become a precious commodity 

leading to the construction of anthropogenic barriers to connectivity through large scale 

water storage and irrigation infrastructure as standard for many of the country’s larger 

rivers (Kingsford 2001).  These barriers have the potential to drastically alter historical 

(natural) patterns of connectivity and significantly increase the chance for local population 

extinction (Nerras & Spruell 2001).  This occurs either directly by the creation of barriers to 

previous paths of movement reducing dispersal potential or by altering hydrological and 

environmental attributes of the waterway that are vital for individual functioning (Pringle 

et al. 2000).  Specifically, a reduction in intragenerational movement of individuals can 
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affect the demographic size and structure of local populations by decreasing the 

likelihood of population persistence or (re)colonisation opportunities (Wilson et al. 2004).  

This is especially evident in disturbed environments where the potential of extinction 

increases following stochastic events in small isolated populations (Albanese et al. 2004).  

Whilst longer-term, limits to dispersal at the intergenerational level will reduce the 

exchange of genes between populations affecting evolutionary processes such as local 

adaptation and speciation (Whitlock & McCauley 1999).  Understanding the effects that 

these newly constructed barriers may have on species dispersal patterns and ultimately 

their long term viability requires consideration of how dispersal patterns may have 

changed over temporal scales that span the pre and post construction time periods of 

these instream barriers.   

 

Historical levels of connectivity associated with variable hydrological patterns such as 

those found in intermittent streams may display many complex patterns of genetic 

structuring.  These range from panmixia in recently colonized or highly dispersing 

species, to isolation by distance under a stepping stone model where connectivity is 

achieved only during high flow events (Slatkin 1993), through to multidimensional 

patterns associated with patchy movement under a metapopulation style framework 

(Levins 1969, 1970).  Under extreme isolation, populations may even exhibit genetic 

patterns associated with microvicariant events, where essentially each population is 

following its own evolutionary trajectory following significant isolation (Hutchinson & 

Templeton 1999).   Generally it is the intrinsic biological traits, including life history 

strategies, dispersal ability and behavioural constraints that should have the greatest 

influence on how a species is historically structured in these intermittent streams (Mallen-

Cooper 1994).   

 

In contrast, the effects of contemporary anthropological fragmentation have been shown 

to be relatively less complex to detect.  Several studies have shown that even relatively 
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modern barriers (<100 years) can have impacts on the genetic structure of lotic fish fauna 

(Yamamoto et al. 2004; Matsubara et al. 2001; Meldgarrd et al. 2003; Alo & Turner 2004).  It 

is generally reported that patterns of recent fragmentation will exhibit either sharp 

geographic breaks of genetic differentiation in otherwise contiguous populations within 

rivers or reduced diversity levels above barriers compared to downstream populations.  

These patterns are usually directly related to both the drastic reductions in population size 

(Ne) and inputs of genetic variants from downstream sources (Jager et al. 2001 and Pringle 

et al. 2000).   

 

Interestingly several authors warn that it is difficult to differentiate patterns of 

contemporary isolation from historical influences.  For example it may be difficult to 

separate the naturally lower levels of diversity found in upstream fish populations due to 

the strong bias in downstream over upstream gene flow associated with the unidirectional 

flow of rivers from those caused by contemporary processes such as recent fragmentation 

(Williams et al. 2003).  In addition, large population sizes typically found in widespread 

and common species may buffer populations from losses of genetic diversity thereby 

nullifying the effects of genetic drift in isolated upstream populations, at least within 

ecological timeframes (Hanfling & Kollman 2002).    

 

This chapter aims to specifically examine the effects that the seasonal dry-down of 

intermittent streams has on historical levels of population connectivity of Australian smelt 

in streams of south-eastern Australia.  In addition, numerous statistical approaches have 

been utilised to tease out what contemporary effects recent river regulation practices 

might have on levels of dispersal and infer what impacts they may have on population 

persistence and structure.  The study focused on the upper tributaries of the Murray River 

system in northern Victoria including the Campaspe, Goulburn and Ovens Rivers (Figure 

3.1).  Typically periods of low flow in the summer months congregates individuals into a 
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series of disconnected pools that act as both natural barriers to movement and refugial 

habitat for population persistence (Humphries et al. 1999).  The Ovens River is the most 

easterly and smallest catchment of the three flowing unobstructed for ~150 km and 

remains one of the last unregulated rivers in the entire basin (King et al. 2003).  Within the 

larger Campaspe and Goulburn catchments, potential barriers to movement (dams and 

weirs) have been constructed in the last century.  Of particular interest to this study are 

the barriers constructed within the last 120 years for irrigation and water supply purposes, 

such as the Goulburn weir (1890) and Lake Eildon (1927) in the Goulburn catchment and 

the Campaspe weir (1882) and Lake Eppalock (1962) in the Campaspe catchment (DWR 

1989) (Figure 3.1).   

 

3.2 Results  

3.2.1 Sample collection  

 

A concerted sampling effort in February 2004 successfully resulted in the collection of 

thirty individuals from each of thirteen locations scattered across the three catchments 

(Figure 3.1) (Table 3.1).  Five individuals per site had previously been analysed using 

allozyme loci and mtDNA (Woods 2004).  These were included in the current study.   
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Figure 3.1 Sampled catchments (Campaspe River – red, Goulburn River – yellow and Ovens 

River – green), anthropogenic barriers (blue bars) and site locations (stars) in the upper Murray 

River Basin, Victoria.   
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Table 3.1 Sampling design and location from the upper Murray River, Victoria including sampled 

catchment, site name and code, geographical location and sample sizes of mitochondrial and 

nuclear markers. 

Catchment Site Name Site 

Code 

Location MtDNA 

(n=260) 

Msat 

(n=390) 

Campaspe River McIvor Creek MC -36° 55' 33.23'' 

144° 42' 38.74" 

20 30 

 Forest Creek FO -36° 39' 21.14'' 

144° 32' 51.50'' 

20 30 

 Campaspe River CR -36° 15' 30.51'' 

144° 44' 1.46'' 

20 30 

Goulburn River Broken River BR -36° 28' 6.45'' 

145° 52' 21.66'' 

20 30 

 Seven Creek SE -36° 36' 33.14'' 

145° 28' 41.44'' 

20 30 

 Castle Creek CA -36° 36' 43.70'' 

145° 21' 34.56'' 

20 30 

 Sugarloaf Creek SU -37° 5' 8.81'' 

145° 4' 32.11'' 

20 30 

 Dabyminga Creek DM -37° 5' 50.32'' 

145° 7' 55.33'' 

20 30 

 Reedy Lake Creek RL -36° 44' 34.54'' 

145° 7' 17.85'' 

20 30 

 Glen Creek  GL -36° 58' 41.59'' 

145° 55' 16.98'' 

20 30 

Ovens River Reedy Creek RE -36° 19' 56.05'' 

146° 20' 33.39'' 

20 30 

 Croppers Creek CC -36° 27' 21.16'' 

146° 22' 2.04'' 

20 30 

 Hurdle Creek HC -36° 30' 36.84'' 

146° 25' 9.40'' 

20 30 

 

3.2.2 Intrapopulation Diversity 

 

Analysis of the 502 bp fragment from the ATPase gene region yielded 51 unique 

haplotypes from 260 individuals.  Forty-six positions (9.2%) were variable of which 20 

(3.9%) were parsimoniously informative.  Haplotypes per population ranged from 4 (DM) 

to 13 (HC) (mean=6.86) and haplotype diversity from 0.51 (SE) to 0.91 (BR and HC) 

(mean=0.62) (Table 3.2).  Nucleotide diversity was correspondingly low ranging from 
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0.0014 at SE to 0.0049 at BR (mean π=0.0028).  Generally the Dabyminga Creek (DM) 

population was an outlier, exhibiting the lowest number of haplotypes and a reduced 

level of haplotype diversity.  Alternatively the upper most location (HC) within the Ovens 

River catchment possessed the highest values for both diversity estimates and the highest 

number of unique haplotypes. 

 

A large proportion of the haplotype diversity was attributable to the high percentage of 

singletons (62%), (especially amongst Ovens River populations) and population specific 

haplotypes (72%) across all catchments.  As a result, a star-like pattern was evident in the 

haplotype network with common haplotypes surrounded closely by numerous less 

common haplotypes (< 2% maximum difference) (Figure 3.2).  No clear visual pattern of 

spatial structuring was evident between catchments, although only three haplotypes were 

found across all catchments.  These three haplotypes did however account for nearly half 

the number of individuals sampled (47.3%) with a further nine haplotypes shared 

between at least two catchments.  However, this sharing of haplotypes amongst multiple 

catchments excluded any sharing between the most geographically distant Ovens and 

Campaspe rivers.   
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Table 3.2 Retropinna semoni diversity indices.  For the nuclear loci; N, sample size (gene number); 

A, total number of alleles per locus;  AT, total number of alleles; AR, corrected mean allelic richness 

(Petit et al. 1998); Ho, observed heterozygosity; HE, expected heterozygosity.  For the haploid data 

N, sample size; HT, total number of haplotypes; HR, corrected mean haplotype richness (Petit et al. 

1998); h, haplotype diversity and π, nucleotide diversity.   

Locus A MC
#

FO CR BR SE CA RL DM SU GL RE CC HC

SM18 26 N 60 60 60 60 60 60 60 60 60 60 60 60 60

A T 13 11 11 14 10 14 14 9 6 10 11 11 10

A R 9.67 7.88 8.15 9.08 7.10 8.16 8.43 7.20 4.55 7.42 7.91 7.79 7.38

H O 0.83 0.66 0.63* 0.90 0.90 0.80 0.80 0.86 0.63 0.76 0.77 0.83 0.73

H E 0.90 0.78 0.80 0.88 0.80 0.78 0.86 0.85 0.64 0.86 0.85 0.84 0.86

SM26 17 N 60 60 60 60 60 60 60 60 60 60 60 60 60

A T 6 10 10 9 12 11 12 2 6 8 11 11 10

A R 4.13 6.34 5.58 5.19 7.51 7.05 7.65 1.96 3.74 4.88 6.62 7.36 6.71

H O 0.30 0.76 0.56 0.66 0.70 0.63 0.73 0.26 0.33 0.63 0.73 0.83 0.76

H E 0.44 0.68 0.58 0.63 0.72 0.76 0.74 0.23 0.32 0.66 0.68 0.74 0.72

SM49 18 N 58 54 60 58 60 60 60 60 60 60 60 60 60

A T 10 9 13 9 7 10 9 8 7 10 9 12 11

A R 6.76 7.40 8.44 7.44 5.84 7.69 7.26 6.33 5.99 7.11 6.60 8.34 7.85

H O 0.82 0.77 0.86 0.75 0.53* 0.76 0.70 0.73 0.66 0.76 0.93 0.90 0.86

H E 0.81 0.83 0.85 0.84 0.71 0.79 0.82 0.82 0.78 0.81 0.80 0.84 0.86

SM80
#

18 N 60 46 60 56 60 60 60 60 60 60 60 60 60

A T 8 8 9 9 5 10 9 6 6 13 12 10 12

A R 5.83 5.76 5.21 6.49 3.94 6.18 6.07 4.61 3.11 7.64 6.37 6.08 7.11

H O 0.53* 0.47* 0.36* 0.46* 0.43* 0.50* 0.60 0.76 0.20 0.80 0.60 0.50 0.63

H E 0.74 0.72 0.53 0.67 0.55 0.68 0.66 0.73 0.22 0.82 0.62 0.56 0.68

All Loci (4) H E 0.72 0.75 0.69 0.76 0.70 0.75 0.77 0.66 0.49 0.78 0.74 0.75 0.78

A R 6.60 6.44 6.85 7.05 6.10 7.27 7.35 5.03 4.35 6.77 6.88 7.39 7.26

mtDNA N 20 20 20 20 20 20 20 20 20 20 20 20 20

HT 5 5 9 10 5 8 10 4 5 9 10 10 13

HR 2.68 2.32 4.75 8.00 2.32 3.55 4.81 2.09 2.68 4.23 4.71 4.05 5.79

h 0.66 0.56 0.87 0.91 0.51 0.69 0.86 0.55 0.66 0.84 0.83 0.71 0.91

π 0.0030 0.0018 0.0035 0.0049 0.0014 0.0028 0.0041 0.0016 0.0047 0.0044 0.0039 0.0023 0.0041

Population

# Significant global deviations from expected Hardy-Weinberg proportions at the 5% level after Bonferroni 

correction (Rice 1988) at either the population or locus level.  

* Significant deviation from HWE (P<0.05) at each site/locus comparison uncorrected. 
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Figure 3.2 R. semoni haplotype network of the 502 bp mtDNA ATPase gene region.  Colours 

represent the catchments in which haplotypes were detected.  Sizes of the pieces of pie are 

representative of the proportions from each catchment.  The area of each haplotype is 

representative of the proportion of the entire sample.  

 

Such a star-like pattern is typically associated with a recent and sudden increase in the 

demographic size of a population (Tajima 1989; Fu 1997).  The specific combination of 

neutrality tests and their significance confirmed this suggestion (Table 3.3).  At the 

smallest geographic scale, the majority of Tajima’s D statistics for individual populations 

were negative but only the three sites within the Ovens catchment were significantly 

different from zero.  However, 9 of 13 Fu’s FS and 6 of 13 R2 values were significantly 

different to expectations of neutrality.  Furthermore when populations were pooled into 

catchments and when all populations were combined, at least one of the three tests 

indicated significant deviations from neutrality.  Significant deviations from neutrality at 

both Fu’s FS test and the R2 test provided substantial evidence to support the hypothesis of 



 

81 

 

sudden demographic population expansion at various spatial scales.  The timings of these 

events, assuming a yearly substitution rate of 0.65x10 -8 (Bermingham et al. 1997) and an 

average generation time of one year (Pusey et al. 2004), were all between 150, 000 –   300, 

000 years BP in the late Pleistocene, suggesting similar processes were probably 

responsible for the rapid expansion of these populations across the three drainages.     

 

Table 3.3 Results of neutrality tests and estimated time since expansion.  Significant deviations 

from neutrality (P<0.05) are indicated in bold. 

Sampled Site Tajima’s 

D 

Fu’s F S R 2 τ=2μt Time Since Expansion 

(Years BP)
MC -0.261 0.01 0.131 -

FO -1.048 -1.311 0.094 -

CR 0.271 -3.758 0.104 -

Campaspe River -1.131 -5.838 0.062 -

BR -0.388 -3.526 0.115 -

SE -1.03 -1.95 0.099 -

CA -1.519 -3.509 0.078 0.84 ~130, 000

SU -0.257 1.187 0.161 -

DM -0.827 -0.5 0.132 -

RL -1.168 -4.408 0.081 2.079 ~320, 000

GL -0.715 -2.846 0.111 -

Goulburn River -1.577 -19.728 0.04 -

RE -1.657 -4.628 0.074 1.778 ~275, 000

CC -2.186 -7.528 0.054 1.987 ~300, 000

HC -1.707 -9.386 0.053 1.189 ~185, 000

Ovens River -2.225 -22.769 0.031 1.776 ~275, 000

Total Cachments -2.074 -56.515 0.022 1.788 ~275, 000  

  

Diversity indices for the microsatellite analysis displayed moderate to high levels of 

polymorphism with values of mean allelic richness (AR) ranging from 6.25 (SU) to 11.25 

(CA) and heterozygosity (HE) from 0.49 (SU) to 0.78 (GL) (Table 3.2).  Both these ends of 

the diversity spectrum were detected within the Goulburn catchment.  Of note was 

Sugarloaf Creek which had the lowest diversity levels for both indices.  
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All 52 site/locus combinations were polymorphic and subsequently tested for conformity 

to Hardy-Weinberg proportions (Table 3.2).  On average the majority of the site/locus 

comparisons conformed to the assumptions under HWE with random significant 

deviations (P<0.05 uncorrected) found in approximately 15% of tests shared sporadically 

amongst different loci and populations with all deviations resulting from a deficit of 

heterozygotes.  Only the McIvor Creek population and the SM80 locus displayed 

significant global deviations from HWE after Bonferroni correction for multiple tests.  No 

significant deviations were detected for tests of linkage disequilibrium within populations 

for any locus pair (P>0.05). 

 

Intrapopulation diversity estimates (both allelic/haplotype richness and haplotype 

diversity or expected heterozygosity) displayed strong positive and statistically significant 

(P<0.05) correlations between nuclear and mitochondrial markers (Figure 3.3) indicative of 

similar demographic patterns over historical time frames (Pearse et al. 2006). 
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Figure 3.3 Correlation of intrapopulation nuclear and mitochondrial diversity indices (haplotype 

diversity (h), haplotype and allelic richness (Ar) and expected heterozygosity (He)).  Significant 

relationships are indicated as follows * P<0.05, ** P<0.01 and *** P<0.001. 

 

3.2.3 Spatial population genetic structure 

 

The majority of pairwise tests of genetic differentiation (FST’s) were significantly different 

from zero (~75% of 156 tests with 65% for mtDNA and 85% for nDNA) with most pairwise 

estimates roughly four times greater for the maternally inherited mitochondrial marker 

(Appendix 1).  A significant Mantel test (P<0.05) suggests that the population pairwise FST 

estimates for the nuclear and mitochondrial data sets were highly correlated (Figure 3.4).  
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This further strengthens the hypothesis that in addition to the similar demographic effects 

shaping within population patterns of diversity are the similar historical biogeographic 

effects shaping the among population levels of variability (Pearse et al. 2006).  
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Figure 3.4 Regression of mitochondrial and nuclear pairwise FST values.  Significant relationships 

are indicated as follows * P<0.05, ** P<0.01 and *** P<0.001.   
 

The significant results of pairwise genetic differentiation were not randomly spread across 

catchments however with significant structure detected amongst populations in both of 

the regulated rivers (118 of 150 tests) but not in the unregulated Ovens River (0 of 6 tests).  

Principle Components Analysis provides an informative visualisation of these genetic 

relationships for both markers (Figure 3.5).  There is a close association amongst the 

genetically similar Ovens River populations and greater separation of populations in 

space within the remaining two catchments.  Interestingly, within the two regulated rivers 

the clustering patterns are somewhat random in nature.  Of note is the lack of spatial 

association at even quite small geographic scales (i.e. populations that are geographically 

close are not always genetically similar).  For example Sugarloaf Creek (SU) and 
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Dabyminga Creek (DM) are geographically close (<20km) but genetically more distant 

from each other (ФST=0.625 and FST=0.123) than the association between the Glen Creek 

(GL) and Broken River (BR) populations that are geographically quite distant (~250km’s) 

(ФST=0.130 and FST=0.025).    
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Figure 3.5 Principal components analysis of pairwise genetic differences (FST) for each population.  

Campaspe River-yellow, Goulburn River-blue and Ovens River-red. 
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The quantitative results from the Bayesian clustering method of BAPS (Figure 3.6) were 

very similar to the results of the pairwise FST estimates and added statistical support to the 

qualitative patterns displayed in the PCA graphs.  The clustering of populations for the 

mtDNA showed high statistical support (P=1) for six clusters, comprising; all three sites 

within the Ovens River as one cluster, a mixed geographical group including CR, BR, RL 

and GL creek sites, MC and DM and 3 singletons (FO, SE and SU) (FIG). The nuclear data 

varied slightly suggesting 5 highly supported clusters (P=1) comprising 4 clusters 

represented by single populations (MC, SE, SU and DM) with the remaining cluster made 

up of all the Ovens river sites, the two lower Campaspe River Sites and sites covering the 

length of the Goulburn Catchment.  Populations excluded into separate clusters had levels 

of differentiation on average above FST~0.04 which are similar to levels shown to 

accurately estimate the true number of subpopulations in simulation studies for nuclear 

loci (Latch et al. 2006). 

     

 
MC FO CR BR SE CA SU DM RL GL RE CC HC 

 

 

 
MC FO CR BR SE CA SU DM RL GL RE CC HC 

 

 

Figure 3.6 Population clustering results from BAPS analysis of the ATPase gene region 

(top) and four microsatellite loci (bottom) for Australian smelt populations.  Each 

vertical bar represents a predefined population and populations that are statistically 

different in frequency analysis are represented by different colours.  
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3.2.4 Models of Connectivity 

 

Spatial genetic structure within the catchments was somewhat random, contrasting 

strongly with the predictions of the stream hierarchy model where neighbouring sites are 

expected to be more similar than more distant sites. The results of the hierarchical analysis 

of molecular variance confirmed the absence of spatial structuring in relation to the 

predictions of the stream hierarchy model (SHM).  For both the mitochondrial and nuclear 

DNA, there was much more genetic variation among sites within catchments than among 

catchments suggesting fine scale spatial structure (Table 3.3).  

 

Table 3.4 AMOVA results for (a) mtDNA using haplotype frequency differences and 

sequence divergence and (b) four microsatellite loci using FST. Different hierarchical 

groupings are presented and results for each catchment separately. 

a) mtDNA 

Comparison % variation F Statistic P 

Among Catchments (ФCT) -2.97 -0.029 >0.780 

Among Sites within Catchments (ФSC) 24.33 0.236 <0.001 

Among all sites (ФST) 78.64 0.214 <0.001 

Campaspe River  0.183 <0.001 

Goulburn River  0.202 <0.001 

Ovens River  0.002 >0.400 

b)nDNA 

Comparison % variation F Statistic P 

Among Catchments (FCT) 0.21 0.002 >0.395 

Among Sites within Catchments (FSC) 4.26 0.042 <0.001 

Among all sites (FST) 95.53 0.044 <0.001 

Campaspe River  0.029 <0.001 

Goulburn River  0.061 <0.001 

Ovens River  -0.001 >0.600 

 

In addition to the stream network being a poor predictor of genetic structure, there was a 

lack of genetic structuring associated with any contemporary instream distances, 

irrespective of position in the stream hierarchy.  The scatter plot for both markers clearly 
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shows the complete lack of any relationship between genetic and geographic distances 

with large variances around the line of best fit (Figure 3.7), resulting in no significant 

evidence to support dispersal patterns associated with a model of isolation by distance 

(IBD) (nDNA r=-0.184 P>0.8 and mtDNA r=-0.106 P>0.6).  The residuals of the regression 

were subsequently analysed with all values transformed (absolute values) to examine the 

change in the level of scatter, that is, the variation in the point estimates around the line of 

best fit, across changes in geographic distances to detect if the pattern was being affected 

by the results at a few distance classes.  In the case of the mtDNA the level of scatter in the 

estimates actually declined significantly with distance (r=-0.27 P<0.05) (Figure 3.8) 

suggesting that populations that are closely located exhibit a much higher range in 

estimates of genetic variation compared to populations separated by larger distances.  

From the results of the PCA it is more than likely that this significantly negative pattern is 

being driven by the high genetic dissimilarity between the two geographically close 

outlier populations within the Goulburn River (DM and SU).  Analysis of the nDNA 

revealed a similar negative but non-significant association (r=-0.20 P=0.07) (Figure 3.8).   

 

a) 

 
 

b) 

 
 

Figure 3.7 Relationship between genetic distance (Slatkin’s linearized FST) and river distance 

(Km’s) among R.semoni populations for both a) mtDNA and b) nDNA.  Significant relationships 

are indicated as follows * P<0.05, ** P<0.01 and *** P<0.001.   
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Figure 3.8 Relationship between the absolute regression residuals from the IBD tests and river 

distance (Km’s) among R.semoni populations for both a) mtDNA and b) nDNA. Significant 

relationships are indicated as follows * P<0.05, ** P<0.01 and *** P<0.001.   

 

 

2.3.5  Historical estimates of migration  

 

Historical estimates of gene flow among neighbouring sites within catchments generated 

in the program LAMARC 2.0 (Kuhner 2006) ranged from 0 to 6.1 Nem (number of effective 

migrants per generation) based on mitochondrial data and 0.3 to 2.9 Nem based on nuclear 

data (Figure 3.9).  Generally maximum-likelihood estimates contrasted with the patterns 

of highly significant pairwise FST’s with most pairwise estimates averaging at least 1 Nem. 

On average, dispersal estimates were greatest among Ovens River populations and lowest 

among Campaspe River populations.  Estimates of migration among populations either 

side of contemporary barriers suggest gene flow at least historically was possible and in 

some cases relatively common as indicated by the greatest estimates deriving from the 

comparison between Castle Creek and Reedy Lake Creek for mtDNA data which is 

currently constrained by the Goulburn Weir.  Interestingly, these patterns did not hold 

true for all comparisons with reduced levels of gene flow in the Campaspe River 

Catchment between McIvor Creek and Forest Creek populations exhibiting estimates <1 

Nem for the mtDNA analysis.  Also historical estimates of gene flow amongst populations 
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separated by relatively short distances (<20km’s) highlight how restricted dispersal has 

been amongst some sites even at small geographical scales as is evident by the estimates 

between the Sugarloaf Creek and Dabyminga Creek populations.   

 

 

Figure 3.9 Pairwise population migration rate estimates (NeM) alongside arrows and theta values 

(θ) inside site circles for mtDNA (plain text) and nDNA (bold text) calculated in LAMARC 2 

(Kuhner 2006).  The value of M calculated in LAMARC was multiplied by the θ of the destination 

populations, as calculated by LAMARC.  The 95% confidence interval is indicated in parentheses.  

Solid arrows indicate stronger migration over dotted arrows and arrow width is indicative of 

migration strength.   

 

In all but one these tests and for both markers, downstream migration estimates were 

larger than the reciprocal upstream estimates, although no pairwise comparisons were 

magnitudes apart and only the mtDNA estimates exhibited a significant unidirectional 

pattern of downstream gene flow (mtDNA P <0.05 , n=10 and nDNA P = 0.29, n=10, 

Wilcoxon signed-rank test).  Additionally correlations between estimates of within 
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population genetic diversity ((haplotype diversity (h), haplotype and allelic richness (Ar) 

and expected heterozygosity (He)) and distance upstream from the confluence of the river 

catchment to the main channel of the Murray River showed no significant (P>0.05) 

reductions with upstream distance (Figure 3.10).  However all correlations were negative 

which would be expected under patterns of strong unidirectional downstream flow.   
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Figure 3.10 Correlation of intrapopulation mitochondrial diversity indices of a) haplotype richness 

(Ar) and b) haplotype diversity (h) and nuclear diversity indices of c) allelic richness (Ar) and d) 

expected heterozygosity (He) with upstream river distance (Km’s).  Significant relationships are 

indicated as follows * P<0.05, ** P<0.01 and *** P<0.001. 
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3.2.6 Contemporary estimates of migration 

 

Contemporary levels of dispersal also exhibited high levels of residency.  Under the most 

likely criteria, dispersal rates within the Campaspe River and Goulburn River sites were 

all less than 10% on average except the Sugarloaf Creek site which is likely to have been 

completely recolonised from the Reedy Lake Creek site situated further downstream 

(Figure 3.10).  Conversely, estimates of dispersal amongst Ovens river populations 

remained quite high at around 30%.  Using the most likely criterion generated estimates 

that highlight a potential inaccuracy, with immigration events detected that must have 

occurred over instream barriers where dispersal is highly unlikely at best.  Applying a 

high stringency to the exclusion probabilities (P<0.05) for the estimates of dispersal 

suggested no statistically supported contemporary dispersal is occurring amongst 

neighbouring sites but some immigration from unsampled sources has occurred (Figure 

3.10).  The increased stringency however also severely depleted the ability to assign the 

majority of individuals with only 12% of the 390 individuals stringently assigned to only a 

single population.   
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Figure 3.11 Contemporary multilocus estimates of dispersal amongst neighbouring populations 

generated using GENECLASS 2.  Percentage estimates are the number of dispersers divided by 

the number of individuals at each population and the number in brackets are estimates generated 

with high statistical stringency.  Within each circle are the population code, percentage of resident 

individuals with high stringency (S), residents based on the most likely criteria (M) and 

individuals not assigned to any sampled population (U).  

 

3.3 Discussion 

 

The multiple scales of the study provide insights into the temporal and spatial patterns of 

connectivity for R.semoni at a much more detailed level than has previously been 

attempted (Hammer et al. 2007; Hughes & Hillyer 2006).  The results at a regional, 

population and individual level contrast sharply with expectations for a species often 

described as ecologically widespread and abundant (Pusey et al. 2004).  Despite the 

contrast in the underlying properties of nuclear and mitochondrial molecular markers and 

the assumptions of various equilibrium and non-equilibrium based analytical approaches 



 

94 

 

the study was able to detect a strong and concordant signal.  Following a demographic 

expansion event most likely coupled with a rapid colonisation across the geographical 

range of this study, a pattern of natural fragmentation even at microgeographic scales has 

arisen.  Natural fragmentation describes an event or a process that, without the influence 

of human interference, has arisen resulting in restricted dispersal.  Examination of the 

likely historical and contemporary factors that may have created such a fragmented 

pattern in an essentially ubiquitous species should lead to a rethink on the fundamental 

assumptions about this species’ biology.  Specific focus needs to be directed to previous 

ecological observation regarding the species dispersal patterns (see section 1.7.3 

Movement – for a list of studies) and highlights the need to apply similar methods in the 

assessment of connectivity of other obligate freshwater taxa.    

 

3.3.1 Catchment scale genetic structure 

 

In complete contrast to the predictions of the Stream Hierarchy Model SHM (Meffe & 

Vrijenhoek 1988) and patterns expected from the effects of Isolation by Distance (IBD) 

(Slatkin 1993), the results showed no statistical support for the relationships between 

increasing genetic variation and geographical distance.  This was evident from several of 

the analytical approaches.  Firstly, in the traditional equilibrium based approach, the 

highest nesting level of the hierarchal AMOVA, the Among Catchment comparison, 

explained a very low percentage of variation, or more simply very little genetic variation 

was attributable to differences among catchments.  Secondly the non-equilibrium based 

approach used in the partially Bayesian clustering method grouped 9 of 13 populations 

together based on multiple nuclear loci, suggesting widespread similarity in the genetic 

composition of populations.  The pattern was less convincing for the mtDNA analysis 

which clustered several catchment specific clusters with a high probability.  Thirdly 

increasing stream distance (i.e. among catchment comparisons) was not associated with 
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increases in genetic differentiation as shown by low coefficients of variation in the 

Mantel’s tests.  On first appearance this fits nicely with the ecological predictions of a 

widespread and common species (Slatkin 1985) whose dispersal abilities are equal to or 

greater than the geographical scale of the study.   

 

Additional evidence to support the idea of extensive dispersal could be gained from the 

correlations of upstream distance and genetic diversity.   It has been predicted that due to 

the stronger effect of downstream hydrological flow in riverine environments that gene 

flow upstream would be impeded to smaller more isolated headwater populations 

resulting in a deficiency in the levels of diversity compared to larger more connected 

downstream populations (Hernandez-Martich & Smith 1997; Imbert & Lefevre 2003).   

Such a bias, resulting from asymmetric gene flow, has also been shown to artificially 

inflate pairwise estimates of genetic divergence (FST) among populations masking higher 

levels of dispersal (Wilkinson-Herbots & Ettridge 2004).  The levels of diversity in the 

sampled populations remained essentially the same with no significant relationship 

detected between diversity levels and distance upstream.  Also relatively high estimates of 

diversity were detected for both marker types along the river continuum.  The 

maintenance of both homogeneous and high diversity levels is likely to have arisen either 

through extensive upstream dispersal resulting in large effective population sizes coupled 

with high rates of gene flow or demographically large but isolated populations.  Clearly 

whatever the cause, diversity levels in these locations, with the notable exception of 

Dabyminga and Sugarloaf Creek populations, have remained quite high.  In fact 

compared to other Australian freshwater fish species within population diversity levels 

are relatively high (Huey et al. 2008; Cook et al. 2007; Jerry & Baverstock 1998; Hughes et 

al. 1999).   
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3.3.2 Population scale genetic structure  

 

The results at the larger geographical scale, taken in isolation from the remaining analysis, 

contrast sharply with numerous molecular studies of freshwater fish species that suggest 

reduced connectivity on even smaller geographic scales is the more dominant paradigm in 

freshwater environments (Meffe & Vrijenhoek 1988; Gerking 1959; Gowan et al. 1994).  

Indeed when the focus of this study shifts to the patterns of connectivity at smaller 

geographic scale amongst populations within rivers a complete reversal to the previous 

conclusion of panmixia is supported, although the patterns exhibit differing levels of 

complexity for each river.   

 

In contrast to the two regulated rivers there was no detectable restriction to gene flow 

among populations in the Ovens River using any of the statistical approaches. I t should 

be noted that the three populations within this river were a lot closer geographically 

(<40km’s) than the majority of comparisons in the remaining rivers.  This biased sampling 

regime was however unavoidable as the Ovens River is both the shortest and steepest of 

the rivers reducing the availability of suitable habitat from which to sample compared to 

the geographic scale of the remaining rivers.  Conversely the majority of pairwise 

comparisons of genetic differentiation within the regulated Campaspe and Goulburn 

River have revealed that extensive restrictions to gene flow occur among populations at 

various geographical distances.  Briefly patterns within each river need explanation.  

Firstly within the Campaspe River both the traditional estimates of FST and the non-

equilibrium clustering analysis suggest that the headwater site (MC) is genetically distinct 

for both marker types from the two homogenous downstream populations (FO and CR).  

This is despite the fact that there is very little difference in the stream distance among sites 

(MC to FO 50km’s and FO to CR 40km’s).  Cluster analysis based on the mtDNA data also 

suggested even greater barriers to gene flow existed by further partitioning  the two 
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downstream sites where traditional estimates (FST) had failed to reject the null hypothesis 

of no genetic differentiation.    

   

A more complex pattern arises in the larger and more extensively sampled Goulburn 

River.  Nearly all pairwise estimates were significantly different which is reflected in the 

overall significant estimate of differentiation within this catchment despite several 

populations nesting within reaches that are unobstructed by the larger manmade barriers.  

For example the greatest estimate of differentiation among any populations across the 

entire study were found between the two most geographically close populations 

(<25km’s), Dabyminga and Sugarloaf Creeks (ФST = 0.625 and FST=0.124).  Much less 

variation was detected among populations either side of these two populations (e.g. 

Reedy Lake and Glen Creek (ФST = 0.040 and FST =0.007).  Estimates among the two marker 

types were less congruent than those from the Campaspe River with all but one 

comparison significantly different for the nuclear pairwise estimates (RL Vs. GL) while a 

quarter of the mtDNA pairwise estimates were non significant.  Unlike results from the 

Campaspe River, where differences were found in the tests under a model of equilibrium 

(FST), the non-equilibrium based clustering method of BAPS also strongly supported 

distinct groups.  Three of the four clusters were individually isolated populations and the 

fourth was a mix of populations from headwater to lowland sites.  Taken as a whole the 

results of the small scale analysis suggest that R. semoni is a species not capable of 

dispersing great distances especially not greater than the scale of this study and in fact 

may be confined to numerous isolated populations that only exchange occasional 

migrants on a microgeographical scale.  
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3.3.3 Large vs. small scale structure 

 

The lack of genetic differentiation over large spatial scales and the detection of significant 

small scale structure in two of the three rivers provided evidence that the contemporary 

drainage structure (SHM) (Meffe & Vrijenhoek 1988) or isolation by distance (Slatkin 1993) 

serve as poor models for explaining the high levels of genetic differentiation among 

populations.  Significant non-hierarchical structure and an absence of an IBD relationship 

has been found in a number of organisms, for example, Calomys musculinus  a rodent from 

Argentina (Gonzalez-Ittig & Gardenal 2004) through to Peltoperla tarteri, a stonefly from 

the Southern Appalachians (Schultheis et al. 2002).  Increasingly these patterns are being 

found in freshwater fish taxa across the world (Hurwood & Hughes 1998).  The problem 

facing studies that detect such contrasting patterns is determining which spatial scale is 

reflecting the true nature of contemporary population connectivity by distinguishing 

historical levels of dispersal from what may actually be occurring on an ecological 

timescale.   

 

Possible explanations for the unexpected pattern of genetic structure at small vs. large 

spatial scales can be attributed to one of three possibilities; sampling error, patchy 

recruitment or non-equilibrium conditions.  Firstly insufficient sampling of only 20 – 30 

individuals per site generally from a small number of sweeps of the seine net from a 

species that possibly could possess thousands of individuals per site may lead to a 

reduction in dispersal estimates by chance at the small scale.  When comparing these 

individuals to a neighbouring population the stochastic genetic variation at each site may 

not reflect the true genetic makeup of an area resulting in chance frequency differences at 

random spatial scales (Waples 1998) which could explain the large variances in regression 

residuals (Hutchison & Templeton 1999).  Schultheis et al. (2002) suggest that in addition 

to the large scatter pattern in the regression residuals the large amounts of instream 
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variation that are found may be too great for any significant variation to be detected 

among rivers thereby reducing the statistical power in the AMOVA to reject the null 

hypothesis of no genetic differentiation.  Although plausible these suggestions are 

unlikely as numerous other studies of freshwater fish have used similar sample sizes (e.g. 

Huey et al. 2008), similar sampling techniques in this geographic area (e.g. Cook et al. 

2007) and found similarly high levels of variation at lower levels in the AMOVA hierarchy 

and still detected significant results at the higher level (Kinnison et al. 2002).  Furthermore 

in many sites several sweeps along a section of creek were needed to reach the required 

number of samples.   

 

The second possible explanation is similar to the first but differs in the mechanism 

responsible for the sampling error.  As opposed to sampler error, the complex structuring 

may reflect the error associated with sampling individuals in the characteristically small 

refugial pools during the driest periods of the year.  These individuals may only represent 

the offspring from a few matings of the adults trapped in each pool as water levels drop 

each summer (Schmidt et al.1995 and Bunn & Hughes 1997).    In such a situation of 

‚patchy recruitment‛ (Bunn & Hughes 1997) the adults are panmictic or at least capable of 

dispersing larger distances and the limited dispersal inferred at smaller spatial scales 

results from the stochastic processes of colonization and recruitment in confined areas 

rather than from limited dispersal.  Similar inferences were made by Schmidt et al. (1995) 

when they detected deviations from the predictions of the SHM model for the aquatic 

mayfly, Baetis sp..  The authors concluded that such results were a consequence of 

restricted movement in streams by larvae and that the individuals at each site were the 

products of a few matings from widely dispersing adults.  In the case of R.semoni a similar 

pattern would result from larvae or a few closely related adults being demographically 

isolated in refugial pools into which they were either recruited or managed to find refuge 

during the dry months, while the dispersal of adults during high flow events dictates the 



 

100 

 

spread of genetic variation during the wetter months.   If this is the case for R. semoni in 

streams of the Murray Darling Basin then, as Bunn and Hughes (1997) suggest, there are 

four parameters that could be used to assess if the riverine samples are indeed a result of 

patchy recruitment of a few individuals or truly reflect significantly limited in-stream 

movement.  The authors suggest populations may not conform to the expectations under 

Hardy-Weinberg Equilibrium due to non-random mating and such deviations will be 

randomly widespread across sites and loci.  This study found few significant deviations in 

the tests for HWE and secondly those that were found were predominantly confined to a 

single locus.  Secondly, different loci may indicate different levels of genetic variation and 

therefore levels of genetic differentiation amongst population pairs.  By comparing the 

diversity estimates among nuclear and mitochondrial DNA it is clear that this is not the 

case with all estimates of within population diversity highly correlated among loci and a 

very well supported correlation amongst population pairwise estimates of differentiation.  

Thirdly geographic distance should not be a predictor of genetic distance due to 

widespread gene flow across catchments, which is a pattern consistent with the results of 

this study.   Finally the above patterns within sites should differ among sampling times, 

which supports the idea that random recruitment from a different subset of colonizers 

from a larger gene pool occurs stochastically each year.  Previous studies have found as 

equally large differences among sites as those among times within a site and conclude this 

is the most convincing evidence for patchy recruitment (Hughes et al. 1998).  The data 

from this chapter represents one snapshot in time and therefore cannot address this 

prediction therefore patchy recruitment cannot be ruled out as a possible cause of 

erroneously detected small scale structure.  The single sample period highlights the 

problem that many studies face when attempting to describe population structuring, 

especially that of contemporary population structure.  Without ascertaining the level of 

temporal variation within sites compared to the among site comparisons it is difficult to 



 

101 

 

know if the population structuring detected is real or merely a statistical artifact (Kinnison 

et al. 2002 and Heath et al. 2002).      

 

Whereas the sampling error and patchy recruitment hypotheses suggest large scale 

dispersal is common and the detection of small scale isolation results from stochastic 

events, under a non-equilibrium based explanation, small scale isolation is likely to be the 

major contemporary process shaping population structure.   Slatkin (1993) theoretically 

suggests that the equilibrium between the divergent forces of mutation and drift and the 

homogenizing forces of migration can be altered following the historical colonization of 

an area by a species that then undergoes a subsequent fragmentation event reducing 

dispersal levels (Slatkin 1993 and Hutchison & Templeton 1999).  Indeed the lack of an 

IBD effect at the geographic scale of this study combined with the largely random nature 

in the spread of the regression residuals fits nicely with the predictions of a Case III model 

proposed by Hutchison and Templeton (1999).  That is, a classic signal of a recently 

invaded area (the three rivers) from a homogeneous source population (no geographic 

genetic relationship) that for some reason has undergone a subsequent environmental 

change which fragments populations into small isolates (random scatter in the regression 

residuals).  This isolation will over time erode the signature of geographical relationships 

created in the expansion and create large patterns of scatter associated with numerous 

populations undergoing independent drift.  Slatkin (1993) further adds that if the initial 

colonization event occurred both relatively recently and at a sufficiently rapid pace then 

the signature of colonization can be spread widely across the geographic area sampled 

despite no ongoing gene flow.   

 

There is strong evidence to suggest that populations in this study are not in equilibrium 

between migration and drift, an underlying assumption of the traditional approaches 

used above in the AMOVA and pairwise estimates for assessing population structure 
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(Whitlock & McCauley 1998).  I therefore have utilised non-equilibrium based approaches 

to try to resolve the complexity in both the patterns and the processes shaping population 

structure among populations of R. semoni.  If these populations have historically expanded 

in both demographic size and geographic range then historical estimates of connectivity 

and estimates of diversity should still possess the signature of these events.  If populations 

were contemporaneously isolated as predicted under a non-equilibrium model of 

microvicariance then ecological estimates of dispersal should reflect this.  Additionally 

examination of the contemporary estimates can provide insights into whether the barriers 

created by instream dams and weirs are the factors creating contemporary fragmentation 

by assessing the pattern of migration among populations within regulated and 

unregulated rivers.   

 

3.3.5 Historical connectivity  

 

Evidence to support the idea of a geographically and demographically expanding 

population on an historical timescale can be gleaned from the historical estimates of 

migration for each molecular marker and the analysis of the mtDNA haplotype network 

and associated neutrality tests.  Historical pairwise migration rates were typically low (~1 

NeM) for many of the pairwise comparisons for both marker types.  Eventually though 

migration rates at this level could lead to a signal of genetic homogeneity among 

populations across the geographic scale of the study or at the very least patterns 

associated with isolation by distance (Slatkin 1985, 1993). The results also suggest that 

dispersal among sites within this species has historically displayed no directional bias 

associated with the predominance in unidirectional downstream flow.  That is, this 

species historically was able to actively migrate upstream equally as well as any form of 

passive drift downstream which fits with the basic biological and ecological studies on 

this species (Pusey et al. 2004).   
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 In addition to the relatively modest historical migration estimates however was the star-

like haplotype network which highlighted how only a few central haplotypes are common 

to all three rivers.  The widespread distribution of only a few ancestral haplotypes 

indicates that the initial colonisation involved a limited number of individuals from a 

relatively homogenous source population or that the genetic diversity of individuals 

present during a phase of high dispersal was quite low.   It is also plausible that following 

a founder/colonisation event from this small homogenous source, that populations 

expanded rapidly occupying the freely available niches upstream (Templeton et al. 2001).  

Significant R2 and negative Fu’s FS values support this idea of a demographic expansion 

across and within the three rivers.  The timing of the expansion approximately 250 000 

years BP was also quite similar across populations and rivers suggesting the entire area 

was colonisied rapidly around the same time leading to a demographic increase in 

population size as each new population formed.  The evidence for an expansion in the size 

and spread of R. semoni into the study area is typical of Avise’s (2000) category V of 

phylogeograpghy where a few founders expand in range (high migration estimates) 

rapidly (star shaped network) but ongoing gene flow is limited (limited haplotype 

sharing) negating the spread of haplotypes that arise in isolated but expanding 

populations.          

 

3.3.6 Contemporary connectivity  

 

Following the ideas of Slatkin (1993) and Hutchison and Templeton (1999) the disruption 

to equilibrium conditions requires a recent fragmentation event in addition to the 

evidence of previously connected populations.  Indeed contemporary dispersal estimates 

derived from the nuclear DNA data support the idea that populations of R. semoni are 

extremely restricted to areas less than 20km’s (smallest  scale examined in this study).   
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The question that cannot be answered is what caused this isolation?  One possibility is 

that the recently constructed instream barriers could possibly be acting as the catalyst for 

constrained levels of dispersal.  However despite the initial interpretations generated from 

the fixation indices and cluster analysis which suggest widespread dispersal in the 

unregulated Ovens River and restricted dispersal in the remaining regulated rivers, the 

current instream barriers to movement appear to have actually had less of an effect on 

population structure than would first appear for two reasons.  Firstly contemporary 

estimates of dispersal as inferred from the exclusion probabilities of the assignment tests 

suggest that all populations are currently isolated with 100% residency rates.  That is no 

migrants could be confidently detected even among populations at microgeographic 

scales.  These results were also notable for detecting isolation amongst populations in the 

unregulated Ovens River.  Secondly often in studies examining the effects of human 

induced fragmentation the change in diversity levels above and below barriers is likely to 

be detectable long before significant fixation among populations arise (Yamamoto et al. 

2004, Matsubara et al. 2001 and Meldgarrd et al. 2003).  As mentioned above, although 

significant divergence among populations was detected this was not accompanied by a 

shift in genetic diversity within populations from isolated headwater sites to more 

connected lowland sites.  Thus the study failed to reject the null hypothesis of increasing 

diversity downstream indicating genetic patterns were more likely to reflect the insitu 

demographic events and shared historic signatures of dispersal across all rivers.   

 

Specific examples can be seen from contrasting patterns of diversity in the regulated rivers 

and the unregulated Ovens River.  Within the Campaspe River significant genetic 

structure was detected among the upper (MC) and two lower populations (FO and CR) 

that are separated by a dam at Lake Eppalock with no differentiation among these latter 

sites despite the physical barrier of the Campaspe Weir.  If the dams were the likely cause 

for the current patterns in genetic structure then a corresponding decline in diversity 
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downstream should also be detected(Yamamoto et al. 2004).  In fact there was no clear 

pattern in diversity estimates with geographic location with nuclear heterozygosity and 

haplotype diversity both variable along the river continuum while allele and haplotype 

numbers only increased among the two lower populations and not in the uppermost sites.  

Conversely within the Ovens River although not significant, increasing levels of diversity 

were associated with distance upstream in both marker types as opposed to a predicted 

pattern resulting from downstream drift.  This is not to say the negative ecological and 

genetic effects of fragmentation (see Pringle et al. 2000; Frankham et al. 2002) have not 

commenced.  Rather it reflects the timescale at which these effects can be detected and 

whether or not these barriers will drastically change the historic patterns of dispersal in a 

species.  It is possible that the large population sizes that inhabit these isolated habitats 

buffer each population from a loss of variation (Hanfling & Brandl 1998).   

 

3.3.7 Conclusions 

 

Taken as whole, this study has detected a temporal shift in the dispersal patterns of a 

relatively widespread and common freshwater fish.  Low but homogenizing estimates of 

historical dispersal associated with the colonisation of the area have subsequently been 

replaced with a strong microvicariant pattern of isolation to individual streams.  Similar 

levels of microgeographic isolation have recently been reported in the regionally 

vulnerable southern pygmy perch (Nannperca australis) among and within streams used in 

this study, namely the Goulburn River (Cook et al. 2007).  Additional evidence suggests 

that although isolated, population size has increased significantly maintaining or 

increasing diversity levels within populations as each stream was historically colonised.  

Observational studies even within the last 100 years have noted how the creation of new 

slow flowing habitat from the construction of dams and weirs has seen the boom in 

population numbers of this species (Mallen-Cooper 1999).  It could be predicted that 

similar responses to the availability of new habitat occurred as each stream was colonised.  
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The recent physical fragmentation of two of the three rivers appears to have had a 

negligible effect on population structuring at this stage and the biological reasoning for 

the sudden change in dispersal patterns may be difficult to determine.  One hypothesis 

relating to the recent onset of isolation that can be generated from the background 

information on this species’ biology and results of this study are that upstream movement 

has been quite common.  The majority of the reports of upstream movement have been 

associated with juvenile life stages (Baumgartner 2004).  It has been suggested that the 

upstream movement of juveniles is an evolutionary response to counter the downstream 

effects of drifting larvae (Mallen-Cooper & Brand 2007).  In these systems however larvae 

are usually restricted to small isolated refugial habitat as pools become the dominant 

habitat at the end of spring and early summer.  Such habitat actually provides the perfect 

conditions for developing young (Milton & Arthington 1985).  Alternatively many 

individuals have been sampled from larger slow flowing backwaters and billabong 

habitats devoid of physical flushing (King et al. 2003).  If refugial pools are reconnected in 

winter months at the time corresponding to the onset of juvenile movement prior to 

breeding, then essentially each stream will act as a unique microcosm where fish are born 

and grow in isolated environments and then when the opportunity arises they migrate in 

a potomodromous fashion upstream.  Such a pattern would quickly lead to the 

colonisation of streams off the main river channels but subsequently result in isolation at 

the stream scale.   
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Chapter 4 Take two: spatiotemporal relationships among 

dendritic populations of Retropinna semoni. 

 

4.1 Introduction 

 

In Chapter 3, strong evidence is presented to suggest that in contrast to the known 

ecological and biological attributes of Retropinna semoni (Pusey et al. 2004) dispersal 

amongst populations within the same river is heavily constrained.  Essentially 

populations, at the spatial scale sampled from Victorian rivers in 2004, are persisting 

under a microvicariant pattern of isolation to individual streams within rivers.  Yet 

despite these patterns of significant isolation there was also evidence to suggest that 

within these locations population sizes have expanded rapidly.  In contrast to the 

microvicariant isolation at the small scale, large scale genetic homogeneity was inferred 

from multiple analyses of hierarchical partitioning of genetic variation.  Three possible 

explanations as to the dichotomy of results were presented including experimental design 

and sampling error, which was subsequently dismissed; patchy recruitment (Bunn & 

Hughes 1997) which had strong support but could not be invoked without evidence of 

temporal change in the patterns of intapopulation genetic diversity and non-equilibrium 

conditions following significant fragmentation events in a formerly panmictic or rapidly 

colonizing population (Slatkin 1993).  The latter two hypotheses have vastly different 

consequences for managing this species (Ostergaard et al. 2003; Heath et al. 2002), with 

patchy recruitment resulting from highly connected populations or metapopulations 

existing in hydrologically unstable environments that should be managed as one large 

population at the basin level, whereas a non-equilibrium outcome supports numerous 

highly fragmented populations that should be managed at several stream levels.       
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The purpose of this chapter was to re-examine the spatial patterns of connectivity among 

the same set of populations sampled in 2004 again in 2005 to provide a strategy to deal 

with the signal:noise ratio (Waples 1998) and the problems associated with taking point 

estimates in time to summarise population genetic structure (Heath et al.  2002). It is these 

issues that are at the crux of disentangling which is the most parsimonious of the 

hypothesised population genetic structures.  In doing so specific tests of temporal 

connectivity could also be addressed over a contemporary timescale, a level of analysis 

seldom investigated but potentially as important in the structuring of genetic variation 

among populations as spatial associations (Kinnison et al. 2002).  

  

The main objective of studying real time changes in genetic variation over time was to 

primarily provide evidence to either confirm the spatial divergence detected in 2004 and 

support a non-equilibrium hypothesis of recent microvicariant isolation (Tessier & 

Bernatchez 1999) or to confirm that the highly restricted isolation inferred in year one is an 

artifact of sampling error, primarily associated with patchy recruitment (Planes & Lenfant 

2002).  It was predicted that if the magnitude of temporal variation within sites is 

negligible in relation to that found among spatially separated populations than 

population structure is likely to be biologically real and persistent and not an artifact of 

sampling error (Kinnison et al. 2002).  Conversely, large temporal variance in the within 

population estimates of genetic divergence may support the metapopulation concept of 

population turnover (Hanski 1991) and thus greater levels of connectivity (Ostergaard et 

al. 2003).   
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4.2 Results  

4.2.1 Sample collection  

 

A significant sampling effort in February 2005 successfully resulted in the collection of 

twenty individuals from eleven of the thirteen locations analysed in 2004 (Figure 4.1) 

(Table 4.1).  Only the Forest Creek and Glen Creek sites were unable to be re-sampled.  In 

addition five small scale sites < 5km’s apart were sampled within McIvor Creek, Sugarloaf 

Creek and Reedy Creek for fine scale analysis of recent migration.   

 

 
Figure 4.1 Sampled catchments (Campaspe River – red, Goulburn River – yellow and Ovens River 

– green), anthropogenic barriers (blue bars) and site locations (stars) in the upper Murray River, 

Victoria.   
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Table 4.1 Sampling design and location from the upper Murray River, Victoria including sampled 

catchment, site name and code, geographical location and sample sizes of mitochondrial and 

nuclear markers. 

Catchment Site Name Site 

Code 

Location MtDNA 

(n=110) 

Msat 

(n=220) 

Campaspe River McIvor Creek MC -36° 55' 33.23'' 

144° 42' 38.74" 

10 20 

 Campaspe River CR -36° 15' 30.51'' 

144° 44' 1.46'' 

10 20 

Goulburn River Broken River BR -36° 28' 6.45'' 

145° 52' 21.66'' 

10 20 

 Seven Creek SE -36° 36' 33.14'' 

145° 28' 41.44'' 

10 20 

 Castle Creek CA -36° 36' 43.70'' 

145° 21' 34.56'' 

10 20 

 Sugarloaf Creek SU -37° 5' 8.81'' 

145° 4' 32.11'' 

10 20 

 Dabyminga Creek DM -37° 5' 50.32'' 

145° 7' 55.33'' 

10 20 

 Reedy Lake Creek RL -36° 44' 34.54'' 

145° 7' 17.85'' 

10 20 

Ovens River Reedy Creek RE -36° 19' 56.05'' 

146° 10' 33.39'' 

10 20 

 Croppers Creek CC -36° 27' 21.16'' 

146° 22' 2.04'' 

10 20 

 Hurdle Creek HC -36° 30' 36.84'' 

146° 25' 9.40'' 

10 20 

 

4.2.2 Temporal diversity and genetic heterogeneity 

 

The four nuclear loci were highly polymorphic across all 22 populations used in the 

intrapopulation temporal comparisons (2004 n=11 and 2005 n=11) (Table 4.2).  The number 

of alleles per locus ranged from 17 at SM26 to 26 at SM18.  Mean population 

heterozygosity (HE) across loci ranged from 0.49 (SU04) to 0.80 (SE05) and mean corrected 

allelic richness (AR) from 4.35 (SU04) to 7.90 (HC05).  In addition to the results from 2004 

(Chapter 3), on average, site locus combinations conformed to the expectations of Hardy-

Weinberg equilibrium with deviations at specific loci occurring at only a few populations 

with no population different for more than one loci (Table 4.2).  After Bonferroni 
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correction for multiple tests no locus or population from the 2005 sample displayed 

significant departures from the predictions under HWE (Table 4.2).  Tests for genotypic 

linkage disequilibrium were all non-significant (p>0.05) at both the population and global 

levels for all pairs of loci.  Intrapopulation temporal comparisons of expected 

heterozygosity levels and corrected mean allelic richness displayed temporal stability 

with all estimates not significantly different amongst years (Wilcoxon signed-rank tests 

P>0.05).   
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Table 4.2 Retropinna semoni diversity indices for population sampled in 2004 and 2005.  For the nuclear loci N, sample size (gene number); AT, total 

number of alleles; AR, corrected mean allelic richness (Petit et al. 1998); Ho, observed heterozygosity; HE, expected heterozygosity.  For the haploid 

data N, sample size; HT, total number of haplotypes; HR, corrected mean haplotype richness (Petit et al. 1998); h, haplotype diversity and π, 

nucleotide diversity.   

Locus MC# CR BR SE CA RL DM SU RE CC HC MC CR BR SE CA RL DM SU RE CC HC

SM18 N 60 60 60 60 60 60 60 60 60 60 60 40 40 40 40 38 40 40 40 40 40 40

A T 13 11 14 10 14 14 9 6 11 11 10 9 12 8 10 8 8 8 7 10 9 11

A R 9.67 8.15 9.08 7.10 8.16 8.43 7.20 4.55 7.91 7.79 7.38 7.18 8.83 6.51 7.85 6.73 6.48 6.63 4.75 6.94 7.31 8.29

H O 0.83 0.63* 0.90 0.90 0.80 0.80 0.86 0.63 0.77 0.83 0.73 0.70 0.90 0.65 0.70 0.73 0.60 0.75 0.75 0.85 0.75 0.70

H E 0.90 0.80 0.88 0.80 0.78 0.86 0.85 0.64 0.85 0.84 0.86 0.66 0.87 0.80 0.82 0.77 0.82 0.81 0.61 0.75 0.81 0.87

SM26 N 60 60 60 60 60 60 60 60 60 60 60 40 40 40 40 38 40 40 40 40 40 40

A T 6 10 9 12 11 12 2 6 11 11 10 4 9 10 10 7 7 4 7 8 10 11

A R 4.13 5.58 5.19 7.51 7.05 7.65 1.96 3.74 6.62 7.36 6.71 3.49 6.79 7.14 7.53 5.48 5.30 3.33 5.25 6.06 7.84 8.71

H O 0.30 0.56 0.66 0.70 0.63 0.73 0.26 0.33 0.73 0.83 0.76 0.60 0.70 0.50 0.80 0.68 0.65 0.40 0.50 0.50 0.75 0.75

H E 0.44 0.58 0.63 0.72 0.76 0.74 0.23 0.32 0.68 0.74 0.72 0.66 0.63 0.70 0.80 0.76 0.58 0.35 0.54 0.65 0.85 0.84

SM49 N 58 60 58 60 60 60 60 60 60 60 60 40 40 40 40 38 40 40 40 40 40 40

A T 10 13 9 7 10 9 8 7 9 12 11 7 6 8 6 7 5 6 5 10 8 9

A R 6.76 8.44 7.44 5.84 7.69 7.26 6.33 5.99 6.60 8.34 7.85 6.23 4.94 6.85 5.43 5.90 4.81 5.47 4.48 6.89 6.14 7.57

H O 0.82 0.86 0.75 0.53* 0.76 0.70 0.73 0.66 0.93 0.90 0.86 0.60 0.65 0.85 0.75 0.68 0.35* 0.70 0.75 0.65 0.65 0.65

H E 0.81 0.85 0.84 0.71 0.79 0.82 0.82 0.78 0.80 0.84 0.86 0.84 0.75 0.79 0.80 0.75 0.71 0.75 0.68 0.73 0.79 0.84

SM80#2004
N 60 60 56 60 60 60 60 60 60 60 60 40 40 40 40 38 40 40 40 40 40 40

A T 8 9 9 5 10 9 6 6 12 10 12 6 7 7 11 8 7 7 5 9 9 9

A R 5.83 5.21 6.49 3.94 6.18 6.07 4.61 3.11 6.37 6.08 7.11 5.50 5.75 4.87 8.03 5.90 5.32 5.78 3.86 6.99 5.97 7.01

H O 0.53* 0.36* 0.46* 0.43* 0.50* 0.60 0.76 0.20 0.60 0.50 0.63 0.85 0.70 0.40 0.80 0.73 0.60 0.45 0.5* 0.60 0.60 0.70*

H E 0.74 0.53 0.67 0.55 0.68 0.66 0.73 0.22 0.62 0.56 0.68 0.75 0.72 0.52 0.78 0.66 0.63 0.72 0.42 0.82 0.66 0.81

All Loci (4) H E 0.72 0.69 0.76 0.70 0.75 0.77 0.66 0.49 0.74 0.75 0.78 0.73 0.74 0.70 0.80 0.74 0.69 0.66 0.56 0.74 0.78 0.84

A R 6.60 6.85 7.05 6.10 7.27 7.35 5.03 4.35 6.88 7.39 7.26 5.60 6.58 6.34 7.21 6.00 5.48 5.30 4.59 6.72 6.82 7.90

mtDNA N 20 20 20 20 20 20 20 20 20 20 20 10 10 10 20 19 10 20 20 10 10 10

HT 5 9 10 5 8 10 4 5 10 10 13 4 3 7 7 10 11 3 6 6 7 4

HR 2.68 4.75 8.00 2.32 3.55 4.81 2.09 2.68 4.71 4.05 5.79 2.80 1.90 5.60 2.91 5.06 5.16 1.80 3.10 4.50 5.50 2.00

h 0.66 0.87 0.91 0.51 0.69 0.86 0.55 0.66 0.83 0.71 0.91 0.64 0.51 0.93 0.58 0.88 0.87 0.38 0.72 0.78 0.91 0.53

π 0.0030 0.0035 0.0049 0.0014 0.0028 0.0041 0.0016 0.0047 0.0039 0.0023 0.0041 0.0028 0.0025 0.0040 0.0021 0.0044 0.0040 0.0023 0.0053 0.0027 0.0040 0.0015

2004 2005

 # 

Significant global deviations from expected Hardy-Weinberg proportions at the 5% level after Bonferroni correction (Rice 1988) at either the population or locus 

level.  

* Significant deviation from HWE (P<0.05) at each site/locus comparison uncorrected. 
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Of the 409 mtDNA sequences used in the temporal comparisons, 62 were unique 

haplotypes.  Of these, 51 (260) were detected in 2004 (Figure 4.2) and 33 (149) in 2005 

(Figure 4.3) with 11 new unique haplotypes found in 2005 despite the much smaller 

sample size.  Singletons made up the majority of sequences (58%) across all populations 

and along with population specific haplotypes (68%) dominated the diversity patterns 

contained within populations.  Correspondingly the chance of randomly selecting 

heterogeneous haplotypes from within any given population was quite high as reflected 

in estimates of haplotype diversity (mean h=0.743, 2004 and mean h=0.702, 2005) (Table 

4.2) The exception to this trend was found at the Dabyminga Creek site in 2005 where a 

single haplotype dominated the sample, lowering haplotype diversity (h=0.377).  The 

relationship among all haplotypes was relatively shallow, generating a large star shaped 

haplotype network characterised by many single base pair changes radiating out from a 

few centrally located and abundant ancestral haplotypes.  This pattern ensured nucleotide 

diversity estimates within populations remained low (mean π=0.33%, 2004 and mean 

π=0.32%, 2005) (Table 4.2).   



 

114 

 

 

 
Figure 4.2 Retropinna semoni, haplotype network of ATPase MtDNA variation across central 

Victoria in 2004.  Each circle represents a unique haplotype with its evolutionary relationship to 

other haplotypes indicated by connections.  Circle size represents haplotype occurrence and 

each pie segment represents the frequency of that haplotype from each of the three catchments. 

 
Figure 4.3 Retropinna semoni, haplotype network of ATPase MtDNA variation across central 

Victoria in 2005.  Each circle represents a unique haplotype with its evolutionary relationship to 

other haplotypes indicated by connections and location compared to the 2004 sample (above).  

Each pie segment represents the frequency of that haplotype from each of the three catchments. 
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In concordance with the nuclear data, the within population diversity estimates for mean 

corrected haplotype richness (HR) and haplotype diversity (h) remained temporally stable 

(Wilcoxon signed-rank tests P>0.05).  Tests of neutrality were almost identical to those of 

2004 with all populations within the Ovens River and that River globally all deviating 

from the assumption of neutrality (Table 4.3).  No population within or the Campaspe 

River as a whole showed any excess of singletons or mutations, whilst the Goulburn River 

was significantly different to expectations under a neutral model and individually four of 

six populations displayed evidence to suggest recent demographic expansion.  Temporal 

estimates based on the expansion co-efficient of tau indicate these populations have 

recently undergone these expansion processes (~80, 000 to 310,000 years BP) (Table 4.3).  

 

Table 4.3 Retropinna semoni, results of tests for selective neutrality and population growth 

(significant results in bold text) and estimated time since expansion at both the population and 

river level. 

Sampled Site Tajima’s 

D 

Fu’s Fs R2 τ=2ut Time Since Expansion 

(Years BP)

MC 0.082 -0.108 0.172 -

CR -0.399 0.948 0.152 -

Campaspe River -0.709 -0.985 0.105 -

BR -0.774 -3.230 0.120 2.022 ~310, 000

SE -1.789 -3.335 0.093 0.521 ~80, 000

CA -1.456 -4.260 0.073 2.030 ~310, 000

RL -1.930 -6.036 0.065 1.618 ~250, 000
SU 0.185 0.558 0.142 -

DM 1.388 0.639 0.242 -

Goulburn River -1.822 -17.932 0.036 1.858 ~285, 000

RE -1.839 -2.827 0.111 1.400 ~215, 000

CC -1.229 -3.237 0.112 2.022 ~310, 000

HC -1.034 -1.465 0.145 0.756 ~115, 000

Ovens River -1.754 -7.057 0.054 1.286 ~200, 000

Total Cachments -1.923 -28.907 0.030 1.583 ~240, 000
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4.2.3 Temporal stability in genetic structure  

 

Despite no change in the diversity estimates within populations amongst years there was 

extensive evidence to suggest temporal instability in the nuclear gene frequencies at 

numerous sampling locations (Figure 4.4).  Examining the stability in allelic frequencies 

over time via exact tests for allele frequency homogeneity for each independent locus 

yielded between one and two significant deviations (P<0.05) out of a possible four loci 

under the null hypothesis of homogeneity amongst years within populations (Table 4.4).  

The majority of the deviations existed at the most variable locus, SM18 (9/11 tests).  Using 

Fisher’s method (Fisher 1948) the results of the exact tests for each population pair and 

loci were summed to estimate multilocus deviations from allelic homogeneity among 

intrapopulation samples.  In this case the degrees of freedom (2k) equalled 8 based on 4 

independent loci (k).  Examining this intrapopulation allele frequency homogeneity at the 

multilocus level revealed nine of eleven populations were not genetically homogeneous 

(P<0.05) amongst sampling periods (Table 4.4).  Additionally temporal nuclear pairwise 

FST estimates within populations reflected similar estimates of population differentiation 

with genetic instability amongst years detected in six of eleven populations (Table 4.4).   
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Figure 4.4 Relative 

allelic frequencies 

at four nuclear loci 

sampled from 11 

temporal 

replicates.  2004 

samples are 

represented by 

black circles and 

2005 by white 

circles.  Each circle 

represents a 

different allele 

and the area 

directly reflects 

the proportion of 

that allele to 

others in the 

population. 
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Table 4.4 Results of exact tests for allelic frequency homogeneity among temporal replicates at 

the same site for each locus and across all four nuclear loci (Raymond & Rousset 1995) and 

pairwise population differentiation (FST) for nuclear and mitochondrial DNA.  Significant 

deviations (P<0.05) from homogeneity or pairwise differences are presented in bold.  

nDNA mtDNA

Population SM18 SM26 Sm49 Sm80 χ2
8 P value  F ST ФST

MC 0.009 0.000 0.743 0.106 33.619 0.000 0.024 -0.071

CR 0.017 0.075 0.130 0.181 20.882 0.007 0.019 0.012

BR 0.031 0.033 0.579 0.386 12.162 0.144 0.006 -0.015

SE 0.002 0.239 0.244 0.001 32.153 0.000 0.023 -0.025

CA 0.023 0.054 0.281 0.144 19.816 0.011 0.011 -0.003

RL 0.010 0.031 0.301 0.919 14.191 0.077 0.012 0.027

DM 0.085 0.075 0.026 0.155 21.093 0.007 0.019 -0.001

SU 0.439 0.022 0.178 0.082 17.689 0.024 0.012 -0.033

RE 0.002 0.090 0.086 0.050 28.361 0.000 0.039 -0.022

CC 0.024 0.000 0.094 0.590 29.602 0.000 0.037 0.023

HC 0.039 0.129 0.335 0.023 20.282 0.009 0.011 0.064

Multilocus Locus

 

 

Analysis of molecular variance also rejected the hypothesis of temporal intrapopulation 

stability (Table 4.5).  AMOVA results partitioned a significant amount of genetic variation 

amongst years within populations (FSC) both globally and for each nuclear locus (Table 

4.6).  Conversely however no statistically significant differences in the haplotypic 

frequencies (ФST) could be detected at this time scale with the exception of temporal 

change within the Hurdle Creek site (Table 4.4).  The AMOVA analysis for the mtDNA 

data also did not partition any significant variation amongst years within populations 

either, supporting the evidence at the pairwise level (Table 4.5). 
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Table 4.5 Hierarchical analysis of molecular variance (AMOVA) of microsatellite loci allele 

frequencies and mtDNA haplotype frequencies among 11 temporally replicated Retropinna semoni 

populations. 

d.f. % variation P d.f. % variation P

Among Populations F CT 10 3.54 <0.001 10 21.37 <0.001

Among Years Within Populations FSC 11 1.76 <0.001 11 -0.35 >0.05

Within Populations F ST 1076 94.70 <0.001 347 78.98 <0.001

Variance Component

mtDNA ФSTnDNA F ST

 

Table 4 6 Retropinna semoni locus by locus AMOVA results for 11 temporally replicated samples. 

Among Populations Within Populations Within Populations

Locus % Variation P % Variation P % Variation P

SM18 3.48 <0.001 2.21 <0.001 94.31 <0.001

SM26 3.20 <0.05 2.88 <0.001 93.91 <0.001

SM49 4.08 <0.01 1.12 <0.05 94.80 <0.001

SM80 2.49 <0.05 1.60 <0.05 95.91 <0.001

Among Years 

 
 

4.2.4 Spatial stability of genetic structure 

 

Evidence, at least for the nuclear loci, supports the hypothesis of instability in gene 

frequencies within populations amongst temporally spaced sampling intervals, which 

may influence the estimates of connectivity at the global scale.  The other factor to 

consider is the effect that spatial location has on population structure and to determine if 

small scale temporal fluctuations in the genetic composition of a population can override 

population heterogeneity due to spatial structuring.  This was examined in two ways: 

firstly by examining the variance components of the AMOVA attributable to differences 

amongst years within populations (temporal) and those amongst populations (spatial) 

(Table 4.5).  In the AMOVA analysis of the nuclear data, the contribution apportioned to 
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spatial variance (FCT) was highly significant and accounted for nearly twice as much 

variation as the temporal variance (FSC) (3.5% Vs. 1.8%) suggesting the partitioning of 

hierarchical genetic differentiation is comparatively more strongly influenced by spatial 

variation amongst geographically separated populations than to temporal fluctuations in 

gene frequencies within populations (Table 4.5).  The results of the mitochondrial data 

provide even stronger evidence to reject temporal change overriding the spatial 

structuring of populations with no temporally significant variation partitioned within 

populations (FSC = 0%) but a large amount of population structuring as a result of spatial 

variance (FCT = 21.3%).  The results for both the nuclear and mitochondrial data can clearly 

be seen by examining the principle components analysis which shows the general trend of 

sites grouped more closely by temporal association (e.g DM4 and DM5) rather than 

geographical proximity (e.g. SE5 and RL5) (Figure 4.4). 
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Figure 4.5 Principal components analysis of pairwise genetic differences (FST-top and ФST-

bottom) for each population.  Site codes are listed in Table 4.1 and the number after the code 

represents the year sampled (4=2004 and 5=2005) symbols represent populations from one of the 

three catchments.  
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The second approach to distinguish temporal and spatial components of variation was to 

examine which of these elements displayed the greatest number of loci that were 

significantly different in gene frequencies and pairwise estimates of genetic differentiation 

(FST and ФST) among temporal and spatial comparisons.  The mean values of each indicator 

were constituted from either spatial comparisons solely amongst populations from 2004 or 

2005 and those of a temporal nature involving the same population across the two 

sampling periods (Figure 4.5).  The number of divergent loci (Kruskal–Wallis test: 

χ2=10.96, d.f.=2, P=0.004), pairwise FST (Kruskal–Wallis test: χ2=12.33, d.f.=2, P=0.002) and 

pairwise ФST (Kruskal–Wallis test: χ2=9.50, d.f.=2, P=0.008) all displayed significant 

differences among treatment means.  In all cases, comparisons involving the spatial tests 

from either 2004 or 2005 remained non-significant (LSD:P>0.05) suggesting the spatial 

structure remained constant between years.  Furthermore, comparisons involving spatial 

variation from either 2004 or 2005 against the estimates from temporal variation were all 

significant (LSD:P<0.05).  Population divergence, as either the number of divergent loci or 

pairwise population differentiation, in all cases was significantly greater amongst 

populations assessed in spatial comparisons (the same year) than those of comparisons 

involving temporal variation suggesting spatial variation is far greater than the small 

amounts of temporal variation within sites. 
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Figure 4.6 Results of 

Kruskal-Wallis tests 

examining the 

differences in the 

mean number of 

divergent loci (n=4) 

among spatial sites 

within years (2004 

and 2005) and among 

years within sites 

(top), mean pairwise 

FST values (middle) 

and mean ФST values.  
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significantly different 

means (LSD: P<0.05).   a
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4.2.5 Connectivity in year II  

 

Taking into account the strong signature of geographical isolation, to a lesser extent small 

scale temporal fluctuations on the estimates of connectivity and the inconclusive results 

from the first years sampling, it was decided to re-examine connectivity with the 2005 

samples.  The number of loci was increased from four to seven to increase the power in 

detecting the scale at which isolation occurs.  Additional intrapopulation diversity 

estimates including corrected mean allelic richness, expected heterozygosity, are 

summarised in table 4.7.  No significant (P<0.05) departures from HWE were detected for 

any population locus combination or globally for any locus or population.    Tests for 

linkage disequilibrium among pairs of nuclear loci found no significant departures from 

zero (P>0.05). 

Table 4.7 Retropinna semoni diversity indices.  For the nuclear loci; N, sample size (gene number); 

A total number of alleles per locus;  AT, total number of alleles; AR, corrected mean allelic richness 

(Petit et al. 1998); Ho, observed heterozygosity; HE, expected heterozygosity.   

MC CR BR SE CA RL DM SU RE CC HC

C2 12 N 40 40 40 40 38 40 40 40 40 40 40

A T 6 7 8 9 10 10 8 7 9 8 7

A R 5.65 5.7 7.37 7.18 7.35 8.22 5.89 5.44 6.96 6.24 5.38

H O 0.75 0.75 0.7 0.75 0.63 0.7 0.6 1 0.8 0.75 0.65

H E 0.78 0.78 0.85 0.84 0.77 0.85 0.66 0.77 0.81 0.76 0.75

C7 9 N 40 40 40 40 38 40 40 40 40 40 40

A T 6 4 6 5 5 6 5 6 6 6 6

A R 4.88 3.49 5.43 4.49 4.55 5.08 4.38 4.51 4.73 4.92 5.11

H O 0.7 0.8 0.85 0.55 0.63 0.55 0.45 0.75 0.7 0.85 0.65

H E 0.73 0.68 0.76 0.76 0.711 0.7 0.58 0.63 0.67 0.7 0.72

E7 14 N 40 40 40 40 38 40 40 40 40 40 40

A T 7 8 10 7 10 9 7 8 9 8 10

A R 6.07 6.81 7.8 6.32 7.38 7.34 6.27 6.37 7.27 6.68 8.15

H O 0.75 0.85 0.9 0.8 0.78 0.85 0.85 0.8 0.85 0.8 0.8

H E 0.79 0.82 0.86 0.84 0.83 0.85 0.79 0.77 0.84 0.83 0.87

HE 0.74 0.75 0.75 0.81 0.75 0.73 0.67 0.63 0.75 0.77 0.81

Ar 4.49 4.88 5.30 5.33 4.95 4.85 4.29 4.02 5.25 5.20 5.72

2005
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In 2004 the partitioning of diversity among populations appeared to poorly reflect the 

isolating nature associated with the stream hierarchy model, where greater differences are 

expected among populations found within different rivers compared to the more 

homogenous levels predicted amongst populations within rivers.  Despite only limited 

temporal instability of the within population gene frequencies, unlike analysis of the 2004 

samples, in 2005, results suggest a significant level of differentiation can be attributed to 

differences among the rivers (FCT) in addition to the large variances found among sites 

within rivers (FSC) (Table 4.8).  The percentage of variation for the mitochondrial data 

shows, like the 2004 samples, the majority of variation at the top two levels of the 

hierarchy is best explained by small scale variation within rivers.  The reverse was found 

for the nuclear data with greater genetic differences among the different rivers than 

among populations within rivers, although the latter comparison still remained 

statistically significant and was predominantly reflecting the patterns associated with the 

three additional loci (C2, C7 and E7) (Table 4.9).  

Table 4.8 AMOVA results for seven microsatellite loci using FST and a 502 bp Fragment of the 

ATPase gene region of the mitochondrial genome using haplotype frequency differences and 

sequence divergence ФST.   

d.f. % variation P d.f. % variation P

Among Rivers F CT 2 2.35 <0.001 2 10.89 <0.001

Among Populations Within Rivers F SC 15 1.32 <0.001 21 20.33 <0.001

Within Populations F ST 678 96.31 <0.001 225 68.78 <0.001

nDNA F ST mtDNA ФST

Variance Component

 

Table 4.9 Retropinna semoni locus by locus AMOVA results for seven microsatellite loci from 11 

locations in Victoria 2005. 

Among Populations Within Populations Within Populations

Locus % Variation P % Variation P % Variation P

SM18 3.07 <0.001 1.06 <0.05 95.87 <0.001

SM26 2.66 <0.001 2.79 <0.001 94.55 <0.001

SM49 1.91 <0.001 2.52 <0.05 95.57 <0.001

SM80 1.15 <0.05 1.34 <0.05 97.51 <0.05

C2 1.72 <0.05 0.91 >0.05 97.37 <0.001

C7 2.88 <0.001 0.46 >0.05 96.66 <0.001

E7 2.97 <0.001 0.24 >0.05 96.78 <0.001

Among Years 
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The Mantel’s tests displayed no relationship (P>0.05) between geographic stream distance 

and either pairwise nDNA divergence (r=0.12) or mtDNA divergence (r=-0.04) (Figure 

4.6).  No significant changes in the residual spread from short to long distance 

comparisons were detected either (nDNA r=0.04, P>0.05 and mtDNA r=-0.17 P>0.05). 
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Figure 4.7 Relationship between genetic distance (Slatkin’s linearized FST) and river distance 

(Km’s) among Victorian (2005) R.semoni populations for both nDNA (top) and mtDNA (bottom).  
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The decomposed pairwise regression analysis for both the nuclear and mitochondrial data 

displayed positive and negative biases in the sequential analysis for the residuals of the 

regression (Figure 4.7).  However only one out of six potential outliers displayed 

significant negative biases for the nuclear data and only one out of the five for the 

mitochondrial data suggesting the majority of putative outliers have diverged through the 

significant contribution of genetic drift over gene flow.  The three divergent populations 

from the PCA (MC, SU and DM) were consistently biased as well as SE, CC and HC for 

the nuclear data and CR and RC for the mitochondrial data.  For both data sets the 

combination of potential outliers and non-outliers that best modeled the relationship 

between genetic differentiation and geographic distance included 8 populations (Table 

4.10).  In both cases the sequential modeling suggested that the best relationship existed 

when three populations, McIvor Creek, Sugarloaf Creek and Dabyminga Creek were 

removed from the analysis.  Removal of these positively biased populations had virtually 

no effect on the overall pattern of IBD with no significant Mantel’s tests for either marker 

(nDNA r= 0.17 P>0.05 and mtDNA r=-0.04 P>0.05) and the regression coefficients barely 

registered the difference in the various models (Table 4.10).  This supports the evidence of 

the original conclusions that a change in geographic distance has virtually no relationship 

with the genetic differentiation detected amongst populations.   
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Figure 4.8 Residuals of the regression analysis (nDNA–top and mtDNA–bottom) with each 

population’s mean and 95% confidence intervals from stage one of the analyses.  Populations 

marked with + displayed a greater spread of residuals than expected and those with – a smaller 

spread.  All marked populations were systematically removed from the analysis.   
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Table 4.10 Alternative models of the best fit between genetic and stream distance with outliers 

included and sequentially removed.  The number of populations in the model (n), the number of 

parameters (k), Akaike’s information criteria (AICC) (Akaike 1974) and the differences in this 

criterion (ΔAICC) are listed. 

Population Excluded n k r2 AICc ΔAICc

Nuclear DNA

DM,SU,MC 8 1 0 -63.686 0

DM,SU 9 1 0.03 -59.598 -4.0874

DM,SU,MC,HC 7 1 0.03 -59.176 -4.5101

DM,SU,MC,HC,CC 6 1 0.01 -53.356 -10.33

DM 10 1 0.07 -52.715 -10.971

DM,SU,MC,HC,CC,SE 5 1 0.03 -45.272 -18.413

none 11 1 0.01 -48.724 -14.962

mtDNA

SU,DM,MC 8 1 0 -42.293 0

SU,DM,MC,RC 7 1 0.02 -37.538 -4.7542

SU,DM,MC,RC,CR 6 1 0.02 -36.014 -6.2788

SU,DM 9 1 0.02 -29.573 -12.72

SU 10 1 0.02 -11.435 -30.857

none 11 1 0.01 -10.413 -31.88

 
 

Each of the three outlier populations was regressed against the non-outliers as were each 

of the non-outliers to the remaining populations (Figure 4.8).  It was not surprising to infer 

pattern 1 (significantly diverged population with no correlation between genetic and 

geographic distance) for the true outlier populations (Table 4.12) as numerous within 

population level analyses flagged them as being highly divergent (see Figure 4.4 and 

Chapter 3).  Furthermore, estimates of the relatedness within populations also highlighted 

that these three outliers are not only isolated but also significantly inbred with the 

majority of offspring coming from a few highly related individuals (Figure 4.9). The 

remaining 8 populations were catergorised as pattern 4 following the interpretations of 

Koizumi et al. (2006).  Collectively the scatter plots for these eight populations conform to 

the predictions of a recently invaded area or a case II scenario following Hutchison and 
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Templeton’s (1999) criteria where gene flow overrides the effect of genetic drift as 

evidenced by a low intercept on the Y-axis and the near neutral slope for the line of best 

fit.   

 

 
Figure 4.9 Decomposed pairwise regression of Slatkin’s linearised FST  (Slatkin 1993) and stream 

distance (Km’s) for all 11 sampled locations from central Victoria (nDNA-top and mtDNA-

bottom).  The three outliers SU, DM and MC were regressed against the 8 non-outliers while each 

non-outlier was regressed against the other 7 non-outliers.  No regression was statistically 

significant. 



 

131 

 

 

Table 4.11 Y-intercepts, slope and regression coefficient of the decomposed pairwise regression 

analysis for all eleven populations (* significant values P<0.05).  Nuclear data (left) and 

mitochondrial data (right).  Category interpretations are based on Koizumi et al. (2006). 

Intercept*102 Slope*102 r2
Category Intercept*102 Slope*102 r2

Category

Nonoutlier populations Nonoutlier populations

CR 2.34(-0.55-5.24) 0.00(-0.01-0.01) 0.00 Pattern 4 CR -3.36(-16.32-9.60) 0.04(-0.03-0.11) 0.38 Pattern 4

BR 1.81*(0.33-3.29) 0.00(0.00-0.00) 0.01 Pattern 4 BR -0.46(-8.07-7.14) 0.00(-0.02-0.04) 0.18 Pattern 4

SE 2.99*(1.98-4.00) 0.00(0.00-0.00) 0.44 Pattern 4 SE 1.84(-4.88-8.58) 0.00(-0.04-0.02) 0.17 Pattern 4

CA 2.71*(1.19-4.22) 0.00(-0.01-0.00) 0.21 Pattern 4 CA 0.05(-4.9-5.9) 0.00(-0.02-0.02) 0.02 Pattern 4

RL 1.41(-0.92-3.75) 0.00(0.00-0.01) 0.18 Pattern 4 RL -0.03(-3.24-2.58) 0.00(-0.01-0.00) 0.41 Pattern 4

RC 2.12*(0.35-3.89) 0.00(0.00-0.00) 0.00 Pattern 4 RC -1.43*(-2.85-0.01) 0.00*(-0.01-0.00) 0.73 Pattern 4

CC 2.52*(0.50-4.54) 0.00(0.00-0.01) 0.08 Pattern 4 CC -1.78(-7.89-4.31) 0.00(-0.00-0.00) 0.09 Pattern 4

HC 1.38*(0.28-2.41) 0.00(0.00-0.00) 0.03 Pattern 4 HC -2.31(-15.11-10.48) 0.01(0.00-0.05) 0.15 Pattern 4

Outlier populations Outlier

MC 4.867*(1.96-7.76) 0.00(0.00-0.01) 0.05 Pattern 1 MC -11.21(-60.54-38.11) 0.10(-0.08-0.20) 0.37 Pattern 1

SU 4.13(-0.70-8.97) 0.01(-0.07-0.09) 0.02 Pattern 1 SU 56.05*(26.92-85.17) 0.02(-0.00-0.14) 0.06 Pattern 1

DM 10.13*(6.93-13.34) 0.00(-0.01-0.01) 0.00 Pattern 1 DM 19.66(-10.04-49.36) 0.08(-0.04-0.20) 0.44 Pattern 1

 

 

 
Figure 4.10 Mean intrapopulation pairwise relatedness, rqg, (Queller & Goodnight 1989) for 

populations from Victoria 2005 based on seven microsatellite loci.  Red bars are 95% upper and 

lower expected values for a null distribution generated from permuting data across all 

populations, and represent the expected values from randomly breeding panmictic populations.  

Populations marked with * lie outside the expectations of a panmictic population. 
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Removal of the three divergent populations from the pairwise and hierarchical analysis of 

molecular variance showed an almost inverse pattern from what had previously been 

detected.  AMOVA of the mtDNA revealed that 100% of the variation existed within 

populations and that the partitioning of genetic variation was not significant at any level 

of analysis (Table 4.13).  Furthermore none of the 28 pairwise ФST values were significant 

among populations (Appendix 2).  The AMOVA of the nuclear DNA was more complex.  

At the river level, no significant differentiation was detected, whereas, among populations 

within rivers a small but significant amount of divergence was detected (2%) with the 

majority of variation partitioned within populations.  The AMOVA pattern was 

significantly biased from the results of two loci as the remaining five partitioned no 

significant variation among populations within rivers (Table 4.14).  At the pairwise level 

approximately a third of comparisons (FST) were significant with no population 

dominating significant comparisons (Appendix 2).  However with the two dominant loci 

removed no pairwise comparisons remained significant (data not shown). 

Table 4.12 AMOVA results after the removal of the three identified outliers (SU, MC and DM) for 

seven microsatellite loci using FST and a 502 bp Fragment of the ATPase gene region of the 

mitochondrial genome using haplotype frequency differences and sequence divergence ФST.   

d.f. % variation P d.f. % variation P

Among Rivers F CT 2 0.03 >0.05 2 0.22 >0.05

Among Populations Within Rivers F SC 5 2.08 <0.001 5 -0.26 >0.05

Within Populations F ST 310 97.89 <0.001 101 100.05 >0.05

nDNA F ST mtDNA ФST

Variance Component

 

Table 4.13 Retropinna semoni locus by locus AMOVA results for seven microsatellite loci from 8 

locations in Victoria 2005 (SU, MC and DM excluded). 

Locus % Variation P % Variation P % Variation P

SM18 -0.553 >0.05 1.519 >0.05 99.034 >0.05

SM26 -0.575 <0.001 6.096 <0.001 94.479 >0.05

SM49 -0.261 <0.001 3.825 <0.001 96.437 >0.05

SM80 0.548 <0.05 1.385 >0.05 98.068 >0.05

C2 0.417 >0.05 0.164 >0.05 99.419 >0.05

C7 0.371 <0.05 1.520 >0.05 98.110 >0.05

E7 0.315 >0.05 0.241 >0.05 99.444 >0.05

Within Populations

Among Years 

Among Populations Within Populations
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4.3 Discussion 

4.3.1 Spatiotemporal population structure 

 

During the period between the sampling in February 2004 and March 2005 there was 

extensive drying of sites into small refugial pools followed by a major 1:100 yr flood event 

(Aus. Gov. BOM 2008) across the catchments.  Yet despite the high potential for 

intrapopulation turnover due to the severe extremes in isolation (extinction) and 

connectivity (re-colonisation), evidence of stochastic change in the population specific 

diversity estimates was lacking with no variation in the expected heterozygosity, allelic 

and haplotypic richness or haplotype diversity.   

 

Stability in the intrapopulation comparisons for the mtDNA, with the exception of the 

Hurdle Creek population, also suggests that the genetic composition of haplotypes at a 

site remains relatively stable at this time scale (ФST range 0 to 0.064; average 0.000).  

Similarly stable results for the mitochondrial data across such short time scales has also 

been reported from studies on marine fish (Gold et al. 1999).  Surprisingly though several 

studies have shown that despite the lower levels of variability in these maternally 

inherited markers, significant genetic heterogeneity from such short time spans can be 

detected (Laikre et al. 2002; Laikre et al. 1998).   

 

Haplotype networks were remarkably concordant amongst the two sampling periods 

with a few common haplotypes dominating the intrapopulation frequencies with 

numerous singletons also detected.  Interestingly, some differences existed mainly in the 

detection of rare haplotypes.  For instance, several singletons detected in 2004 were not 

sampled in 2005 which is to be expected considering the almost halving of the sample size.  

Despite the sample size reduction, 11 new haplotypes not sampled in 2004 were detected 

in 2005 which is relatively high for the number of samples collected (~1:10).  Due to the 

increased percentage of rare haplotypes, the tests of neutrality displayed a significantly 
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larger number of mutations and singletons than would be expected under a neutral model 

of evolution for the 2005 sites compared to those of 2004 resulting in seven of eleven sites 

and two of the three rivers showing signs of demographic expansion.  Furthermore 

estimates as to the timing of these events all roughly coincide at approximately 100, 000 -

250,000 yrs BP during the late Pleistocene which is similar to the inferences from the 2004 

study.      

 

Significant temporal instabilities in the intrapopulation gene frequencies of the highly 

variable microsatellite loci were however detected for the majority of populations.   Also a 

high proportion of significantly different pairwise estimates of genetic differentiation 

were detected and a significant amount of variation could be partitioned among years 

within populations in the hierarchical analysis of molecular variance (Table 4.5).  The 

results are similar to several other studies examining the temporal stability of 

intrapopulation gene frequencies of fish in northern hemisphere rivers (Hansen et al. 2002; 

Fraser et al. 2004; Garant et al. 2000).  Of these studies, both Fraser et al. (2004) and Garant 

et al. (2002) were undertaken across similarly small temporal periods with the former 

study also detecting no overall deviations in the intrapopulation diversity estimates.  This 

suggests that although frequency differences at a site can accumulate even within a single 

year an overall change to diversity levels does not necessarily follow (Arnaud & Laval 

2004).   

 

Although some population turnover may be expected in environments that are 

temporally unstable such as the majority of Australia’s ephemeral river systems, the large 

percentage of populations displaying temporal heterogeneity was quite surprising 

especially considering the small time period among temporal replicates (Waples 1989).  In 

should be noted however that although only at an interval of one year, this time frame 

based on the species biology (Pusey et al. 2004), equates to a high probability that fish 
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sampled in the second year are in fact part of a different cohort.  Sampling different 

cohorts has been shown to increase the power in the detection of frequency differences 

over temporal samples involving the same cohort of fish (Palm et al. 2003).  Despite 

sampling different cohorts it is still surprising to detect such variation in the microsatellite 

multilocus and FST analysis compared to the overwhelmingly strong evidence of temporal 

stability for the mtDNA analysis.   

 

The differences may relate to both the hypervariable nature of microsatellite markers 

compared to the less variable haploid marker and the theoretical approaches to determine 

statistical significance.  Using the summation approach Fisher’s method for multiple χ2 

values of independent loci can in some situations increases the probability of detecting 

significant differences when examining multiple loci (Ryman & Jorde 2001).  In this study 

one particular locus SM18 was significantly different for the same 9 populations that are 

different at the multilocus level, whereas the remaining three loci are only significantly 

variable for less than half the temporal comparisons.  Ryman et al. (2006) have shown that 

Fisher’s method as used here is by far the most robust method for combining multilocus P 

values but along with this comes a generally high level of power when combining single 

locus estimates.   Additionally, although most results were statistically significant, many 

of these temporal comparisons displayed low magnitudes of differentiation (FST range 

0.006-0.039; average 0.019) highlighting the increased statistical power to detect even 

slight genetic differences.  Similar results were found in the analysis of Brown Trout 

(Salmo trutta) where Hansen et al. (2002) conclude that despite all multilocus comparisons 

being significantly different and numerous pairwise estimates exhibiting statistically 

significant comparisons, the samples were more than likely not biologically differentiated 

due to the small magnitude in the differentiation estimates.  Indeed Waples (1998) and 

Hedrick (1999) caution researchers to consider the difference between statistically 

significant results and those that are biologically significant.  Ryman et al. (2006) showed 
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using simulations, that both the levels of heterozygosity and the number of alleles in these 

hypervariable markers, or the richness of the data (Waples 1998), have a large influence on 

the power of the test to reject the null hypothesis of genetic similarity, with ‚richer‛ data 

likely to pick up smaller levels of difference.  

  

In examining previous studies of a similar nature, Barton and Scribner (2004) detected no 

significant difference in temporal estimates of Lake Michigan Steelhead (Onocorhynchus 

mykiss) populations separated by a 16 year sampling lag using 6 microsatellite loci.  The 

average heterozygosity in the study was comparatively low for fish (Ward et al. 1994) and 

ranged from 0.569-0.619 and 0.585-0.637 for each time period respectively and allelic 

richness from 4.2-4.7 and 5.3-7.8.  In contrast Garant et al. (2000) found highly significant 

differences among Atlantic salmon (Salmo salar L.) populations separated by only one year 

of sampling lag for 5 loci.  These loci had much higher levels of heterozygosity with 

averages ranging from 0.79-0.85 and allelic richness of 10-12 and 10-12 for 1996 and 1997 

respectively.  Although biological reasons may explain the difference in results, it 

highlights how variability may influence power to differentiate populations.  In this 

study, average heterozygosity ranged from 0.49-0.78 (mean=0.70) and 0.56-0.84 

(mean=0.72) and allelic richness from 4.34-7.39 (mean=6.55) and 4.85-7.89 (mean=6.22) for 

2004 and 2005 respectively.  These averages lie between the two example studies and 

perhaps influenced the findings where only half of the comparisons were significant. 

   

Contrasting the idea that increased levels of heterozygosity and allelic richness have 

artificially increased statistical power to detect significant differences is the fact that on 

closer examination of the 5 populations that are not statistically different is that apart from 

the Sugarloaf Creek population the remaining 4 populations possess levels of 

heterozygosity and allelic richness well above the yearly average.  This latter evidence 

suggests that although increased diversity levels may increase the power to detect 
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differences amongst less divergent populations, it is unlikely to have a led to an increase 

in the type 1 error.  In the above example differences amongst populations with lower 

levels of diversity were detected.  The populations with high levels of diversity displayed 

little intrapopulation variability. 

 

Whether the temporal intrapopulation differences in microsatellite analysis reflect 

biological reality or are an artifact of the signal:noise ratio is difficult to determine  

(Waples 1998).  However what this study has demonstrated is that despite small but 

sometimes significant fluctuations in the genetic composition of a site among years the 

greatest differentiation exists amongst populations separated spatially rather than 

temporally.  That is, the differences detected amongst sampling sites remains similar 

across years despite small changes to genic frequencies within sites.  Several tests 

including the hierarchical analysis of molecular variance (AMOVA) and the Principle 

Components Analysis (PCA) show a greater amount of variation among samples from 

different spatial groupings than temporal comparisons within sites.  This was particularly 

evident for the mitochondrial analysis, which partitioned in excess of 10 times the amount 

of variation among sampling sites compared to years within a site.  The results were 

similar but the difference between the hierarchical levels was an order of magnitude less 

for the nuclear DNA.  Further evidence to support a temporally stable spatial structure 

was provided in the tests of pairwise differences among temporal and spatial 

comparisons.  In all cases, the number of significantly different loci or the magnitude of 

pairwise estimates of differentiation did not vary among sites across 2004 compared to 

2005.  Whereas, the comparisons involving temporal differences within a site were always 

significantly smaller than those among geographical locations for both 2004 and 2005.  

Interestingly, the inference from only two out of 38 pairwise estimates of differentiation 

changed between 2004 and 2005.  These included one test for the mitochondrial data 

which changed from significantly different (2004) to non-significant (2005) between the 
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Broken River and Dabyminga Creek sites within the Goulburn River and another, from 

non-significant to significant, between the Reedy Creek and Croppers Creek sites within 

the Ovens River for nuclear data.      

 

4.3.2 Connectivity year II 

 

The first phase of this study has been able to successfully reject the hypothesis that large 

scale population turnover within populations (e.g. patchy recruitment/metapopulation 

dynamics) or indeed poor sample design has artificially increased differences amongst 

sites within a river and thus falsely inflated estimates of genetic structure.  The next phase 

of this study focused on examining the 2005 samples and patterns of equilibrium, in light 

of the findings from 2004, to determine the physical spatial scale at which connectivity 

levels are restricted, especially trying to detect fine scale isolation.   

 

The two most notable outcomes from examining the 2005 samples were firstly that 

significant differentiation was detected among rivers (FCT) for both nuclear and 

mitochondrial data, a result not detected in the 2004 sample.  Furthermore the nuclear 

data partitioned twice as much variation among rivers compared to amongst populations 

within rivers, although this result appears to be strongly influenced by the non-significant 

FSC values for the three newly developed loci (C2, C7 and E2).  Traditional approaches to 

interpreting the AMOVA results for the nuclear data would confirm that the patterns of 

genetic structure detected align with the predictions of the stream hierarchy model (Meffe 

& Vrijenhoek 1988) with increasing differentiation among sites within rivers through to 

sites in different rivers.  In contrast, the mitochondrial data suggests this species is highly 

isolated exhibiting largescale differences across the rivers with subsequent small scale 

differences within rivers that are far greater than that detected at the higher level.  Post 

hoc examination of the relationship between stream distance and genetic distance would 
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also likely result in the inference of no isolation by distance effects on dispersal and that 

these populations are far from an equilibrium between drift and gene flow (Slatkin 1993; 

Hutchison & Templeton 1999).  The most parsimonious explanation for such a striking 

pattern of isolation and non-equilibrium conditions would follow the suggestions offered 

in chapter 3, where rapid colonization of rivers and subsequent complete isolation has 

developed (Case III, Hutchison & Templeton 1999).  The evidence from the neutrality tests 

further supports the idea of rapid demographic expansion that often occurs with rapid 

colonization of an area as suitable habitat opens up to a few founders (Lessa et al. 2004).  

  

Taking this into account, the second interesting finding of this study is that the above 

interpretations, although plausible, relate to generalisations across numerous populations 

at the scale at which the study was undertaken (across rivers) and therefore may be 

obscured or dominated by processes within a few populations that may differ 

significantly from the majority of populations (Koizumi et al. 2006).  Furthermore, they are 

in complete contrast to the majority of ecological observations on the species that often 

conclude that this ubiquitous species can disperse widely (Pusey et al. 2004; Mallen-

Cooper & Brand 2007).  The inclusion however of only a few outlier populations in the 

above analyses (i.e. highly diverged) has been shown to significantly alter the patterns of 

both the Mantel’s test and hierarchical partitioning of differentiation and thus overall 

levels of connectivity. 

   

Evidence from the PCA for both 2004 (Chapter 3) and the current study suggests that 

several populations are consistently diverged from all others.  If these diverged 

populations are at the centre of the geographic range (e.g. DM and SU) they can decrease 

the likelihood of detecting regional patterns of IBD and conversely if these outlier 

populations exist on the extremities of the geographic range (e.g. MC) then the pattern of 

IBD can be artificially inflated (Slatkin 1993).  Results of the decomposed pairwise 
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regression analysis highlight just how much of an effect a few highly divergent 

populations can have on these estimates of connectivity.  With the exception of the three 

outlier populations (MC, SU and DM) all populations, like the 2004 samples, displayed 

virtually no relationship between stream and genetic distances.  The absence of this 

relationship suggests non-equilibrium conditions exist between gene flow and drift 

(Slatkin 1993; Hutchison & Templeton 1999).  However unlike the conclusions from the 

previous year’s study (see chapter 3: Hutchison & Templeton’s (1999) case III scenario), 

once the outlier populations have been removed, the relationship between genetic and 

geographic distance conforms more closely to a case II scenario as described by 

Hutchinson and Templeton (1999) where gene flow among highly connected populations 

is much more influential than drift in isolated sites thus creating a lack of regional 

equilibrium.   

 

This pattern is likely to result from either a recent range expansion or high dispersal 

ability for the species (Slatkin 1993).  Results from the neutrality tests support the idea that 

a recent range expansion/invasion event may have been coupled with an associated 

expansion in a population’s demography in all but one of these eight populations, most 

likely resulting from the settlement of previously unoccupied habitat (Avise 2000).  These 

results are mirrored if one follows the interpretations of Koizumi et al. (2006) and 

conforms to their predictions under pattern 4 where genetic differentiation is minimal 

even amongst distant populations.    Finally removal of these outlier populations 

drastically altered the AMOVA results with no significant variation found amongst rivers 

or even populations within rivers for the mitochondrial data and no difference amongst 

rivers or within rivers for 5 of the 7 microsatellite loci.  Also, taking into account these 

divergent loci, no pairwise estimates remained significant for either marker type 

indicative of virtual panmixia.  
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The contradiction between the conclusions across the two study years could not be more 

dramatic with complete isolation inferred from the 2004 samples and virtual panmixia 

from the 2005 samples.  This significant turnaround in inference to my knowledge has not 

been reported for any other study and highlights the need for more thorough examination 

of population specific information rather than a broad catchment approach. 

 

As demonstrated in this study, the inclusion of only a few highly divergent populations 

can significantly alter the conclusions from studies on connectivity (Koizumi et al. 2006).  

Perhaps many other studies that find results similar to those of chapter 3 should adopt 

further analysis to detect outlier populations which may be biasing the patterns of 

connectivity.  Of further interest is whether these divergent populations have any 

characteristics that can be used to identify them as populations of interest.  In this case, 

although from different catchments, each outlier population was sampled within close 

overland geographical proximity across the study area.  All three sites represent the 

uppermost sampling sites from 2005, individuals displayed significantly high levels of 

relatedness, all populations possessed the lowest levels of nuclear allelic richness and 

heterozygosity, mitochondrial diversity estimates were also low compared to other 

populations and no signs of demographic change were detected for these sites.  These 

populations also exist above at least two large instream barriers whereas the majority of 

the remaining populations exist in the lower unregulated reaches of these rivers with the 

exception of the Reedy Lake Creek site which along with Sugarloaf and Dabyminga Creek 

sites are located upstream of the Goulburn Weir.  Taken together it appears that these 

populations are relatively small, possibly affected by inbreeding and physically isolated. 

Such factors suggest that their long term persistence is the most vulnerable of any 

populations sampled to stochastic events (Frankham et al. 2002), therefore requiring 

special consideration in management activities.                            
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Chapter 5: The effects of boom and bust ecological cycles on 

population genetic diversity and structure of Retropinna 

semoni in an inland arid river system of central Australia. 

 

5.1 Introduction  

 

In the Cooper Creek system of far western Queensland (Figure 5.1), stochastic 

environmental disturbance such as the irregular boom and bust ecological cycles (Walker  

et al. 1997) that result from short intense periods of river flow and long extended dry 

down periods theoretically should result in population structuring akin to the basic 

tenants of a metapopulation (Hanski 1999).   That is, numerous patches are either vacant 

or occupied but the nature of occupancy is temporally variable (Levins 1969; 1970).  

Within this anastomising riverine system, local populations of Retropinna semoni are 

predicted to undergo constant fluctuations in census size, productivity levels and episodic 

dispersal amongst occupied semi-permanent waterholes and unoccupied habitat patches 

such as shallow floodplains and off channel refugial pools (Balcombe et al. 2007).   

 

It has been suggested that of the 110 named refugial waterholes encompassing the spatial 

scale of this study, all would likely be filled after a major flood event (Bunn et al. 2006).  

This widespread hydrological connectivity occurs on average every seven years within 

this system but flow regimes are amongst the most variable in the world and therefore 

averages can be quite misleading (Puckeridge et al. 1998).  Across these waterholes within 

one year of no flow or inputs from precipitation, Bunn et al. (2006) have estimated that 

around 80 of these waterholes would become totally dry and within two years only 5 

would remain as viable and functional fish habitat.  These reductions in habitat 

availability, dispersal pathways and the drastic effect it would have on population census 
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size obviously have subsequent flow on effects to within population demographic 

parameters.  Of interest to this study is the impact on the effective number of breeders 

(Nb) within a population as this number is inversely proportional to the rate of genetic 

drift within a population and therefore levels of intrapopulation genetic diversity (Nei et 

al. 1975).  Furthermore, the detrimental effects that reductions in Ne have on diversity 

levels across all populations have been well documented with strong theoretical evidence 

predicting that processes of recurrent local extinction and recolonisation such as those 

found for fish communities within the Cooper Creek system (Arthington et al. 2005; 

Balcombe et al. 2007) will dramatically reduce the diversity levels of the entire 

metapopulation (Slatkin 1977; Maruyama & Kimura 1980;  Pannell & Charlesworth 1999; 

2000).   

 

The effective size of a population in these metapopulations and thus the rate at which 

alleles are randomly lost are affected in two ways.  Firstly, extinction not only depletes the 

census size of populations but also intuitively reduces Ne.  The lower the number of 

effective breeders the more easily low frequency alleles are lost from the inheritance 

process and subsequently lost from the population (Hedrick & Gilpin 1997).  Secondly and 

less obvious is the effect on the variance of reproductive success, for instance in a 

‚normal‛ situation each gene only needs to pass on a single copy of itself with a variance 

of one for that gene to continue into future generations.  However in metapopulations 

variance in the reproductive success for a gene can be influenced both positively with a 

higher than normal success rate for offspring in a newly colonized deme (high Ne) but 

more commonly a total loss of alleles or low success in saturated populations or locations 

where extinction is imminent (Parnell & Charlesworth 2000).   

 

As for the effect population turnover might have on within population diversity Parnell 

and Charlesworth (2000) suggest that at this scale diversity will also be reduced 
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irrespective of migration rates among demes, as the colonizers or immigrants reintroduce 

genetic diversity at a much slower rate than for subdivided populations as they essentially 

derive from the same genetically depaurparate pool.  Furthermore Slatkin (1977) showed 

how the reduction of alleles within metapopulations also coincided with a decrease in the 

ability to detect population differentiation using traditional estimates such as FST.  Several 

authors (Wade & McCauley 1988; Whitlock & McCauley 1990) temper the generality of 

this conclusion and show how under a propogule-pool model (single source of new 

recruits) differentiation may increase but in accordance with Slatkin (1977) proposal under 

a migrant-pool model (many sources of new recruits) turnover of populations actually 

decreases FST values.    

 

With respect to above theoretical predictions surrounding metapopulations this chapter 

specifically examined the effects that such an inhospitable environment can have on 

structuring populations of Retropinna semoni.  In particular the study focused on the effects 

at the intrapopulation scale especially in relation to diversity levels and at the drainage 

level by determining the specific model of metapopulation functioning.   

 

5.2 Results 

5.2.1 Sample collection  

 

In total 463 fish were successfully sampled from six locations within the Cooper Creek 

drainage system in September 2006.  At each location at least two sites were sampled at a 

much finer geographic scale to give information on small scale patterns of dispersal (Table 

5.1 and Figure 5.1; 5.2).   
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Table 5.1 Sampling design and locations from the Cooper Creek Drainage, Queensland including 

site name and code, geographical location and sample sizes of mitochondrial and nuclear markers. 

Location Site Name Site 

Code 

Co-ordinates 

 

mtDNA  

(n=160) 

Msat 

(n=463) 

Wilson River  Adventure Way WAW -27° 41.872' 

142° 45.135' 

10 30 

 Noccundra WNO -27° 49.439' 

142° 34.898' 

10 13 

Durham Downs Homestead DDH -27° 06.096' 

141° 54.490' 

10 30 

 Middle Creek DDM -27° 06.492' 

141° 59.047' 

10 30 

 Eastern DDE -27° 08.171' 

141° 59.249' 

10 30 

Kyabra Creek Bob’s Place KBP -25° 49.461' 

143° 02.598' 

10 30 

 Southwest  KSW -26° 18.738' 

143° 09.820' 

10 30 

 Southeast KSE -26° 06.041' 

143° 26.695' 

10 30 

Windorah Shed on Hammond  SOH -25° 23.744' 

142° 49.660' 

10 30 

 Middle Channel MCW -25° 22.598' 

142° 45.486' 

10 30 

 Murken Waterhole MWH -25° 25.772' 

142° 43.963' 

10 30 

Thompson River Waterloo Noonbah WNT -24° 13.549' 

143° 17.577' 

10 30 

 Lockern N.P. LNT -24° 09.354' 

143° 21.650' 

10 30 

 Vergemont Creek VCT -24° 05.135' 

143° 07.981' 

10 30 

Barcoo River Killman Waterhole KWB -24° 17.279' 

144° 18.521' 

10 30 

 Isisford IBR -24° 14.833' 

144° 26.645' 

10 30 
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Wilson River

Durham Downs

Kyabra Creek 

Barcoo River

Windorah

Thompson River 

 

Figure 5.1 Six primary sampling locations from the Cooper Creek Drainage, Queensland. 

(adapted from Capon & Brock, 2006)  
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Figure 5.2 Small scale sampling locations from each of the six locations from Cooper Creek, 

Queensland. (from Google Earth 2008).  Site codes are listed in Table 5.1. 
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5.2.2 Intrapopulation diversity 

 

A total of 548 unambiguous base pairs were successfully sequenced and aligned from 160 

individuals resulting in 29 unique haplotypes.  Twenty-seven positions (4.9%) were 

variable of which 11 (2.0%) were parsimoniously informative.  Haplotypes per population 

ranged from only 2 at several sites (KSW, KSE, MUW and LNP) to a high of 8 (WNT) 

(mean=3.81) with at least one unique haplotype detected within most populations.  

Haplotype diversity (h) was correspondingly moderate ranging from 18% (KSW, MUW 

and LNP) to 84% (WNT) (mean h=47%) whilst nucleotide diversity (π) was low ranging 

from a low of 0.03% (KSW and MUW) to a high of 3.2% (KBP) (mean π=0.15%) (Table 5.2).  

The relationship among haplotypes was shallow with the greatest number of base changes 

amongst haplotypes spanning six mutational steps but more noticeable was that the 

network was dominated by a single haplotype, which was found in 66.25% of sequences 

and was surrounded by numerous low frequency tip haplotypes creating a star-like 

phylogeny (Figure 5.2).  Tests of neutrality were significantly different to predictions 

under a model of neutral evolution indicative of a rapid rise in population size from either 

a very small founder population or that following a bottleneck or as a result of a selective 

sweep (Table 5.3).  The timing of the possible expansion event was approximately ~125, 

000years BP.   
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Table 5.2 Retropinna semoni diversity indices for the Cooper Creek Drainage.  For the nuclear loci; A, total 

number of alleles per locus; N, sample size (gene number); AT, total number of alleles; Ho, observed 

heterozygosity; HE, expected heterozygosity.  For the haploid data N, sample size; HT, total number of 

haplotypes; h, haplotype diversity and π, nucleotide diversity.   

LOCUS A WAW WNO DDH DDM DDE KBP KSW KSE SOH MCW MWH WNT LNT VCT KWB IBR

SM18 6 N 60 26 60 60 60 60 60 60 60 60 60 60 60 60 60 60

A T 3 2 3 3 3 2 3 1 3 4 3 2 4 3 3 2

H O 0.16 0.07 0.10 0.13 0.06 0.06 0.03 0.00 0.20 0.03 0.16 0.13 0.20 0.16 0.10 0.13

H E 0.15 0.07 0.09 0.12 0.09 0.06 0.09* 0.00 0.26 0.15* 0.15 0.12 0.18 0.21 0.09 0.12

SM26 13 N 60 26 60 60 60 60 60 60 60 60 60 60 60 60 60 60

A T 10 5 9 9 11 9 9 8 9 8 9 10 8 8 10 7

H O 0.83 0.76 0.60 0.83 0.60 0.83 0.86 0.73 0.53 0.56 0.76 0.83 0.63 0.73 0.80 0.76

H E 0.88 0.77 0.81* 0.83 0.79* 0.81 0.83 0.77 0.80* 0.77* 0.84 0.86 0.78 0.80 0.86 0.84*

SM49 7 N 60 26 60 60 60 60 60 60 60 60 60 60 60 60 60 60

A T 2 3 4 4 2 2 2 1 2 3 4 2 3 4 2 2

H O 0.20 0.15 0.16 0.13 0.06 0.06 0.06 0.00 0.20 0.20 0.20 0.06 0.16 0.26 0.10 0.10

H E 0.18 0.15 0.15 0.21* 0.06 0.06 0.06 0.00 0.18 0.18 0.24 0.06 0.15 0.24 0.09 0.09

SM80 27 N 60 26 60 60 60 60 60 60 60 60 60 60 60 60 60 60

A T 18 13 18 12 17 17 17 15 17 20 17 17 17 18 19 18

H O 0.86 0.69 0.90 0.73 0.73 0.86 0.83 0.63 0.66 0.80 0.86 0.86 0.83 0.86 0.93 0.93

H E 0.91 0.92* 0.93 0.88* 0.92* 0.92 0.92 0.9* 0.92* 0.94* 0.93 0.94 0.93* 0.92 0.93 0.94

C2 5 N 60 26 60 60 60 60 60 60 60 60 60 60 60 60 60 60

A T 4 2 3 2 2 3 2 3 2 2 4 2 2 2 2 2

H O 0.73 0.30 0.36 0.40 0.33 0.36 0.20 0.33 0.33 0.23 0.73 0.33 0.53 0.13 0.26 0.26

H E 0.55* 0.36 0.35 0.39 0.28 0.34 0.18 0.28 0.36 0.46* 0.63* 0.39 0.42 0.32* 0.36 0.28

C7 7 N 60 26 60 60 60 60 60 60 60 60 60 60 60 60 60 60

A T 3 3 4 4 3 3 4 3 6 4 4 4 4 3 3 3

H O 0.33 0.23 0.40 0.46 0.16 0.30 0.40 0.46 0.56 0.33 0.33 0.40 0.40 0.46 0.36 0.40

H E 0.42 0.21 0.37 0.51 0.29* 0.40 0.36 0.41 0.49 0.39 0.41 0.33 0.41 0.47 0.35 0.38

E7 12 N 60 26 60 60 60 60 60 60 60 60 60 60 60 60 60 60

A T 10 9 11 7 7 8 8 7 8 7 8 7 8 9 9 7

H O 0.83 0.61 0.83 0.80 0.70 0.86 0.76 0.70 0.80 0.76 0.56 0.83 0.80 0.63 0.76 0.76

H E 0.82 0.88* 0.87 0.82 0.75 0.84 0.75 0.79 0.84 0.80 0.77* 0.82 0.82 0.74 0.80 0.83

H E 0.56 0.31 0.46 0.53 0.30 0.49 0.52 0.38 0.43 0.46 0.51 0.50 0.46 0.56 0.50 0.44

A r 7.14 5.29 7.43 5.86 6.43 6.29 6.43 5.43 6.71 6.86 7.00 6.29 6.57 6.71 6.86 5.86

mtDNA N 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

HT 3 3 4 4 6 5 2 2 6 5 2 8 2 3 3 3

h 0.34 0.34 0.58 0.48 0.70 0.72 0.18 0.55 0.70 0.60 0.18 0.84 0.18 0.34 0.46 0.34

π 0.00073 0.00146 0.00138 0.00183 0.00183 0.00329 0.00037 0.00202 0.00219 0.00146 0.00037 0.00320 0.00073 0.00110 0.00203 0.00073

Wilson River Durham Downs Kyabra Creek Windorah Thompson River Barcoo River

 
# Significant global deviations from expected Hardy-Weinberg proportions at the 5% level after 

Bonferroni correction (Rice 1988) at either the population or locus level. * Significant deviation from 

HWE (p<0.05) at each site/locus comparison uncorrected. 
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Figure 5.3 R.semoni haplotype network of the mtDNA ATPase gene region.  Colours represent 

the catchments in which haplotypes were detected.  Colour frequencies of each haplotype are 

representative of the proportions from each catchment.  The area of each haplotype is 

representative of the proportion of the entire sample. 

 

Table 5.3 Results of neutrality tests and estimated time since expansion.  Significant deviations 

from neutrality (p<0.05) are indicated in bold. 

Catchment Tajima’s 

D 

Fu’s Fs R2 τ=2ut Time Since Expansion 

(Years BP)
Cooper Creek -2.29 -34.98 0.017 0.782 ~125, 000

 

Diversity indices for the nuclear loci were relatively consistent amongst all populations 

(Table 5.2).  Similar to the mtDNA data, only moderate levels of polymorphism were 

detected for all populations (Table 5.2).  The mean number of alleles per locus varied from 
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5 at C2 to 27 at SM80 and expected heterozygosity spanned a low of 0.06 (KBP) to a high 

of 0.94 (MCW and WNT) depending on the site-locus comparison.  Mean allelic richness 

within sites ranged from 5.3 (WNO) to 7.4 (DDH) (mean AR=6.44) with only a handful of 

private alleles scattered randomly amongst populations and average heterozygosity levels 

from 0.44 (KSE) to 0.56 (MWH) (mean HE=0.50).  Only two of the 112 site-locus 

combinations were not polymorphic, both at KSE for the SM18 and SM49 loci.  Of the 

remaining 110 comparisons most conformed to the expectations under HWE (Table 5.2).  

The majority of deviations resulted from heterozygote deficiencies with most loci only 

displaying significant deviations across a few populations and no population exhibited 

deviations consistently across the majority of loci.  Tests for linkage disequilibrium among 

pairs of nuclear loci found no significant departures from zero (P>0.05).  

 

For the majority of populations population estimates of relatedness (rqg) fell within the 

null distribution for randomly breeding populations created from the permutation across 

all populations.  The exception arose at the sites DDE, KSW and KSE whose estimates of 

within population relatedness were statistically higher than expected from permutations 

from all population data sets combined (Figure 5.4).   
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Figure 5.4 Mean intrapopulation pairwise relatedness, rqg, (Queller & Goodnight 1989) for 

populations from the Cooper Creek Drainage.  Red bars are 95% upper and lower expected values 

for a null distribution generated from permuting data across all populations, and represent the 

expected values from randomly breeding panmictic populations.  

 

5.2.3 Interpopulation genetic structure and connectivity 

 

The results of the analysis of molecular variance for both markers rejected panmixia 

(Tables 5.4).  A significant amount of variation was attributed to the differences amongst 

the six principle locations for the nuclear data (FCT=0.005) although the percentage of 

variation explained by differences at this hierarchical level was extremely low (<1%).  

Individually only the results for the SM18 locus supported the conclusions at the 

multilocus level (Table 5.5).  Additionally no significant variation was detected at this 

level using mtDNA (ФCT=0.00).  Significant results for both nuclear (FSC=0.006) and 

mitochondrial data (ФSC=0.069) suggest that dispersal amongst some populations within 

close proximity may be limited (Table 5.4).  Again only a small percentage of variation 

was attributable to differences at this level of the hierarchy for the nuclear data (<1%) and 

at the single locus level, only 2 of 7 loci showed similar differences (Table 5.5).  A greater 

percentage of variation was exhibited in the mitochondrial data (4.43%).  
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Table 5.4 AMOVA results for seven microsatellite loci using FST and a 548 bp Fragment of the 

ATPase gene region of the mitochondrial genome using haplotype frequency differences 

and sequence divergence ФST.   

d.f. % variation F ST d.f. % variation ФST

Among Locations (F CT) 5 0.56 0.005* 5 3.54 0.000

Among Sites Within Locations (F SC) 10 0.66 0.006** 10 4.43 0.069**

Within Populations ( F ST) 910 98.76 0.123*** 144 92.03 0.066***

Significant relationships are indicated as follows * P <0.05, ** P <0.01 and *** P <0.001.  

Variance Component

Nuclear mtDNA

 

Table 5.5 Retropinna semoni locus by locus AMOVA results for seven microsatellite loci. 

Locus % Variation F CT % Variation F SC % Variation F ST

SM18 1.008 0.010** 0.000 0.000 99.110 0.009

SM26 1.354 0.013* 1.049 0.011* 97.570 0.024***

SM49 0.567 0.005 0.168 0.001 99.260 0.007

SM80 0.253 0.002 0.228 0.002 99.510 0.004

C2 1.551 0.015 1.308 0.013 97.130 0.029**

C7 0.022 0.000 0.045 0.000 99.930 0.000

E7 0.000 0.000 0.976 0.009 99.170 0.008

Significant relationships are indicated as follows * P <0.05, ** P <0.01 and *** P <0.001.  

Among Sites

Among Locations Within Locations Within Sites

 

 

Globally homogeneous gene frequencies were common across all sites with only 11% of 

the pairwise comparisons significantly different for the entire mitochondrial data set 

(Appendix 3) and of these, 72% were due to differences involving the KBP and KSE sites 

suggesting these two populations are unique within the system.  Indeed these two 

populations were isolated in multidimensional space in the PCA (Figure 5.5). Pairwise ФST 

values ranged from 0 to 0.404 with an average of 0.050 across all populations.  However, 
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with the two outlier populations (KBP and KSE) removed, values only ranged from 0 to 

0.06 and the average difference was 0.00.  Subsequent re analysis of the AMOVA 

suggested panmixia could not be rejected at any hierarchical level (data not shown).  In 

accordance with the widespread homogeneity of haplotypes was the total absence of any 

association between genetic variation and stream distance either with outliers included (r= 

-0.02 P>0.05) or without (r=-0.04 P>0.05).   
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Figure 5.5 Principal components analysis of pairwise genetic differences (ФST) for each 

population based on mtDNA data.  Site codes are listed in Table 5.1 and symbols that are the 

same represent populations from one of the six principle locations (e.g. Windorah shown by 

open triangle).  

 

 In contrast, for the more variable nuclear estimates, approximately 40% of pairwise 

comparisons were significantly different with the majority of differences (92%) occurring 
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amongst comparisons involving populations from the Windorah and Wilson River 

locations with the latter significantly different in just over half (53%) the comparisons 

involving either the WAW or WNO sites (Appendix 3).   FST estimates among populations 

were similar to the mitochondrial data and ranged from 0 to 0.057 with an average of 

0.011.  The increased levels of variation for the nuclear markers were reflected in the PCA 

(Figure 5.6) which displayed a larger spread amongst populations, especially along the 

primary axis for populations within the Windorah and Wilson River locations, although  

differentiation was still essentially very low (FST < 0.05).  Again due to such little 

differentiation amongst populations geographic distances were a poor predictor of genetic 

variation (r=-0.195 P>0.05). 
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Figure 5.6 Principal components analysis of pairwise genetic differences (FST) for each 

population based on nDNA data.  Site codes are listed in Table 5.1 and symbols that are the 

same represent populations from one of the six principle locations (e.g. Windorah shown by 

open triangle). 

       

For both data sets, a significant amount of genetic differentiation was partitioned amongst 

sites within locations.  However, examination of the pairwise estimates of population 

differentiation at each of the six locations suggested that significant differences existed 

amongst only three pairwise comparisons out of 14 for the nuclear data set (Figure 5.7).  
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These included comparisons between DDE and DDM at Durham Downs and at MWH 

compared to both SOH and MCW from Windorah.  All three differences are clearly shown 

in the PCA which also depicts how closely grouped the remaining sites within locations 

are in multidimensional space (Figure 5.6).  Estimates of small scale differences for the 

mitochondrial data as mentioned above were confined to Kyabra Creek where KSW was 

different to the remaining two populations within the Kyabra location and MWH which 

like the nuclear data was significantly differentiated from the two remaining sites within 

the Windorah location.  Again these sites are clearly isolated in the PCA (Figure 5.5).       

 

5.2.4 Small scale dispersal estimates 

Relatively high estimates of contemporary dispersal amongst sites within a location (14% 

mean immigration rate) were detected from the assignment/ exclusion tests based on the 

seven nuclear loci using the most likely criterion (Figure 5.7).  Generally these results 

reflect the low percentage of significant pairwise estimates of genetic differentiation.  The 

proportion of dispersing individuals also displayed a significant negative correlation with 

increasing population divergence (r=0.396 P<0.05).  Within some locations, source sink 

dynamics were evident and could be interpreted by examining the self assignment rates at 

each site.  For example at Kyabra Creek a high number of individuals emigrated from KBP 

(source) upstream to both KSE and to a lesser extent KSW with few immigrants 

reciprocally detected, although dispersal amongst these putative sink populations was 

evident it was relatively low.  Similar patterns were found at the Wilson River location 

with WAW acting as a source population to the downstream population of WNO and 

again at Durham Downs site DDH which appeared to be the source population to the 

remaining smaller populations of DDE and DDM with little immigration in return and 

virtually no dispersal amongst these two sink locations.  Patterns of dispersal within the 

three remaining locations were fairly even averaging a high 10% immigration rate into 

sites.   
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Applying a stringency criterion to the exclusion probabilities (P≥ 95%) resulted in only 52 

of 463 individuals (11.2%) excluded from all or all but one site.  This low percentage of 

individuals that were able to be assigned with any degree of certainty dramatically 

reduced the ability to detect dispersal events with only 4 out of these 52 individuals (7.6%) 

excluded from their site of capture.  Of these immigrant individuals two were assigned 

solely to another sampled site, which on one occasion was to the nearest neighbour and 

the other the furthest site within the location, while the remaining two were excluded 

from all sites resulting in an undefined origin.  The detection of dispersal of an individual 

from LNT to VNT and DDH to DDM both corresponded with weakly differentiated sites 

(FST=0.0002 P>0.05).  Whilst at least one set of pairwise estimates were significantly 

differentiated in the locations where an individual was of an unknown origin.     
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VCT
S=3%

M=70%

LNT
S=3%

M=77%
FST= 0.002

10% (0%)

17% (3%)

WNT
S=10%

M=80%

 

KWB
S=10%

M=87%
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S=0%

M=67%
FST= 0.000

33% (0%)

13% (0%)

MWH
S=17%

M=93%
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S=3%

M=83%
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7% (0%)

7% (3%)

SOH
S=7%

U=3%

M=73%

KBP
S=10%

M=97%

KSW
S=0%

M=67%
FST= 0.002

23% (0%)

3% (0%)

KSE
S=0%

M=40%

DDH
S=20%

M=87%

DDM
S=7%  

U=3%

M=70%

FST= 0.006

30% (3%)

13% (0%)

DDE
S=0%

M=43%

WAW
S=47%

M=100%

WNO
S=8%

M=70%
FST= 0.015

30% (0%)

0% (0%)
 

Figure 5.7 Pairwise estimates of population differentiation FST (bold), percentage estimates of 

unidirectional immigration rates based on multilocus most likely criterion and high stringency 

(brackets).  Within population the percentage of most likely resident individuals (M), high 

stringency residents (S) and individuals unassigned to any sampled population (U). Site codes are 

given in Table 5.1. Significant relationships are indicated as follows * P<0.05, ** P<0.01 and *** 

P<0.001.   
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5.3 Discussion 

5.3.1 Intrapopulation diversity 

 

Although Retropinna semoni displayed consistent levels of intrapopulation mitochondrial 

diversity, the levels detected were relatively low (mean h=0.47) compared to the results 

found for this species in samples collected from Victoria (mean h=0.74 in 2004 and 0.70 in 

2005, see Chapter 4).  Similarly, low levels of diversity have been detected in these arid 

systems for other freshwater fish taxa including this species (ATPase gene mean h=0.55) 

(Hughes & Hillyer 2006), two catfish species Neosuluris hyrtlii (mean h=0.21) and Porochilus 

argenteus (mean 0.36) using the control region of the mitochondrial genome (Huey et al. 

2006; 2008) and the bony bream Nematalosa erebi (ATPase gene mean 0.35) (Hughes & 

Hillyer 2006).  Nuclear loci also displayed reduced levels of both heterozygosity (mean 

HE=0.50) and allelic richness (mean AR=6.44) compared to the Victorian populations 

sampled in 2005 based on the same seven loci and average number of individuals per site 

(mean HE=0.73 and mean AR=7.69).  The reduced levels of diversity within these arid river 

systems may be indicative of the fact that this drainage represents the range extremity for 

many of the species studied and or additionally that severe environmental disturbances 

have altered the population’s demographic structure, creating genetic bottlenecks as a 

result of a stochastic reduction in the effective number of breeders in a population (Ne) 

(Nei et al. 1975).   

 

The system is known to be a range edge for both northern and southern distributed 

species (Unmack 2001).  The Cooper Creek drainage also represents the northern 

extremity for R.semoni which is a subtropical/temperate species that most likely colonized 

this system from more southern drainages, such as the Murray –Darling Basin (MDB) 

(Allen et al. 2002; Pusey et al. 2004).  It has been suggested that isolated populations such 

as these on the edge of a species range are likely to exhibit lower levels of genetic diversity 

following bottlenecks associated with the recent colonization of the habitat during the 
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species spatial expansion into the region (Nei et al. 1975; Bunnell et al. 2007; Garner et al. 

2004).   

 

In the case of the peripherally located Cooper Creek populations however, it would 

appear that they have occupied this drainage for a significant amount of time and have 

been virtually isolated from the central or ancestral populations for an equally substantial 

period of time.  Based on my sampling efforts and others (Unmack 2001; S. Balcombe, 

Griffith University, pers. comm.) the species appears to be totally absent from the Bulloo 

River, the neighbouring catchment to the east, and Hughes and Hillyer (2006) suggest that 

Cooper Creek populations have been isolated from the MDB populations for over 1.5 

million years.  This is despite evidence from another freshwater fish, the bony bream, that 

connectivity amongst catchments was possible within the last 150, 000 years (Hughes & 

Hillyer 2006).  A significant amount of divergence has arisen between the MDB and 

Cooper Creek populations during this period of isolation with no shared haplotypes 

found between drainages (Hughes & Hillyer 2006).   

 

Combining the samples from the current study with those of Hughes and Hillyer (2006) 

greatly increased the overall sample size used in estimating population divergence 

between the two drainages, yet similar strong bootstrap support for divergence of 

approximately 1.5% between the two regions was again detected (data not shown).  With 

an expected mutation rate of 1.3% per million years for the ATPase gene region 

(Bermingham et al. 1997) the split and subsequent isolation between drainages can be 

placed in the same temporal period (1.5 million years BP) as the study by Hughes and 

Hillyer (2006).  Such large divergences amongst peripheral and central populations often 

results from divergent natural selection and may form the basis for speciation events 

(Lessica & Allendorf 1995).  This significant divergence obviously warrants further 

taxonomic review (Hammer et al. 2007).  
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Returning focus to the range expansion event into the Cooper Creek system, this study 

has strong evidence to suggest long term isolation of these populations (>1.5 million 

years) and for relatively recent and rapid demographic expansion events (~80,000 years 

ago) generated from significant deviations for all neutrality tests.  This suggests that the 

signature of a bottleneck associated with the range expansion into the area is most likely 

not reflected in current low diversity estimates and more contemporary processes such as 

environmental instability may be maintaining reduced diversity levels.     

 

Existing on the periphery of a species range like this is often associated with less favorable 

environments that support relatively small isolated populations susceptible to stochastic 

and catastrophic demographic events (Brussard 1984).  Such events are likely to 

significantly reduce Ne creating genetic bottlenecks (Crow & Kimura 1970).  For example 

Huey et al. (2008) associated the extreme hydrological conditions of the Cooper Creek 

system, the southernmost range of the freshwater catfish Neosiluris hyrtlii, with low 

genetic diversity in that species compared to higher diversity levels detected in the more 

central part of the species range where stable hydrological conditions are more prevalent.  

Significant environmental disturbances combined with the naturally small population 

sizes found in peripheral populations are suggested to maintain comparatively low levels 

of intrapopulation diversity for several freshwater fish species (Huey et al. 2008).   

 

Sporadic departures from HWE detected across all loci provides evidence to support the 

hypothesis that the boom and bust ecological cycles of the Cooper Creek drainage are 

strongly influencing the intrapopulation genetic structure of R.semon.  Schmidt et al. (1995) 

and subsequently Bunn and Hughes (1997) developed the ‚patchy recruitment 

hypothesis‛ which is essentially an ecological extension of the observation that 

formulated the genetic concept of the Allendorf-Phelps Effect (Allendorf & Phelps 1981).  

This hypothesis addresses the random genetic patterns created when the genes of 
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offspring sampled within a pool are only a chance composition of the panmictic adults 

that were lucky enough to find a successful location to breed.  Sampling error in this 

instance violates the assumption of sampling from a random sample of panmictic 

individuals and may lead to bias as a result of sampling the offspring of only a few adults 

therefore artificially inflating the effect of genetic drift (ie small subset of adults equals a 

small Ne) (Waples 1998).   In a system such as Cooper Creek, where disconnected 

waterholes dominate the habitat type for long periods of time, with only short and 

sporadic, but widespread, possibilities for connectivity, a similar pattern may develop 

where the individuals within a waterhole represent the offspring of only a few adults 

lucky enough to find a refugial habitat.   Indeed evidence from the relatedness analysis 

suggested that, although not excessively high, the individuals within a few waterholes 

represent the offspring of third degree relatives.  

   

Bunn and Hughes (1997) suggest that four parameters outlined in Chapter 3 could be used 

to assess if the riverine samples are indeed a result of patchy recruitment.  Firstly the 

numerous loci/site combinations that deviated from HWE were not consistent across loci 

or populations suggesting that deviations from nonrandom breeding are not influenced 

by genetic drift from isolated populations or as a result of selection on specific loci.  

Secondly different loci in this study indicated vastly different levels of genetic variation 

within the locus by locus AMOVA suggesting for each locus the alleles detected within a 

waterhole were more likely the chance mating from a few individuals of the wider gene 

pool than from the effects of genetic drift in small populations which should affect all loci 

at a site equally.  Thirdly geographic distance was not a predictor of genetic distance, 

despite a few significant genetic differences amongst sites, due to widespread gene flow 

across the drainage most likely as a result of migrant-pool model of migration where 

dispersal is from numerous sources.   Finally the random patterns in estimates of HWE 

across loci and populations should differ among sampling times (Waples 1998), 
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supporting the idea that random recruitment occurs from a different subset of colonizers 

from a much larger gene pool each year.  Unfortunately due to costs and the remoteness 

of the location temporal sampling was not possible but as the remaining criteria were met 

there still remains strong support for the patchy recruitment hypothesis.  

 

5.3.2 Among population structure 

 

Analysis of the hierarchical partitioning of genetic variation did not conform to the 

predictions of the Stream Hierarchy model (Meffe & Vrijenhoek 1988) with a higher 

proportion of the total genetic variation partitioned amongst sites within locations 

(FSC=0.006  and ФSC=0.069) compared to among locations(FCT=0.005 and ФCT=0.000).  

Although across all populations panmixia was statistically rejected, only a limited 

percentage of significant variation could be attributed to differences either among 

locations or among sites within locations for the nuclear data (<1%) and only among sites 

within locations for the mtDNA (<5%) data.  This is despite vast geographic distances 

separating populations (>500km) and long periods of waterhole isolation.  Indeed once the 

two outlier populations from Kyabra Creek were removed from the analysis, panmixia 

could not be rejected for the mtDNA data set and only two loci out of seven displayed 

significant fixation indices for either of the two highest partitions in the hierarchical 

AMOVA.  Additional evidence for the lack of spatial and genetic association can be 

gained from the Mantel tests used to infer a model of migration akin to patterns 

associated with isolation by distance (Slatkin 1993) which showed essentially no change in 

the low levels of pairwise genetic differences with respect to increasing geographic 

instream distance. As shown at the intrapopulation level, although the boom and bust 

ecology has the potential to demographically deplete and isolate populations creating 

high rates of population turnover and isolation, extensive genetic evidence shows 

dispersal amongst locations during high flow events is common and provides 
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opportunities for widespread dispersal akin to a migrant-pool model (Slatkin 1977) of 

recolonisation and dispersal. 

   

Several other studies have examined the genetic population structure of organisms within 

the Cooper Creek system.  Significant structure has been detected within this drainage for 

four aquatic invertebrates; a freshwater snail Notopala sublineata (Carini & Hughes 2006), 

the freshwater prawn Macrobrachium australiense (Carini & Hughes 2004), various cryptic 

species of freshwater muscles Velesunio spp.(Hughes et al. 2004) and the freshwater 

crayfish Cherax destructor (Hughes & Hillyer 2003).  General conclusions across these 

studies suggest that either episodic floods do not ensure a good network of connectivity 

among waterholes or that the individual taxa are not maximizing their potential to 

disperse and remain in their waterhole of origin.  The former hypothesis seems unlikely at 

best when we compare the results from the examination of connectivity for three fish 

species Neoseluris hyrtlii (Huey et al. 2008), Porochilius argentius(Huey et al. 2006) and 

Ambassis sp.(Huey 2008) within the Cooper Creek drainage.  Based on their intrinsic 

biological attributes and the extrinsic hydrological structure of the drainage the authors 

expected to detect high rates of dispersal within this system yet panmixia was statistically 

rejected for all three, similar to the current study.   

 

Interestingly and as found here, the three fish species were only significantly 

differentiated using microsatellite analysis with very low FST values (FST<0.03) whilst 

panmictic for mitochondrial analysis and subsequently the authors concluded that these 

species were biologically if not statistically panmictic.  The results from these fish species 

and from the current study suggest that the possibility of poor hydrological connectivity 

during episodic flooding based on invertebrate analysis may be unlikely.  Indeed it 

appears that high flow events allow widespread mixing for taxa that are able to take 

advantage of these hydrological events.  Furthermore ecological evidence to support the 
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hypothesis of high connectivity during periods of high flow can be seen from the 

collection of R. semoni from the floodplains surrounding the more permanent waterholes 

during the floods of 2000 and 2004 and the subsequent dispersal throughout the network 

of anastomising channels for some weeks as the flood waters receded (Balcombe et al. 

2007).  Finally it has also been shown that following floods, fish species richness increases 

within waterholes from lower levels during periods of disconnection, highlighting the 

mixing effect that these flood events have on the fish-assemblage structure in arid-zone 

floodplain rivers (Arthington et al. 2005).  

  

Generally panmixia is the dominant pattern of population structure within Cooper Creek, 

for fish taxa at least, but some small scale differentiation has been suggested.  For example 

in this study, using mtDNA, two sites at the Kyabra Creek location were consistently and 

highly divergent from all other populations.  Possible reasons for the discrepancy for 

these results are either small scale differences due to patchy recruitment in isolated 

refugial waterholes or that these populations are in fact isolated for some unknown reason 

from the majority of other populations within the drainage.  Evidence from the deviations 

from HWE suggest that patchy recruitment within this drainage may result from the long 

periods of isolation for independent waterholes and ecological studies have shown how 

waterhole fish-assemblage can vary randomly depending on the taxa lucky enough to 

colonise a refugial waterhole as it becomes disconnected (Arthington et al. 2005).  

Therefore one reason for the differences at these sites may relate to sampling sites that are 

dominated by only a handful of haplotypes that are not representative of individuals that 

can disperse throughout this creek.  However at these two sites only one of the fourteen 

site loci comparisons deviated from HWE.  Without evidence to suggest chance allele 

frequency differences at these sites it would seem more plausible to suggest physical 

isolation as the most likely cause of divergence.  Additionally the levels of differentiation 

seen in comparisons involving these two populations were extremely high, suggesting 
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that long term isolation of these populations has been occurring rather than a slight bias in 

haplotype frequencies (Hartl & Clarke 1997).   

 

Physical isolation of these divergent populations may be plausible with evidence from 

both ecological and molecular studies highlighting deviations from assemblage 

composition structure and panmixia compared to the remainder of the Cooper.  For 

example, the site KBP is the lower site within Kyabra Creek and is geographically close 

(<50km) to the confluence of this creek with Cooper Creek yet Arthington et al. (2005) have 

suggested that large floods that connect populations over vast distances across the arid 

floodplain of Cooper Creek can essentially miss Kyabra creek where waterholes can 

remain disconnected for extended periods of time.  Essentially major Cooper Creek flow 

events are driven by monsoonal conditions in the north of the catchment while flood 

events in Kyabra result from localised and rare summer rainfall pulses in the headwaters 

of this tributary (Arthington et al. 2005).   Low fish abundance and significantly different 

fish-assemblages have also been detected in Kyabra Creek which essentially behaves as an 

isolated microenvironment compared to the Cooper Creek system with reduced numbers 

of flood events, low floodplain inundation times, constrained river systems preventing 

large overbank flows and high turbidity with low productivity (Arthington et al. 2005).   

 

Genetic studies support the idea that the fauna of Kyabra Creek exists in isolation leading 

to significantly diverged populations in a largely panmictic drainage.  In this study higher 

than expected relatedness values were derived in two of the three populations within 

Kyabra Creek further highlighting that migration into this creek may be somewhat 

reduced.  Significantly high relatedness is typically associated with breeding aggregations 

confined to semi-isolated areas (Zamudio & Wieczorek 2007).  Although mean values of 

intrapopulation relatedness were lower than what would be expected from third degree 

relatives (0.125) (Blouin 2003) suggesting that although migration with other populations 
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is significantly reduced at these sites, it is far from the levels that would lead to inbreeding 

and nonrandom mating within a totally isolated site. 

 

Hughes et al. (2004) also found significant differences in the gene frequencies of the 

freshwater muscle Velesunio sp. B between Cooper Creek populations and Kyabra Creek 

populations.  In the same study, a second species Velesunio sp. C was only found within 

Kyabra Creek and the Wilson River (Hughes et al. 2005).  It has recently been hypothesised 

that large scale drainage rearrangements have occurred within Kyabra Creek and the 

Wilson River due to tectonic uplift and the deposition of entrained aeolian deposits into a 

series of parabolic dunes (G. McTanish, Griffith University, pers. comm.) Satellite imagery 

clearly shows how the upper section of Kyabra Creek is diverted in a sharp U-turn above 

the upper section of what is currently classified as the Wilson River where the dunes have 

been deposited.  As the upper section of the Wilson River became dissected by these 

dunes Kyabra Creek was formed and flow from the upper sections of the former Wilson 

River became diverted west to the Cooper Creek system.  Although drainage 

rearrangement was not specifically tested within this current study general evidence 

suggests this hypothesis warrants further investigation.  Firstly two of the three sites 

within the Kyabra creek system show signs of strong historical isolation from the more 

westerly Cooper Creek populations, obviously stemming from periods of complete 

isolation before a confluence east of Windorah was established.  Secondly the site within 

Kyabra Creek (KSW) that is geographically closest to the proposed connection with the 

Wilson River is not genetically differentiated from either of the Wilson River sites.  

 

Whereas isolated populations within Kyabra Creek accounted for the majority of pairwise 

differences in the mtDNA data set, the statistically significant comparisons for the nuclear 

DNA were spread across a wide range of populations.  The increased sensitivity for 

detecting fine scale but weak population structure is likely to reflect the hypervariability 
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of microsatellite markers (O’Connell & Wright 1997) resulting from their much higher 

rates of mutation than for mtDNA (Birky et al. 1989) and their largely unknown mutation 

patterns (Balloux & Lugon-Moulin 2002).  Of note, is that although the power of these 

tests to differentiate populations is expected to be increased over less variable markers, 

the actual value of FST will decrease (Waples 1989).  This is due to the mutation properties 

(e.g. SMM or IAM), accelerated mutation rate and an increase in the number of alleles per 

loci (Hedrick 1999) as these parameters are all independent in Wright’s (1951) traditional 

equation for calculating FST (Crow & Aoki 1984).  It is therefore likely that the results for 

the mtDNA represent real biological signatures of historical isolation in the two divergent 

populations of Kyabra Creek whereas the microsatellite results potentially reflect the 

increased power to differentiate populations statistically that may remain biologically and 

contemporaneously panmictic or at the very least experience moderate gene flow 

(Hedrick 1999; Balloux & Lugon-Moulin 2002).   

 

In a comparative study on the levels of population differentiation, Ward et al. (1994) 

suggested that freshwater fish taxa generally inhabited highly fragmented environments 

with an average divergence level among populations of FST=0.222 whilst marine taxa 

existed with high gene flow amongst populations and an average FST =0.06.  The average 

FST value in the nuclear analysis for the current study was FST=0.01 which indicates just 

how little genetic variation exists between populations in this freshwater environment.  

Generally levels of differentiation below FST =0.05 can be treated as weak evidence of 

genetic differences therefore of little biological importance (Hartl & Clark 1997).  Yet such 

generalizations can be dangerous due to the reasons outlined above in relation to the 

reduction in FST in relation to mutation rates and allelic richness (Balloux & Lugon-Moulin 

2002).  The question therefore in light of these low values of FST from highly variable 

multilocus estimates that are statistically significant is, are these populations biologically 
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isolated or are significance values over-sensitive due to the inherent properties of 

microsatellites?   

 

Waples (1998) suggests that the probability of rejecting a false null hypothesis (Ho) when 

biologically population divergence is insignificant relates to the power of the test.  This 

increased power therefore may not accurately reflect true differences amongst 

populations (biological significance) but most likely reflects the increased richness of the 

data (biologically insignificant) and also violations of some basic assumptions associated 

with random sampling (biologically insignificant).  Data richness in this study is an 

unlikely reason for falsely rejecting Ho when there is no real biological significance to the 

result, as due to population turnover resulting from migrant-pool metapopulation 

dynamics, many of these loci possessed quite low levels of polymorphism especially for 

microsatellite loci (Hedrick 1999).    

 

The second possible factor for falsely rejecting Ho for statistically significant reasons but 

biologically insignificant differences relates to the violation of random sampling.  Patchy 

recruitment (Bunn & Hughes 1997) or the Allendorf-Phelps effect (Allendorf & Phelps 

1981) essentially are the same hypothesis and as shown above, result from the sampling of 

offspring from a few adults.  Observational data confirms that the majority of fish 

sampled from disconnected waterholes at the end of the dry season were young of the 

year (YOY) as the timing of sampling coincided with the period just after the peak in the 

breeding season that is associated with temperature increases to cue spawning 

(Arthington et al. 2005).  I noticed that the majority of fish were juveniles and that very few 

fish exceeded 45mm, the predicted length after one year of growth based on otolith 

analysis (D. Crook, Arthur Rylah Institute, pers. comm.).  Additionally sites were often 

sampled from only a few hauls of the seine net which also may have indirectly captured 

single schools of this pelagic schooling species.  Sampling these cohorts is therefore likely 
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to have inflated the number of significantly different tests (but not raw FST values) as the 

assumption of sampling randomly from a global population had been inadvertently 

violated.  Therefore the data cannot adequately address the null hypothesis of panmixia 

when different spawning aggregations have been sampled rather than the global 

population (Waples 1989).   

 

Waples (1989) suggests that post hoc treatment of the model can be attempted to counter 

the Allandorf-Phelps effect by estimating the number of breeders (Nb) that contributed to 

the samples collected.  However estimates of Nb are inherently imprecise for single year 

samples and temporal replication is the preferred method to detect gametic 

disequilibrium and thus estimate Nb (Waples 1989).  Alternate procedures are outlined in 

Waples (1989) including relatedness properties and migration estimates but most remain 

at best guesses without knowledge and confidence in the smallest number of breeders 

likely to have contributed to the offspring sampled.  Instead, estimates of small scale 

dispersal that rely on the multilocus estimates of individual assignment provide an 

alternative method for estimating the connectivity amongst populations when the 

underlying assumptions of FST such as random sampling and population equilibrium are 

likely to be violated (Neigel 2002; Manel et al. 2005; Whitlock & McCauley 1999; Wilson & 

Rannala 2003). 

 

5.3.3 Small scale dispersal 

 

Contrary to the moderate rates of population structure detected from the nuclear 

population pairwise estimates of genetic differentiation are the high rates of dispersal 

(mean dispersal rate 14%) detected among sites within locations using 

exclusion/assignment probabilities from multilocus analysis.  The results provide 

evidence to support the hypothesis that increased power using microsatellites produced 
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estimates of differentiation (FST) that were biologically insignificant and more reflective of 

data richness and sampling violations.  Connectivity estimates based on multilocus 

exclusion probabilities and traditional frequency approaches were correlated however, 

with a reduction in the number of migrants detected amongst increasingly divergent 

populations.  Similar correlations have also been found in other studies comparing these 

two methods (Underwood et al. 2007; Berry et al. 2004; Maudet et al. 2002).   

 

In keeping with the findings of migration-pool metapopulation dynamics were the results 

which highlighted how some populations acted as sinks and often numerous source 

populations contributed to these populations.  For example at Durham Downs, the most 

easterly location, DDE, which was the furthest geographically from the main channel, 

contributed no migrants to either of the remaining populations but over half its samples 

had migrated from outside sources (53%).  Interestingly, despite receiving an influx of 

migrants and thus at least unidirectional gene flow this population remained significantly 

differentiated in one of its pairwise tests (FST) highlighting how unequal migration rates 

can upwardly bias Wright’s coefficient of FST (Wilkinson-Herbots & Ettridge 2004).  The 

ability to decipher asymmetric migration patterns is an obvious advantage of these 

methods over more traditional approaches (Whitlock and McCauley 1999) especially at 

quantifying the complex dynamics associated with metapopulations. A second advantage 

of these methods relates to the ability to separate historical artifacts from contemporary 

dispersal (Berry et al. 2004) such as the historical isolation detected in two Kyabra Creek 

populations compared to the moderately high ongoing rates of contemporary dispersal 

more broadly in the catchment.    

 

Despite the obvious advantages outlined above from a theoretical point of view, applying 

a high stringency to the estimates of dispersal was problematic.  As Berry et al. (2004) 

showed empirically, increasing stringency increases assignment accuracy but associated 
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with this relationship is a reduction in the ability to assign all individuals.  Thus a tradeoff 

exists between assignment accuracy and assignment percentage needs to be considered, 

although less stringent approaches such as those employed in this study have been shown 

to still equate to results obtained from mark-recapture studies.  Interestingly where highly 

variable loci actually reduce the raw values of FST (Balloux & Lugon-Moulin 2002) and 

therefore inflate migration estimates, highly variable loci in assignment testing improve 

the ability to discriminate the source of an individual (Manel et al. 2002).  This is perhaps 

why assignment accuracy remains high even when genetic differentiation is low (Berry et 

al. 2004; Hauser et al. 2006) especially when the number of loci are high (Paetkau et al. 

2004).     

 

5.3.4 Conclusion 

 

In the Cooper Creek drainage, comparatively low diversity levels were detected both 

within populations and across the total study area and extremely low levels of population 

divergence were detected.  Taken as a whole this evidence supports the hypothesis of 

metapopulation processes amongst populations where population turnover is strongly 

influenced by a migrant-pool model as opposed to structured populations with little 

dispersal that are likely to display low diversity levels within populations but high 

diversity at the study level due to the random nature of allele fixation within sites (Pannell 

& Charlesworth 2000).   Additionally the results from the small scale dispersal analysis 

strengthen the hypothesis that rates of gene flow are high in the Cooper Creek drainage 

and that the ecological cycles of boom and bust create short term isolation but also 

facilitate widespread connectivity.               
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Chapter 6: General Discussion 

 

The primary aim of this research was to apply population genetic theory and current 

methodologies to unravel the spatiotemporal patterns of connectivity amongst 

populations of Retropinna semoni from contrasting drainage systems within Australia.  By 

doing so, strong evidence has been gathered to support previous ecological observations 

on the fundamental biological process of dispersal and the impact extrinsic factors such as 

riverine structure and flow variability have on population structuring.  As a result of this 

basic analysis of population structure, several other facets of ecological and population 

genetic theory have also been addressed, including the utility and contribution molecular 

approaches can have in assessing spatiotemporal levels of connectivity among freshwater 

fish taxa in ephemeral environments as well as the examination of different models of 

aquatic connectivity.   

 

6.1 Population genetics to measure connectivity  

 

From an analytical perspective, the results from all three data chapters highlight the 

significant impact that just a few highly divergent populations can have on broad scale 

analyses such as the analysis of molecular variation.  In the Victorian study, from the first 

year, one highly divergent population in the Campaspe River and two from the Goulburn 

River significantly influenced the results at the within river scale of the hierarchy and 

unexpectedly increased the percentage of genetic variation detected at this spatial scale.  

Across rivers the effect was somewhat reduced with genetic differentiation less among the 

numerous populations connected by gene flow. Without the temporal replication, outlier 

detection and subsequent removal in the second year study, conclusions drawn on this 

species’ level of gene flow and ultimately dispersal ability may have remained 

fundamentally flawed.  Temporal replication of diversity estimates and connectivity levels 
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among populations also provided a unique opportunity to examine the change in the 

genetic composition within and among populations over a relatively short timeframe.  

Seldom is this approach taken but results from this study indicate that within Victorian 

rivers, that are subject to ephemeral flow regimes, that population turnover is likely and 

small scale differences in gene frequencies can be attributed to stochastic events within 

sites.  Similarly within the Cooper Creek system, highly diverged populations in an 

otherwise panmictic system significantly impacted results in the analysis of spatially 

structured dendritic hierarchies.  Interestingly the divergent populations were 

hypothesised to be associated with altered drainage structure due to the deposition of 

parabolic dune systems and this possibility requires further investigation including the 

investigation of patterns of connectivity found in other aquatic taxa.         

 

One possibility to overcome the effects of outliers when investigating broad scale levels of 

spatiotemporal structure was to apply techniques that can estimate dispersal among 

pairwise population comparisons.  Many studies have applied assignment/exclusion 

probabilities into their methodology; indeed the technique offers great potential for 

indentifying contemporary dispersal rates and potentially overcoming the perceived 

problem of how to separate historical migration from contemporary dispersal in 

traditional measures of gene flow.  This research has provided broad and fine scale 

application of these methods under stringent and relaxed conditions and the results were 

at best indifferent.  Under the stringent criterion, that applies a degree of statistical 

certainty to an estimate, essentially no individual could be confidently assigned despite 

up to seven highly polymorphic loci used between some relatively divergent populations.  

Using the most likely criterion essentially all individuals were assigned to a sampled 

location, with the exception of a few individuals that were identified as immigrants from 

unsampled sources.  What I noted from running this analysis was that dispersal estimates 

under both criteria were heavily reliant upon the number of populations used in the 



 

177 

 

comparisons and researches using these methods should carefully evaluate the biological 

reality, if possible, of where immigrants are likely to have arisen from.  For example 

including all 18 populations from the Cooper Creek system provided vastly different 

patterns of dispersal compared to analysis that restricted the number of possible source 

locations to the three sites at each primary location. 

 

 6.2 Models of connectivity  

 

Initial predictions for the connectivity levels amongst populations of Retropinna semoni 

were based on previous studies both for this species and other freshwater fish and were 

expected to follow the predictions of the Stream Hierarchy Model (Meffe & Vrijenhoek 

1988) which suggests gene flow amongst populations within rivers/locations would be 

greater than that detected amongst population from different rivers/locations.  

Interestingly, outliers aside, populations were not truly panmictic.  However, these 

populations were much closer to this end of the connectivity spectrum rather than being 

strongly genetically subdivided.  This pattern was exhibited across both drainage 

networks despite their vastly different riverine structures and flow regimes.  This 

comparative study highlights the significant influence of the species’ biology on 

determining levels of connectivity levels.  It would appear that in addition to the dendritic 

stream network not acting as a barrier to gene flow (SHM) neither was the physical 

distance amongst populations (IBD) (Slatkin 1993) at least not at the scale examined in this 

study.  Like many studies on aquatic taxa, minor small scale differences amongst 

populations were detected and are likely to result from the effects of patchy recruitment 

(Bunn & Hughes 1997) or the Allendorf Phelps effect (Allendorf & Phelps 1981) following 

extinction and colonisation events at the local scale.     

 

With both traditional models of structure in aquatic organisms rejected, it appears that the 

best model to describe the population structure of R.semoni is that of a metapopulation.  
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Evidence of small magnitude differences among years for the same site and amongst some 

sites suggests the central tenants of metapopulation theory, that is, population turnover 

and subdivided groups of local populations, are satisfied.  Potentially this should be the 

initial hypothesis to test in Australian inland riverine systems that are dominated by 

unstable environments such as streams that undergo frequent drought.  It is likely that in 

many of these systems, high but intermittent gene flow among sites maintains genetic 

homogeneity despite the constant effects of bottlenecks and founder events. 

 

Interestingly, this species has shown in addition to patterns of a metapopulation, strong 

historical population growth within both systems.  Taken together these features 

identified with molecular approaches mirror what has been documented from 

observational studies.  Numerous studies have detected large scale upstream movement 

of juveniles of this species and recorded downstream drift of larvae providing high 

potential for patch recolonisation following reconnection with annual flow events.  It is 

also likely that annually large population sizes are reached as several unoccupied patches 

become colonised and for the species as a whole numbers are likely to expand as new 

habitat upstream is constantly colonised.   
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Appendices 

 
Appendix 1 Pairwise FST tables (Significant differences P<0.05 are in bold) 

R.semoni, pairwise ФST values for Victoria 2004 using a 502BP fragment of the ATPase gene 

region. 

MC FO CR BR SE CA SU DM RL GL RE CC HC

MC 0.000

FO 0.185 0.000

CR 0.132 0.028 0.000

BR 0.098 0.078 0.007 0.000

SE 0.227 0.077 0.055 0.082 0.000

CA 0.122 0.020 0.009 0.010 0.008 0.000

SU 0.459 0.510 0.418 0.404 0.569 0.479 0.000

DM 0.107 0.411 0.327 0.237 0.441 0.310 0.625 0.000

RL 0.085 0.095 0.073 0.012 0.112 0.021 0.459 0.159 0.000

GL 0.171 0.278 0.241 0.137 0.302 0.194 0.517 0.139 0.042 0.000

RE 0.128 -0.002 -0.012 -0.001 0.054 -0.010 0.406 0.320 0.052 0.212 0.000

CC 0.164 -0.003 0.043 0.062 0.018 -0.014 0.505 0.359 0.061 0.237 0.010 0.000

HC 0.157 0.013 0.002 0.043 0.104 0.035 0.375 0.353 0.090 0.256 -0.011 0.042 0.000

 

R.semoni, pairwise FST values for Victoria 2004 using four microsatellite loci.  

MC FO CR BR SE CA SU DM RL GL RE CC HC

MC 0.000

FO 0.040 0.000

CR 0.042 0.004 0.000

BR 0.046 0.022 0.022 0.000

SE 0.078 0.056 0.056 0.047 0.000

CA 0.063 0.010 0.013 0.032 0.056 0.000

SU 0.126 0.117 0.063 0.103 0.129 0.082 0.000

DM 0.058 0.062 0.062 0.052 0.092 0.084 0.124 0.000

RL 0.057 0.026 0.024 0.013 0.057 0.017 0.076 0.057 0.000

GL 0.056 0.029 0.041 0.025 0.083 0.034 0.100 0.057 0.007 0.000

RE 0.064 0.024 0.016 0.018 0.070 0.020 0.066 0.078 0.000 0.016 0.000

CC 0.061 0.028 0.017 0.012 0.045 0.014 0.072 0.076 -0.006 0.020 0.001 0.000

HC 0.047 0.019 0.019 0.006 0.030 0.016 0.071 0.057 -0.004 0.013 0.000 -0.005 0.000
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Appendix 2 Victoria 2005 pairwise FST tables (Significant differences P<0.05 are in bold). 

R.semoni, pairwise ФST values from a 502BP fragment of the ATPase gene region. 

CR RL SE CA BR RC CC HC

CR 0.000

RL 0.022 0.000

SE 0.061 -0.021 0.000

CA -0.026 0.007 0.028 0.000

BR 0.021 -0.009 0.032 -0.018 0.000

RC -0.010 -0.042 -0.026 -0.031 -0.043 0.000

CC 0.044 -0.030 0.011 -0.004 -0.001 -0.019 0.000

HC 0.081 -0.018 -0.026 0.029 0.049 -0.017 -0.021 0.000

 

R.semoni, pairwise FST values for seven microsatellite loci.  

CR RL SE CA BR RC CC HC

CR 0.000

RL 0.009 0.000

SE 0.005 0.012 0.000

CA 0.013 0.012 0.019 0.000

BR 0.015 -0.004 0.020 0.006 0.000

RC 0.011 0.026 0.008 0.014 0.021 0.000

CC 0.007 0.019 0.004 0.014 0.013 0.005 0.000

HC 0.007 0.008 0.008 0.001 0.014 0.005 0.012 0.000
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Appendix 3 Cooper Creek pairwise FST tables (Significant differences P<0.05 are in bold). 

R.semoni, pairwise ФST values from a 548BP fragment of the ATPase gene region. 
WAW WNO DDH DDE DDM KSW KSE KBP SHW MCW MUW WNT LNP VCT KWB IBR

WAW 0.000

WNO 0.000 0.000

DDH 0.037 -0.023 0.000

DDE 0.000 -0.071 -0.021 0.000

DDM -0.029 0.000 0.003 -0.020 0.000

KSW 0.000 0.000 0.044 0.000 0.000 0.000

KSE 0.370 0.204 0.333 0.188 0.296 0.404 0.000

KBP 0.267 0.128 0.230 0.120 0.222 0.286 -0.078 0.000

SHW 0.000 -0.042 0.002 -0.058 -0.019 0.000 0.175 0.112 0.000

MCW 0.000 -0.026 0.003 -0.023 0.000 0.000 0.265 0.193 -0.042 0.000

MUW 0.000 0.000 0.044 0.000 0.000 0.000 0.404 0.286 0.000 0.000 0.000

WNT 0.020 -0.030 0.019 -0.028 0.002 0.022 0.104 0.064 -0.026 -0.014 0.022 0.000

LNP 0.000 -0.071 0.037 -0.061 0.000 0.000 0.244 0.160 -0.053 -0.034 0.000 -0.036 0.000

VCT 0.000 -0.061 0.003 -0.053 -0.026 0.000 0.222 0.149 -0.047 -0.029 0.000 -0.052 -0.087 0.000

KWB 0.056 0.005 0.067 0.004 0.040 0.063 0.206 0.149 0.004 0.025 0.063 0.005 0.006 0.005 0.000

IBR 0.000 0.000 0.037 0.000 0.000 0.000 0.370 0.267 0.000 0.000 0.000 0.020 0.000 0.000 0.056 0.000

 

R.semoni, pairwise FST values for seven microsatellite loci.  

WAW WNO DDH DDE DDM KSW KSE KBP SHW MCW MUW WNT LNP VCT KWB IBR

WAW 0.000

WNO 0.015 0.000

DDH 0.011 -0.002 0.000

DDE 0.026 0.021 0.000 0.000

DDM 0.016 0.024 0.006 0.018 0.000

KSW 0.019 0.013 0.006 0.002 0.016 0.000

KSE 0.030 0.023 0.001 0.005 0.007 0.007 0.000

KBP 0.014 -0.002 -0.005 0.007 0.006 0.002 -0.001 0.000

SHW 0.013 0.030 0.014 0.035 0.012 0.027 0.028 0.014 0.000

MCW 0.014 0.048 0.034 0.054 0.030 0.044 0.057 0.039 0.011 0.000

MUW 0.001 0.019 0.011 0.023 0.011 0.023 0.027 0.016 0.017 0.021 0.000

WNT 0.009 0.006 -0.002 0.009 0.008 0.008 0.013 -0.003 0.006 0.021 0.008 0.000

LNP 0.008 0.002 -0.001 0.009 0.005 0.015 0.012 0.000 0.011 0.036 0.003 -0.005 0.000

VCT 0.012 0.018 0.004 0.006 0.005 0.000 0.008 0.007 0.018 0.041 0.012 0.008 0.002 0.000

KWB 0.002 0.004 -0.003 0.005 0.006 0.000 0.008 -0.001 0.014 0.020 0.008 -0.003 0.002 0.003 0.000

IBR 0.007 0.000 -0.003 0.010 0.004 -0.003 0.007 -0.007 0.007 0.024 0.013 -0.005 0.003 0.001 -0.006 0.000

 

 


