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Synopsis 

  

Generally freshwater fish exhibit higher levels of genetic structuring between spatially 

distinct populations than marine species due to the presence of natural and artificial 

barriers to dispersal in freshwater ecosystems. In addition, freshwater species are not 

able to move between populations that are separated by either terrestrial or marine 

habitat. Diadromy constrains the development of genetic structuring, even among 

geographically isolated populations due to potential connectivity via movement through 

the sea. As a result, higher levels of gene flow and lower population structuring tend to 

be observed in diadromous fishes than freshwater species.  

 

The Australian smelt (Retropinna semoni) is a native fish species complex widely 

distributed across coastal and inland drainages of south-eastern Australia. Recently, a 

complex of five or more cryptic species of Australian smelt has been recognized 

throughout their geographic range based on genetic studies. Variation in life history 

strategies has been observed in many cryptic fish species and multiple life history 

patterns were also found in southern smelt lineages (Retropinna sp.) where mainland 

Australian populations contain diadromous and wholly freshwater individuals and 

Tasmanian populations contain estuarine individuals. Despite the populations of 

southern smelt containing diadromous individuals, strong genetic structuring and low 

levels of connectivity were reported in at least some populations, which were suggested 

to result from apparently diadromous individuals being retained in the estuaries. It is 

possible that the different cryptic species may differ in life history. In the present study, 

I examine the genetic structure and life history variation of the South-east Queensland 

(SEQ) lineage of Australian smelt which was further subdivided into northern and 

southern lineages (SEQ-N, SEQ-S). 

 

I used both molecular and ecological approaches to understand the pattern of genetic 

structure and life history variation in this species to compare with other members of the 

species complex. Prior to this task, twenty one polymorphic microsatellite primers were 

developed (Chapter 2), which were then used for species delimitation and population 

structure analysis.  
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In chapter 3, I used one mitochondrial gene (cyt b) and ten microsatellite loci to 

investigate patterns of genetic structuring in Australian smelt (R. semoni) and describe 

the genetic differences between these two cryptic lineages (SEQ-N and SEQ-S). These 

two lineages formed monophyletic clades in the mtDNA gene tree and among river 

phylogeographic structure was also evident within each clade. There was clear genetic 

divergence between the two lineages, suggesting that they have been separated 

historically by a hard barrier. Strong genetic structuring was observed from 

microsatellite analysis in both lineages (SEQ-S FST = 0.13; SEQ-N FST = 0.23) 

suggesting limited dispersal among rivers. Slightly lower levels of genetic structuring 

were observed in the SEQ-S lineage than the SEQ-N lineage. This might be the result of 

different microhabitat preferences between these two cryptic lineages (SEQ-N and 

SEQ-S), for example intolerance to water quality parameters. Another plausible 

explanation is that SEQ-S catchments may have been connected more recently and /or 

more often than those in the SEQ-N group during flood events. Contemporary 

movement of individuals only occurred between nearby sites within a river, but not 

between rivers, suggesting that if local extinctions occur in one or more of these rivers, 

then recolonization from elsewhere is unlikely to occur rapidly. Similarly, extinctions 

within a site are only likely to be recolonised from nearby sites in the same river.   

 

In chapter 4, I used otolith micro-chemistry analysis to examine the life history patterns 

of smelt at the northern extent of their range and to identify any differences in migratory 

behaviour of the two lineages (SEQ-N and SEQ-S) in this region. Based on otolith core-

to-edge transects of Sr:Ca and Ba:Ca, there was no evidence of marine residence for 

either lineage suggesting that both are non-diadromous. This contrasts with the two 

southern smelt species, in which both exhibit evidence of diadromous movement of 

individuals within some populations.  

 

Significant differences in multi-elemental otolith chemistry signatures were observed 

among rivers and between paired sites within some rivers, suggesting no exchange of 

individuals among catchments and limited dispersal of individuals over large spatial 

scales within a river. This is almost certainly the result of the marine habitat conditions 
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along the coastal drainages which isolate rivers and restrict movement of fish between 

them, combined with some limited dispersal within a river. In addition, movement of 

fish may also be precluded due to anthropogenic migration barriers within river 

catchments. 

 

This study has presented a holistic view of population structure using ecological and 

genetic markers and revealed that R. semoni is highly structured across south-east 

Queensland from the Mary River to Currumbin Creek. Genetic analysis delivers the 

general framework for applying ecological methods and substantial information 

regarding exchange between populations. Sensitive ecological methods such as otolith 

chemistry provide resolution of the fine-scale spatial separation within and between 

sample collection locations because movements within an individual lifetime can be 

inferred. The results of the present study emphasise the advantages of using 

complementary methods to evaluate the connectivity of fish populations. The 

combination of otolith chemistry and molecular markers provided insights into the role 

of migration in structuring smelt populations over a range of temporal and spatial 

scales. Overall, the current study furnished new insights into the population genetic 

structure and life history patterns of Australian smelt, which has significant implications 

for the sustainable management and conservation of this ecologically variable species 

along coastal drainages in south-east Queensland.  
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                                                  Chapter 1 

General Introduction 

 

1.1 Status of freshwater habitats 

Aquatic ecosystems include a variety of physical forms, extending from open systems 

like oceans, to isolated waterholes in arid landscapes. The oceans and the seas comprise 

about 70% of the earth’s surface, while freshwater systems constitute just 0.8% of the 

earth’s surface and are organised into networks of hierarchically branched rivers and 

streams, often connected to lakes and wetlands (Grant et al., 2007). Although freshwater 

ecosystems constitute a small proportion of the earth’s surface, they host 6% of global 

species diversity (Dudgeon et al., 2006; Faulks & Östman, 2016; Faulks et al., 2017). 

Freshwater ecosystems are the most threatened in the world (WWF, 2014; Faulks & 

Östman, 2016; Faulks et al., 2017), and biodiversity within freshwater is decreasing 

much more rapidly than terrestrial biodiversity (Sala et al., 2000). Major threats to 

freshwater ecosystems include habitat destruction and fragmentation (Hoagstrom, 

2015), water extraction (Naiman et al., 2002), loss of ecological connectivity due to 

dams and weirs (Crook et al., 2015), fisheries activities (Allan et al., 2005), climate 

change (Koehn et al., 2011) and invasive species (Gozlan et al., 2010).  

 

Among the freshwater biota threatened by human activities, fish populations are of 

particular concern from social, cultural, economic and ecological perspectives 

(Costanza, 1999; Holmlund & Hammer, 1999). Fish have high commercial value and 

many valuable resources, including food, are obtained from fish. Moreover, fish are 

important for fundamental ecological processes and functions such as nutrient cycling, 

productivity, ecosystem engineering and ecosystem connection through migrations, 

among others (Mota et al., 2014). The threats to fish diversity and abundance are 

numerous and may interact with each other, making management and mitigation of 

threats to fish populations a complex and challenging task (Dudgeon et al., 2006). 

Migratory fishes are particularly at risk; comparatively they are almost twice as likely to 

become endangered as non-migratory fishes (4% risk of endangerment for non-

migratory fishes vs. 7.2% risk for migratory fish species) (Riede, 2004). McDowall 
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(1999) also identified that about 18% of diadromous species that are of some 

conservation concern. As a result of their migratory habits, diadromous fishes exhibit 

special conservation challenges and are at higher risk of extinction than many other 

groups of fishes.  

 

1.2 Migration and diadromy in fishes 

Migration between freshwater and marine water (i.e., diadromy) is a common life 

history feature of fish populations in coastal river drainages. Migration is exhibited by 

many taxonomic groups of fishes. Of among ~35,000 formally described fish species, 

874 species are currently known to exhibit migratory behaviour, although this number is 

likely an underestimate due to lack of life history knowledge (Flecker et al., 2010; 

Cooke et al., 2012). Many fish species undertake extensive migrations to avoid 

predators, maximise foraging potential or to reproduce in optimal habitat (Wootton, 

1990). Migrations may connect subpopulations and are an important driver of 

connectivity within metapopulation complexes at the population level (Webster et al., 

2002; Rubenstein & Hobson, 2004).  

 

Diadromy can be defined as the regular migration of fish between marine and 

freshwater habitats at certain stages of the life cycle (McDowall, 1988), as for example, 

eels (Anguillidae) and many species of Eleotridae, Galaxiidae and Salmonidae 

(Gillanders, 2005). Generally, three broad types of diadromous life history strategies are 

identified in fishes (Myers, 1949; McDowall, 1992). Catadromous fish species spend 

most of their lives in freshwater and undertake a downstream migration to the sea for 

breeding. Anadromous fish spend most of their lives in the sea and undertake an 

upstream migration into the freshwater environment for spawning. Amphidromous fish 

species migrate between freshwater and marine environments at certain stages of their 

life history, but not for the purpose of spawning (Figure 1.1). The requirement for 

migration between freshwater and marine habitats makes diadromous fishes susceptible 

to the effects of barriers, such as dams and weirs that block the corridors for migration, 

and diadromous fish populations have declined across many parts of the world due to 

the existence of such barriers (Lucas & Baras, 2001). Although diadromy is obligatory 

for many fishes, some normally diadromous fish species are able to form landlocked 
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populations within freshwater following removal of connection with the sea. 

Diadromous migration can also be facultative for some species even in situations where 

there is access to the sea with diadromous and non-diadromous individuals of a species 

living in sympatry (Limburg, 1998; Closs et al., 2003; Charles et al., 2004; Ward et al., 

2005). Several Australian fish species, including the Australian smelt (Retropinna sp. 

complex), the spotted galaxias (Galaxias truttaceaus), the broad-finned galaxias (G. 

brevipinnis) and the common galaxias (G. maculatus) have been observed to perform 

flexible (i.e. facultative) diadromous migration and are sometimes able to complete their 

life cycle in freshwater (Humphries, 1989; Lucas & Baras, 2001; Crook et al., 2008). 

Diadromous species that do not show such variations in their life history strategies are 

more vulnerable to the effects of barriers to migration than species with more flexible 

life-history characteristics (McDowall, 1988). Hence, it is important to have a clear 

understanding of migration requirements of particular species for proper management 

and conservation. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Migration patterns between freshwater and sea water in different types of 

diadromy (Source: McDowall, 2009). 

 

 



4 

 

1.3 Dispersal and gene flow in fishes  

Dispersal is an important life-history feature that has profound significance for 

populations. Dispersal can be defined as the movement of individuals between natal and 

subsequent breeding sites, either passively or actively. It permits an organism to avoid 

adverse environments, escape competition and increase its range. Dispersal influences 

the distribution and abundance of species, community structure and the dynamics and 

persistence of populations (Dieckmann et al., 1999). It also determines the level of gene 

flow among populations which is affected by different processes, including local 

adaptation, speciation and the evolution of life history traits (Dieckmann et al., 1999). 

Dispersal is the prime factor for the maintenance of genetic connectivity among 

populations through gene flow, contributing movement of individuals from their natal 

sites (Walter et al., 2009). Dispersal also impacts the pattern of gene flow and 

population genetic structure and affects metapopulation dynamics (Chepko-Sade & 

Halpin, 1987; Hanski & Gilpin 1997; Clobert et al., 2001; Estes-Zumpf et al., 2010). 

 

Species with high dispersal capabilities often display low levels of population 

differentiation (Waples, 1987), whereas those with limited means of dispersal often 

show a significant degree of population structure (Larson et al., 1984; Pogson et al., 

1995). Limited gene flow may occur due to barriers to dispersal resulting in isolation of 

groups of individuals, which may lead to population divergence and eventually 

allopatric speciation (Bossart & Prowell, 1998; Bohonak, 1999; Walter et al., 2009). 

Additionally, limited gene flow among small, fragmented populations is often 

associated with low levels of genetic diversity within these populations (Frankham et 

al., 2002; Garner et al., 2005, Estes-Zumpf et al., 2010). As genetic diversity is 

correlated with population fitness (Reed & Frankham, 2003), it is necessary to 

understand the patterns of gene flow and dispersal for conservation of freshwater 

species in fragmented landscapes.  

 

Gene flow is a strong force that may act to prevent genetic divergence arising among 

populations by either selection or drift (Felsenstein, 1976; Slatkin, 1985; Pogson et al., 

1995). Fish species with high adult mobility or extended larval periods are expected to 

show significant gene flow between populations (Broughton & Gold, 1997; Carreras-
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Carbonell et al., 2006). In contrast, higher levels of genetic structure would be expected 

in species with low adult or larval dispersal (Doherty et al., 1995; Riginos & Victor, 

2001; Carreras-Carbonell et al., 2006). Gene flow has been observed to increase 

effective population sizes, stabilize genetic structure and buffer against a loss of genetic 

diversity (Walter et al., 2009). Hence, knowledge of gene flow over a range of spatial 

scales is important for the effective management of fish populations and the fisheries 

they support (Palumbi, 2003; Bell & Okamura, 2005; Carreras-Carbonell et al., 2006).  

 

1.4 Genetic structure and gene flow in fishes 

Genetic structure of a species is the result of gene flow, genetic drift, mutation and 

selection as influenced by the ambient environment (Wright, 1931). The population 

structure of freshwater fishes, therefore, represents both historical patterns of dispersal 

and isolation and contemporary dispersal and gene flow. Compared with marine 

species, freshwater fish typically exhibit greater levels of genetic structure due to the 

isolating nature of drainage systems and relatively smaller population sizes (McGlashan 

& Hughes, 2002). On the other hand, diadromous species exhibit highly variable levels 

of population structure due to the wide range of life history strategies demonstrated by 

these species.  

 

The probability of connectivity among populations of some species is determined by the 

positions of populations in hierarchical river systems, where populations within the 

same stream are more genetically alike than populations in different sub-catchments, 

with most differentiation at the catchment level (Meffe & Vrijenhoek, 1988; Hughes et 

al., 2009). This relationship may be interrupted by different factors that act to connect 

populations in currently isolated coastal drainages. These factors might include different 

contemporary processes including adult or larval dispersal by floodwaters, connection 

of freshwater plumes during high rainfall (Pusey & Kennard, 1996) or drainage 

coalescence during lower sea levels via historical mechanisms (Bermingham & Avise, 

1986; McGuigan et al., 2000). In general, the dispersal of freshwater fishes between 

drainages depends on the connectivity of freshwater (Unmack, 2001). Both the 

terrestrial environment and the sea act as challenging barriers to dispersal for many 

freshwater fish species (Wong et al., 2004). Some freshwater fishes, due to their ability 
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to tolerate moderate salinity levels, can disperse through marine habitat resulting in low 

levels of genetic structuring. For instance, New Zealand populations of the common 

jollytail (G. maculatus) exhibit low levels of genetic structure as they can disperse in 

marine water (Waters et al., 2000). Similarly, the threatened Australian grayling 

(Prototroctes maraena), exhibits high levels of genetic variation and low population 

structuring (Schmidt et al., 2011) indicating that dispersal via the sea promotes gene 

flow (Ward et al., 1994; Berrebi et al., 2005; Yamamoto et al., 2007; Cook et al., 2009). 

     

Gene flow is an important determinant of species evolution, promoting the exchange of 

beneficial alleles and altering patterns of local adaptation (Slatkin, 1987; Wang et al., 

2009) and can affect population genetic differentiation or population subdivision of an 

organism (Allendorf & Luikart, 2007). The level and direction of gene flow across the 

landscape is determined by dispersal. Hence, movement can be restricted by landscape 

features (e.g. man-made structure, gradients of environmental characteristics, etc.) 

leading to genetic fragmentation. Fragmentation can decrease gene flow, isolate 

populations and reduce genetic diversity through different genetic processes, including 

inbreeding and drift (Allendorf & Luikart, 2007). The frequency of genes and the forces 

that affect their frequencies (e.g., mutation, migration, selection and genetic drift) can 

determine the amount of genetic variation within and between populations. If there is 

little or no gene flow between populations, then genetic differentiation and ultimately 

speciation may occur over time (Chakraborty & Leimar, 1987).  

 

1.5 Zoogeographic models of genetic structure in streams 

Several conceptual models have been proposed to interpret how populations with 

different life history traits and dispersal capabilities interact within the structure of 

freshwater habitats. These models include Isolation by Distance (IBD), the Stream 

Hierarchy Model (SHM), the Death Valley Model (DVM), Panmixia (PAN) and the 

Headwater Model (HM) (Figure 1.2). Zoogeographic models were first used by Meffe 

& Vrijenhoek (1988) to understand spatial genetic patterns in streams considering a 

combination of the biological traits of the organism and the physical landscape 

structure.  

 

http://onlinelibrary.wiley.com/doi/10.1111/j.1095-8649.2010.02844.x/full#b46
http://onlinelibrary.wiley.com/doi/10.1111/j.1095-8649.2010.02844.x/full#b3
http://onlinelibrary.wiley.com/doi/10.1111/j.1095-8649.2010.02844.x/full#b49
http://onlinelibrary.wiley.com/doi/10.1111/j.1095-8649.2010.02844.x/full#b6
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The term “Isolation by distance” (IBD) was first introduced by Wright (1943) to explain 

the accumulation of local genetic differences under geographically restricted dispersal 

(Slatkin, 1993). Isolation by distance (IBD) is a commonly used model to describe 

population structure and how gene flow decreases with increasing distance (Björklund 

et. al., 2010) in different habitats (Wright, 1943; Slatkin, 1993; Björklund et al., 2010; 

Petrou et al., 2014). When the diverging effects of genetic drift and the homogenizing 

effects of gene flow are in equilibrium, species will show IBD (Wright, 1943; Robledo-

Arnuncio & Rousset, 2010). Generally, high gene flow suppresses any IBD effect and 

neutralizes population differentiation (Slatkin, 1993). Gene flow will reduce with 

increasing geographical distance between populations and adjacent populations are 

likely to be more connected than distant ones (Wright 1943; Segelbacher et al., 2010; 

Hughes et al., 2013). Many stream organisms appear to fit the IBD model of genetic 

structure including some species of insects (Hughes et al., 2003; Baggiano et al., 2011) 

and fish (Coleman et al., 2010; Shipham et al., 2013; Petrou et al., 2014). 

 

The widespread gene flow model or panmixia (PAN) was also proposed by Wright 

(1943). Panmixia occurs where population structure is very low and species have high 

dispersal capabilities between sites across their geographic range. Consequently, high 

connectivity among populations arises and populations become genetically 

homogeneous. Panmixia (PAN) is more common in diadromous or estuarine/ marine 

species due to lack of physical barriers to migrations (Humphries & Walker, 2013). 

Many fish species follow the genetic structure explained by this model, including black 

bream (Acanthopagrus butheri) (Farrington et al., 2000), European eel (Anguilla 

anguilla) (Dannewitz et al., 2005), the golden perch (Macquaria ambigua) (Faulks et 

al., 2010), estuarine glass fish (Ambassis marinus and A. jacksoniensis) (Mills et al., 

2008), Mary River cod (Maccullochella mariensis) (Huey et al., 2013).  

 

Two models were proposed by Meffe & Vrijenhoek (1988) that are more specific to 

populations of obligate freshwater species: the Stream Hierarchy Model (SHM) and the 

Death Valley Model (DVM). The SHM predicts that in dendritic stream networks, the 

degrees of connectivity and gene flow vary depending on the arrangement of 

populations within the hierarchical stream network structure. Hence, sites within a 
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stream will be more closely connected than sites in neighbouring streams, and sites in 

contiguous streams will be more closely connected than sites in distant streams in the 

same sub-catchment, through different sub-catchments and finally among catchments 

(Meffe & Vrijenhoek, 1988; Hughes et al., 2009; Hughes et al., 2013). Organisms with 

dispersal-related traits that more or less restrict them to the water column (such as fish 

or mussels) or to the stream corridor in general (such as aquatic insects that spend 

juvenile phases in the stream and have a short terrestrial adult phase in which most 

flight occurs in the vicinity of the channel) should follow the SHM model. In addition, 

the SHM is most likely applicable for species that are not habitat-specialized within a 

narrow range of the stream network. In Australia, this type of model appears to apply to 

fish species such as purple spotted gudgeon (Mogurnda adspersa) (Hughes et al., 2012), 

northern trout gudgeon (M. mogurnda) (Cook et al., 2011), the Pacific blue eye 

(Pseudomugil signifier) (McGlashan & Hughes, 2002), eel tailed catfish, Neosilurus 

hyrtlii (Huey et al., 2008) and western rainbowfish, Melanotaenia australis (Phillips et 

al., 2009). 

 

The Death Valley Model (DVM) describes the genetic consequences of completely 

isolated populations (unconnected hydrologically, mostly connected by underground 

water) in the absence of homogenizing potential of dispersal (Meffe & Vrijenhoek, 

1988; Hughes et al., 2009). These species are likely to have been isolated for long 

periods of time leading to them being highly differentiated, with no correlation between 

genetic and geographic distance (i.e., no IBD). Hence, the isolated populations will 

become highly differentiated over time as a result of genetic drift, mutation and 

selection altering gene frequencies. This model has been suggested for lotic species that 

have limited terrestrial and within-stream dispersal ability (Bentley et al., 2010; 

Hammer et al., 2010). Species that live in isolated waterholes that are connected by 

underground water but have little surface flow connectivity, appear to fit with the DVM 

model, for example, different cryptic species of the crustaceans (Cherax dispar) 

(Bentley et al., 2010), Euastacus sp. (Bratby, 2004) and fish species, including 

Nannoperca obscura (Hammer et al., 2010), and Galaxiella pusila (Coleman, 2010).   
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The Headwater Model (HM) is another important model described by Finn et al. (2007). 

This model applies to species that are headwater specialists restricted to headwater 

habitats due to low tolerance to elevated temperature and other habitat effects (i.e. 

desert, isolated island, flash flood). During extreme rain events, some of these species 

are able to move over land (Finn et al., 2007; Hughes et al., 2009). A variety of 

invertebrate species that have some capacity for flight (Finn et al., 2006) or crawling 

(Ponniah & Hughes, 2006; Finn et al., 2007) including giant water bug, Abedus herberti 

(Finn et al., 2007) and some crustacean species, such as Astacopsis gouldi (Sinclair et 

al., 2011), Euastacus fleckeri (Ponniah & Hughes, 2006), E. spinifer (Bratby, 2004) 

appear to fit with this model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Patterns of genetic variation expected for stream populations (Source: 

Hughes et al., 2013). The diagram shows the stream connectivity where river is divided 

into two sub-catchments with dots representing sampling locations. W and B from bar 

graph denote the partitioning of genetic variation within and between sub-catchments 

respectively whereas G and S refer to geography and stream respectively. Scatter plots 

represent correlations between pairwise genetic differentiation (GD) with stream 

distance (SD).  
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1.6 Cryptic species in fish 

Species which are morphologically indistinguishable, but genetically distinct, are 

referred to as cryptic species. Cryptic species are widely distributed across all major 

terrestrial and aquatic taxonomic groups (Pfenninger & Schwenk, 2007; Beheregaray & 

Caccone, 2007). They may be recently (Sáez et al., 2003) or deeply diverged (Elmer et 

al., 2007), and distributed allopatrically (Brown et al., 2007; Ross et al., 2010) or 

sympatrically (Stuart et al., 2006; Boissin et al., 2008; Ladner & Palumbi, 2012). Some 

cryptic species complexes contain many species (Hebert et al., 2004), whereas others 

have very few (Souter, 2010; Piggott et al., 2011; Ladner & Palumbi, 2012). Species 

diversity can be masked due to lack of obvious morphological differences between 

cryptic species (Bickford et al., 2007; Thomas et al., 2014). Therefore, incorrect species 

delineation might overlook cryptic species and underestimate biodiversity, leading to 

inadequate conservation and management strategies (Bickford et al., 2007; Trontelj & 

Fiser, 2009).  

 

Despite the morphological similarities between cryptic species, important ecological 

traits may differ between them, including behaviour (Crossley, 1986), life-history 

strategies (Waters & Wallis, 2001) and karyotype structure (Moreira-Filho & Bertollo, 

1991; Dobigny et al., 2002; Amaro et al., 2012, Utsunomia et al., 2014). For example, 

the two cryptic species of pipistrelle bat Pipistrellus pipistrellus and P. pygmaeus show 

significant differences in their foraging behaviour in relation to flying time, mean 

maximum distances travelled from the roost, numbers of foraging bouts made and span 

of home ranges (Davidson-Watts & Jones, 2006). Differences in the courtship 

behaviour among six cryptic lineages of wolf spider (Pardosa sp.) were also reported by 

Topfer-Hofmann et al. (2007).  

 

Variation in life history has also been found in many cryptic fish species. Multiple life 

history patterns were found in southern smelt lineages (Retropinna sp.) where mainland 

Australian populations contain diadromous and wholly freshwater individuals while 

Tasmanian populations (clade IV) contained only estuarine individuals (Hughes et al., 

2014). A powerful framework to distinguish cryptic species can be obtained through 

analysing genetic diversity distributed within ‘species’ (Beheregaray & Caccone, 2007). 
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Morphologically similar lineages can be identified through genetic differentiation where 

genotypic-clustering is exploited to differentiate cryptic species (Mallet, 1995; Hebert et 

al., 2004; Carolan et al., 2012; Thomas et al., 2014).  

 

1.7 Molecular markers and population structure 

A molecular marker is defined as a DNA sequence which is used to track a particular 

location (locus) on a particular chromosome i.e., marker gene (Siwach & Singh, 2007). 

Genetic methods, particularly the analysis of variation in mitochondrial DNA and 

microsatellite DNA, have been widely used in fisheries science and management, for 

example, to investigate population structures, contemporary levels of genetic diversity 

and gene flow, evolutionary studies and dispersal in fishes (Shulman, 1998; Vrijenhoek, 

1998; Moran, 2002; Avise, 2004; Kochzius, 2009). As it has become relatively low cost 

and highly automated, the practice of molecular analysis has continued unabated and 

these molecular approaches are now widely used in fish ecology, systematics and 

conservation research (Hauser & Seeb, 2008). It has been suggested that through the 

estimation of allele frequencies in different populations, genetic structure can be 

estimated and rate of migration surmised (Slatkin, 1987). Molecular tools can answer a 

wide range of questions in population biology ranging from phylogenetic relationships 

among taxa to more precise questions regarding the relationship between parents and 

offspring as well as relatives in populations (Shulman, 1998).  

 

1.7.1 Microsatellite markers 

Microsatellites are highly variable regions of nuclear DNA that consist of short 

tandemly arrayed di, tri, or tetra, penta or hexa-nucleotide repeat sequences flanked by 

regions of non-repetitive unique DNA sequences (Tautz, 1989; Park & Moran, 1994). 

The major advantages of these markers are: high levels of polymorphism, codominant 

transmission, locus specific in nature and contain high information. Microsatellites are 

widely used in fisheries research due to their short range size, uninterrupted stretches of 

identical repeat unit and high proportion of polymorphism (Abdul-Muneer, 2014). They 

are powerful DNA markers to measure genetic variation within and between 

populations (Muneer et al., 2009) and have been used extensively for studies of stock 
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identification and population differentiation (Wright & Bentzen, 1994; Liu & Cordes, 

2004) and genome mapping (Sanetra et al., 2009).  

 

1.7.2 Mitochondrial DNA 

Mitochondrial DNA (mtDNA) is a common molecular marker which is used in 

population genetics, phylogenetics and species identification due to its major features: i) 

a fast rate of evolution, estimated to be 5-10 times higher than the nuclear genomes; ii) 

it is inherited maternally as a haploid single molecule; iii) it lacks a homologous 

recombination system, avoiding the effect of intermolecular recombination on the 

mtDNA mutation rate and, hence, enhancing the ease of interpretation of mtDNA 

diversity and iv) it has huge number of copies in a cell, measuring more than 1000 

copies (Zischler, 1999). Mitochondrial DNA analyses can be used to detect 

phylogenetic relationships both among closely related species and distantly related ones 

(Kumazawa & Nishida, 1993; Zardoya & Meyer, 1996). mtDNA analysis is also a 

powerful technique for exploring biogeographic patterns at the intraspecific level. 

Sequences in some parts of the mtDNA molecule are highly conserved across species. 

Therefore, the same mtDNA segments have been used for analysis in a variety of 

species due to the development of several sets of universal primers. There are several 

mitochondrial genes and regions commonly used in phylogenetic analysis. Cytochrome 

b (cyt b) is the most commonly used mitochondrial gene in fish molecular analysis, 

especially in phylogenetics and phylogeography studies due to the fact that a great 

number of fish mtDNA sequences are available on GenBank (Meyer, 1994; Unmack et 

al., 2011). Page & Hughes (2010) reported that cyt b has been the most commonly used 

mitochondrial gene region and they also found that the cyt b region of most species 

could be amplified with a single primer set (83% HYPSLA- HYPSHD).     

 

1.8 Otolith chemistry and life history of fishes 

The migratory behaviour of fishes tends to be difficult to study due to their secretive 

behaviour, movements during high flows or at night and often long-distance migrations 

(McDowall, 1988). Additionally, as many species migrate during the larval or juvenile 

stages, it is difficult to identify or study them in the wild using techniques such as 

telemetry due to their small size and often unpigmented transparent bodies (McDowall, 
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1988; Closs et al., 2003; Pusey et al., 2004). However, recent developments in otolith 

chemistry analysis have provided fisheries researchers with a means of hind-casting the 

migratory histories of fish, thus providing critical information for conservation and 

management (Campana & Thorrold, 2001). 

 

Otoliths are the calcified structures situated within the inner ear of teleost fish and grow 

continuously from birth (Campana, 1999). The otolith material is not resorbed or altered 

physiologically as the fish grows (Campana, 1999), so it serves as natural data storage 

reflecting the conditions experienced by fish over their entire lives. Dissolved trace 

elements in the surrounding water become deposited on the otolith matrix as it accretes 

and the concentrations of elements can thus be employed to infer the ambient water 

chemistry at different stages of life, such as early life stages at the otolith core and 

recent growth at the otolith edge (Forrester & Swearer, 2002; Gillanders & Joyce, 2005; 

Sandin et al., 2005; Woods et al., 2010). Otoliths provide a permanent record regarding 

environmental and physiological conditions experienced by the fish throughout its life 

that can be identified by estimating elemental (Sr:Ca; Ba:Ca; Mn:Ca; Cu:Ca; Mg;Ca 

etc) ratios which vary among habitats (Gillanders, 2005; Walther & Limburg, 2012). 

 

It is possible to identify fish migration between marine and freshwaters by estimating 

the strontium (Sr) concentrations in the otolith, as the concentration of this element is 

generally higher in marine water than that in freshwater (Secor & Rooker, 2000; Crook 

et al., 2006). Various factors other than salinity, including ontogeny, temperature, diet 

and behaviour can also affect the relationship between ambient water and otolith 

chemistry and must be taken into account when interpreting otolith chemistry data to 

make inferences about movement patterns (Radtke & Shafer, 1992; Secor & Rooker 

2000; Buckel et al., 2004). Barium has also been widely used to trace migratory 

histories of fish. Otolith Ba:Ca is closely associated with Ba:Ca in the ambient water 

(Bath et al., 2000; Elsdon & Gillanders, 2003a, 2005a; Wells et al., 2003), and Ba:Ca in 

water is usually negatively correlated with salinity (Pender & Griffin, 1996; Elsdon & 

Gillanders, 2005b). On the basis of these relationships, otolith material assimilated by a 

fish dwelling in marine water should normally be characterized by comparatively high 

Sr:Ca and low Ba:Ca and vice versa for fishes living in freshwater environments 
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(McCulloch et al., 2005; Tabouret et al., 2010). When used in combination, analysis of 

otolith Sr:Ca and Ba:Ca can provide detailed information on the migration histories of 

diadromous fishes (Bath et al. 2000; Elsdon & Gillanders, 2005b; Crook et al., 2006).  

 

Multi-elemental otolith chemistry signatures based on trace element concentrations 

(e.g., Sr:Ca, Ba:Ca, Mn:Ca, Cu:Ca, Mg:Ca) vary spatially among locations in both 

freshwater (Feyrer et al., 2007; Walther & Thorrold, 2009; Woods et al., 2010; Crook et 

al., 2013) and marine habitats (Gillanders, 2002; Hamer et al., 2003; Patterson et al., 

2008). This has allowed the chemical constituents of fish otoliths to be used to assess 

within-lifetime patterns of connectivity among fish populations (e.g., Thorrold et al., 

2001; Gillanders, 2002; Crook & Gillanders, 2006; Woods et al. 2010). The recruitment 

source of individuals and degree of connectivity between populations can be detected 

from the natal signatures on fish otoliths within a population (Thorrold et al., 2001; 

Ruttenberg & Warner, 2006; Barbee & Swearer, 2007; Woods et al., 2010).  

 

1.9 Combining techniques to study population structure and life history 

Otolith microchemistry and molecular markers are powerful techniques for developing 

our understanding of the population structure and movement ecology of fish. Generally, 

population structure of fishes has been investigated by different researchers employing 

molecular techniques only (microsatellite, mtDNA). In some cases, different questions 

regarding natal habitats and stock structure in different marine and freshwater habitats 

have been successfully resolved by otolith chemistry analysis, when genetic markers 

were not able to address those questions (Thorrold et al., 1998; Campana et al., 2000; 

Milton & Chenery, 2001; Feyrer et al., 2007). This is because certain features or events 

have occurred within the life time of an individual that can be inferred from otolith 

microchemistry, whereas population differences identified by molecular markers 

usually need a longer time scale. Population connectivity based on ecological time 

scales can be determined through chemical tracers like otolith elemental chemistry, 

whereas connectivity among populations on an evolutionary time scale can be assessed 

by using molecular genetic approaches.  
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Populations that are connected on multiple time scales can be investigated by using 

multiple markers in parallel (Rubenstein & Hobson, 2004; Leis et al., 2011; Collins et 

al., 2013). The integration of both otoliths and molecular techniques has been conducted 

in parallel in a limited number of fisheries studies. Complementary findings regarding 

habitat use, migration pattern and population structure of North American and 

Australian fishes have been revealed from those studies by using both approaches 

(Ashford et al., 2006; Bradbury et al., 2008; Barnett-Johnson et al., 2010; Woods et al., 

2010; Leis et al., 2011; Collins et al., 2013). Several studies conducted to date on 

freshwater and marine fishes suggested that corroborative information on population 

structure has been revealed by using both techniques (Feyrer et al., 2007; Taillebois et 

al., 2017). Complementary findings have been demonstrated from otolith 

microchemistry and molecular (microsatellites and mitochondrial DNA) studies on red 

drum (Sciaenops ocellatus) and southern limits of Australian smelt (R. semoni) by 

Patterson et al., (2004) and Woods et al., (2010) respectively regarding the levels of 

mixing across large spatial scales.  

 

1.10 Study species 

1.10.1 Key characteristics of smelt (R. semoni) 

The Australian smelt, R. semoni (Weber 1985) is a native Australian fish. It is a small 

fish known to reach 100mm TL although more commonly adults are found between 50-

60 mm TL (Cadwallader & Backhouse, 1983). It is elongated, laterally compressed, 

slender bodied fish lacking a lateral line (Pusey et al., 2004) (Figure 1.3). It has a small 

adipose fin above posterior anal rays. The ventral keel bones cover the abdomen from 

behind the pelvic fins to vent. A cucumber like odour is observed in freshly caught 

individuals. The species is microphagic carnivorous in habit, feeding on a variety of 

planktonic organisms, micro-crustaceans and small aquatic insects. It forages during 

both day and night (Pusey et al., 2004).  
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Figure 1.3 Australian smelt, R. semoni (Weber 1985). Illustration courtesy Pusey et al. 

(2004). 

 

1.10.2 Distribution of smelt 

The Australian smelt is a common freshwater fish species occurring in coastal and 

inland drainages of south-eastern Australia (Pusey et al., 2004). There are two genera, 

Retropinna and Stokellia (McDowall, 2002), that belong to the Salmoniform, family, 

Retropinnidae, which is distantly related to the Northern Hemisphere Osmeridae 

(Waters et al., 2002) and is endemic to Australia and New Zealand waters. The genus 

Retropinna consists of two taxonomically recognised species: R. tasmanica (McCulloch 

1920) limited to Tasmania and R. semoni (Weber 1985) found on mainland Australia 

(Pusey et al., 2004). These fish are found in a number of habitats from headwaters to 

lowland sites in southern and eastern Australia (Milton & Arthington, 1985; Humphries 

et al., 2008). Australian smelt, R. semoni live in a diverse array of environments 

including still or slow flowing aquatic habitats in large lowland floodplain rivers (e.g., 

backwaters, swamps and billabongs), upland rivers and streams, small coastal streams, 

dune lakes (Fraser and Moreton islands), impoundments, and brackish water estuaries 

(Pusey et al., 2004). They are recorded as being euryhaline and they have frequently 

been found at the base of tidal barrages and in brackish and estuarine waters (Berghuis, 

2001). They can also tolerate flow regulation and diversion, and larvae are found in 

various habitats ranging from the floodplains to main river channels and deep 

billabongs (Balcombe et al., 2007). They can survive in poor water quality and habitats 

of degraded condition (Harris & Gehrke, 1997). They are distributed across coastal and 

inland drainages in the south and the east of the continent ranging from the east flowing 
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coastal catchments of central Queensland, south through New South Wales and west 

through Victoria to near the mouth of the Murray River in eastern South Australia 

(Allen et al., 2002) (Figure 1.4). They have also been recorded from more isolated 

systems like Cooper Creek in the Lake Eyre drainage basin and from the coastal islands 

(Fraser and Moreton islands) off the south-east coast of Queensland (Pusey et al., 2004).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Geographical distribution map of Australian smelt, R. semoni (Source: Allen 

et al., 2002). 

  

1.10.3 Reproductive biology of Australian smelt 

Australian smelt mature sexually within one year and their reproduction is particularly 

associated with lower water temperatures followed by a subsequent rise in water 

temperature above ~ 15 °C (Milton & Arthington, 1985). Smelt start to breed in winter 

and may extend through to summer, although peak spawning period is in late winter and 

early spring (Humphries et al., 2013). Females attain maturity in their first year at about 

35 mm SL producing strongly adhesive, demersal eggs that are scattered onto the gravel 

substrate in fish aquarium (Leggett & Merrick, 1987; Hansen, 1989) or stick to aquatic 

vegetation in the wild (Cadwallader & Backhouse, 1983). The total fecundity ranges 

between 103-1203 and eggs are relatively small in size with lack of parental care (Pusey 

et al., 2004).  
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1.11 South-east Queensland drainages 

Australia comprises a diversity of climates and geography with a broad range of 

freshwater habitats inhabited by aquatic biota. Naturally variable and unpredictable 

hydrology of arid and semiarid regions encompasses much of this continent (Puckridge 

et al., 1998; Kennard et al., 2010; Morrongiello et al., 2011). Consequently, Australian 

freshwater fish species (~206 native species, Allen et al., 2002) demonstrate a diverse 

range of reproductive, morphological and physiological adaptations in response to 

particular environmental conditions (e.g. Humphries et al.,1999; Pusey et al., 2004; 

Morrongiello et al., 2011 ).    

 

The North-east coast of Australia encompasses the catchments of the Great Dividing 

Range along a broad coastal strip of Queensland, from Cape York Peninsula to the 

Southern border with New South Wales. This coastal division has the richest freshwater 

fish biodiversity with around 111 species including some endemic fish genera (Allen et 

al., 2002; Morrongiello et al., 2011). It contains a diverse array of habitats including 

peat-stained creeks and ponds in coastal dunes along the coast near Brisbane, heavily 

forested sections northward to Fraser Island and tropical rainforest between Townsville 

and Cooktown (Allen et al., 2002; Morrongiello et al., 2011). The North-east coast 

division is further subdivided into four secondary drainage divisions: Eastern Cape 

York Peninsula, the West Tropic region, Central Queensland and south-eastern 

Queensland. South-east Queensland (SEQ) is composed of a single freshwater 

biogeographic region (Unmack, 2001; Kennard et al., 2007) representing a transitional 

zone between the distribution of tropical and temperate fish species (~ 68 fish species) 

(Pusey et al., 2004).  

 

The south-east Queensland landscape is a diverse array of mountain range, rivers, hills, 

lakes, floodplains, coastal bays and islands. The combined area of SEQ is about 23,000 

km
2
 with 15 major catchments. It consists of a number of separate drainage basins, most 

of which are relatively small, with few basins exceeding 10,000 km
2
. The south east 

Queensland region extends from the Burnett River in the north to the south coast in the 

south (Pusey et al., 2004). This region is transitional between the tropical and warm 
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temperate climate (Pusey et al., 2004). Mean monthly maximum and minimum 

temperatures vary by about 10 °C and 15 °C respectively during the year.  

 

Stream flows mainly occur in the summer season of January to March, often followed 

by a minor second peak in discharge between April and July due to the effect of 

northern penetration of low pressure temperate weather systems (Pusey et al., 2004; 

Rose et al., 2016). Relatively stable and minor flows occur during the dry season, 

despite high variability in flows during the summer wet season. Considerable inter- and 

intra-annual variation in discharge occurs with high and low flows at any time of the 

year (Pusey et al., 2004). Streams are dominated with coarse gravel size particles. Major 

land uses in this zone are cattle grazing and cropping, large tracts of urban and industrial 

development, managed and plantation forest and range of intensive plant and animal 

industries (Abal et al., 2005). This region contains various types of vegetation including 

subtropical, warm and temperate rainforest, wet and dry sclerophyll forest, tableland 

and dry valley woodlands, and coastal wallum (Banksia sp.) heaths (Anon, 2013; Rose 

et al., 2016). It also encompasses large urbanised areas including Brisbane, Gold Coast, 

Sunshine Coast with a substantial number of regulated stream sections and 

anthropogenic barriers to fish passage.  

 

Since European settlement, significant ecological change has occurred due to 

anthropogenic activity leaving only about one quarter of the native vegetation and 

occasionally much less along stream and river corridors in some catchments. The 

catchment hydrology has been dramatically changed, not only from interruption by 

dams and weirs but also due to the modifications in land-use and vegetation that causes 

altered run-off responses to rainfall events and reduced stream flows (Abal et al., 2005; 

Bunn et al., 2010).  Many streams in the region have degraded water quality, in-stream 

habitat and riparian condition as a result of human intervention and anthropogenic 

development (Rose et al., 2016). Abundance and distributions of populations of several 

Australian diadromous fishes have declined since European settlement (Ingram et al., 

1990; Faragher & Harris, 1994; Miles et al., 2014).  
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Highly variable genetic structure and patterns of gene flow have been observed in 

Australian freshwater fish species across coastal drainage systems (McGlashan & 

Hughes, 2002; Schmidt et al., 2013; Hughes et al., 2015). For example, restricted gene 

flow was reported for hardyhead (Cratocephalus stercusmuscarum) in northern 

Queensland, even between nearby drainages (McGlashan & Hughes, 2000). In contrast, 

a high level of connectivity was reported in an obligate freshwater fish species, 

Hypseleotris compressa (McGlashan & Hughes, 2001), despite coastal streams being 

separated from each other by marine habitats. Genetic differentiation among 

populations of marine species along the east coast of Australia is generally lower than 

either in estuarine or freshwater species suggesting that gene flow in more extensive 

(Doherty et al., 1995; Begg et al., 1998; McGlashan & Hughes, 2001). Although 

panmixia is more common in diadromous or marine species (e.g. estuarine glassfish 

Ambassis marianus, Mills et al., 2008; Australian grayling Prototroctes maraena, 

Schmidt et al., 2011; Australian whitebait Lovettia sealii, Schmidt et al., 2014), 

diadromous species demonstrate highly variable levels of genetic structure reflecting a 

wide range of life history strategies (Hughes et al., 2014). Strong genetic structuring and 

low levels of connectivity in at least some populations of the southern smelt has been 

reported despite the fact that populations contain diadromous individuals (Hughes et al., 

2014).  

 

1.12 Justification of the study 

The Australian native fish fauna includes a number of diadromous species, many of 

which are poorly understood in terms of migratory movements and population structure 

(McDowall, 1988; Miles, 2007). Catadromy and amphidromy are the most common 

forms of diadromy in Australian fishes whereas the dominant form in the northern 

hemisphere (anadromy) is recognised in only two lamprey species (Geotria Australis 

and Mordacia mordax; McDowall, 1988; Miles, 2007). The current deficient state of 

knowledge of Australian diadromous fishes partially reflects the difficulty of 

monitoring movements of small larval and juvenile fish that can disperse potentially 

great distances between different habitats. The Australian smelt (Retropinninae: 

Retropinna) is widely distributed in major river systems across south-eastern Australia 
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(McDowall, 1996). Members of the family Retropinnidae show wide variations in the 

mode of life history (Northcote & Ward, 1985; McDowall, 1988; Miles et al., 2018).  

 

Previously, Australian smelt were considered as two taxa (R. semoni Weber 1895 and R. 

tasmanica McCulloch 1920), but recently have been defined as a complex of five or 

more cryptic species throughout their geographic range based on genetic data (Hammer 

et al., 2007; Hughes et al., 2014; Schmidt et al., 2016). Generally Australian Retropinna 

spend their entire life cycle within freshwater in many coastal drainages (Milton & 

Arthington, 1985; Humphries et al., 2002) but they are also occasionally found in 

estuaries and marine inlets (Raadik et al., 2001; Crook et al., 2008). It has been reported 

that they can tolerate very high salinities i.e., euryhaline with adult fish capable of 

surviving in salinities up to 1.6-fold greater than sea water (Williams & Williams, 

1991).  

 

Australian smelt from the southern part of their geographic range demonstrate a range 

of life history patterns, including freshwater residency, diadromy and estuarine 

residency based on otolith microchemistry analysis (Crook et al., 2008; Hughes et al., 

2014) where mainland Australian populations contain diadromous and wholly 

freshwater individuals and Tasmanian populations (clade IV) contain estuarine 

residence individuals (Hughes et al., 2014). Major differences were also observed 

among mainland Australian populations where one clade, the western group or clade I 

contained a larger portion of non-diadromous populations compared with an eastern 

group (clade II) (Hughes et al., 2014). Some of this variability may be explained by the 

presence of multiple cryptic species. Hence, the variation in life history between regions 

may reflect the fact that they contain different species, which might have different 

physiologies, life-histories or tolerances to environmental factors, particularly salinity. 

However, despite of the evidence of diadromous movement among southern smelt 

populations, strong genetic structure among inland populations of Australian smelt and 

low levels of dispersal in at least some populations in the southern smelt was reported 

by Woods et al. (2010). Two other lineages of Australian smelt (‘SEQ’, ‘CEQ’ sensu. 

Hammer et al., 2007) occur in the northern part of their geographic range, that differ 

from those studied in detail previously (‘MTV’, ‘SEC’ sensu. Hammer et al., 2007).  
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In the present study, I examine the SEQ lineage which was further subdivided into 

northern and southern groups (SEQ-N and SEQ-S) following Page & Hughes (2014). 

The genetic structure and life history of these two lineages at the northern limits of their 

geographic range have not been previously examined.  

 

The aim of the current study is to examine the patterns of genetic structure among 

populations of these two lineages (SEQ-N and SEQ-S) that occur in this region using a 

combination of both microsatellites and mitochondrial sequence data to determine 

whether genetic structure differs between these lineages and those in the south or 

between these two northern cryptic lineages. I also examine life history of the two 

lineages using otolith chemistry analysis to determine whether either lineage exhibits 

diadromy and the amount of connectivity among populations both within and among 

river catchments. 
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1.13 Objectives and thesis structure 

In Chapter 2, I describe details of microsatellite primer development for Australian 

smelt where I developed markers for two groups (i.e., SEQ-N and SEQ-S lineages). 

These highly polymorphic markers are then used for species delimitation and population 

structure analysis. 

 

Chapter 3 utilizes both microsatellite and mitochondrial sequence data to examine the 

population structure among and within drainages. These genetic results are then used to 

test whether both lineages (SEQ-N and SEQ-S) exhibit similar patterns of genetic 

connectivity to southern species and to each other.  

 

In Chapter 4 I investigate the movement of individuals among drainages using otolith 

chemistry analysis. This chapter used multi-elemental signatures to determine whether 

either lineage exhibited diadromy and estimated the levels of connectivity among 

populations both within and between river catchments. 

 

Chapter 5 is a broad general discussion and conclusion. This chapter summarizes the 

key findings of the results chapters and makes broad inferences about population 

structure and connectivity among and within drainages across south-east Queensland, 

Australia. In this chapter, I identify the limitations of the present study, discuss 

implications for conservation and management and suggest directions for future 

research. 
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Chapter 2 

Development and characterization of 21 novel 

microsatellite markers for the Australian smelt 

Retropinna semoni (Weber) 
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2.1 Introduction  

The Australian smelt is a common freshwater fish species which is widely distributed 

throughout coastal and inland drainages of south-eastern Australia. They form large 

shoals in the mid to upper water column and inhabit deep slow flowing pools as well as 

shallow fast flowing riffle-runs. Adults live in a diverse array of environments including 

slow flowing low land rivers, small coastal streams, river impoundments, upland river 

and streams, dune lakes and brackish water estuaries (Pusey et al., 2004). Australian 

smelt are formally recognised as two described taxa R. semoni (Weber), and R. 

tasmanica McCulloch, but recent genetic analyses have recognized a complex of five or 

more cryptic species throughout their geographic range based on allozymes, 

microsatellites and mitochondrial DNA data (Hammer et al., 2007; Hughes et al., 2014; 

Schmidt et al., 2016). Migratory life history patterns vary greatly among these genetic 

groups, ranging from freshwater residents to facultative amphidromy and estuarine-

resident populations (Crook et al., 2008; Hughes et al., 2014; Woods et al., 2010). 

Information on population structure and life history variation in northern lineages 

geographically designated ‘SEQ’ (Hammer et al., 2007; Schmidt et al., 2016) which 

was further subdivided into SEQ-North (N-SEQ) and SEQ-South (S-SEQ) lineages 

(Page & Hughes, 2010) has received relatively little attention despite speculation these 

lineages may represent cryptic species. Microsatellites are powerful DNA markers to 

measure genetic variation within and between populations (Muneer et al., 2009). They 

have been used extensively for studies of stock identification and population 

differentiation (Schmidt et al., 2014; Wright & Bentzen, 1994). Microsatellite variation 

has been examined within and between R. semoni lineages in south-eastern Australia, 

demonstrating a range of population structures consistent with the diversity in migratory 

life histories (Hughes et al., 2014; Woods et al., 2010). In this study, twenty one new 

polymorphic microsatellite markers were developed and characterized for the study of 

northern lineages of Australian smelt. These markers will be used for analysis of 

population structure, life history variation and species delimitation.  
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2.2 Materials and methods 

Randomly-sheared genomic DNA libraries were prepared for Illumina paired-end 

sequencing using two smelt specimens representing informal lineages designated ‘S-

SEQ’ and ‘N-SEQ’ (Page & Hughes, 2010). Genomic DNA was isolated from tissue 

voucher GUB_433 (= lineage S-SEQ, Twin Bridges Reserve, Brisbane River, -

27.430457 152.639357) and voucher GUM_433 (= lineage N-SEQ, Conondale Bridge, 

Mary River, -26.727511 152.713604). Genomic DNA was extracted from fin tissue 

using the DNeasy Blood and Tissue kit (Qiagen) following the manufacturer’s 

directions. DNA was sheared to an approximate mean length of 400 bp using the M220 

Focused-ultrasonicator (Covaris) and an Illumina MiSeq-compatible sequencing library 

was prepared. A double index two-step library preparation was used, with all steps 

performed in the presence of solid phase reversible immobilization (SPRI) beads (iTru 

protocol: Travis Glenn, pers. Comm.; Faircloth & Glenn, 2012). Paired-end sequencing 

was performed on the Illumina MiSeq Benchtop Sequencer at Griffith University DNA 

Sequencing Facility, using a 600 cycle MiSeq reagent kit v3. The two libraries each 

generated ~1.2 x 10
7
 paired-end reads. Overlapping paired reads were merged with 

Geneious v9.1.5 software (Kearse et al., 2012), using the Flash v1.2.9 plugin (min 

overlap 20, max overlap 200; Magoc & Salzberg, 2011). Then 1.6 x 10
6
 merged reads in 

size range 200-580 bp were sampled for each library. Reads containing microsatellites 

from the genomic libraries were selected using the QDD pipeline version 3.1 (Meglécz 

et al., 2014). Selected loci contained >= 10 uninterrupted repeats and had minimal target 

region complexity indicated by the QDD design category ‘A’. Complete mitochondrial 

genomes of both voucher specimens were previously assembled from a sample of the 

raw paired-end data used here (Schmidt et al., 2016). 

 

A total of 48 primer pairs (24 pairs from each library) were screened using a sample of 

eight smelt specimens to check for successful amplification and polymorphism. Four 

unique 20-mer oligonucleotide tails were added to 5' end of the forward primers as 

described by Real et al. (2009). All subsequent microsatellite screening was carried out 

in 10 µl PCR reaction mixture consisting of 0.5 µl of genomic DNA, 0.2 mM reverse 

primer, 0.05 mM tailed forward primer, 0.2 mM tailed fluorescent tag (either FAM, 

VIC, NED or PET, Applied Biosystems), 1× PCR buffer (Astral Scientific) and 0.02 
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units of Taq polymerase (Astral Scientific). The following basic thermocycler settings 

for the polymerase chain reaction (PCR) were performed: initial denaturation at 94 °C 

for 4 min, followed by 35 cycles at 94 °C for 1 min, 57 °C for 30 s, 72 °C for 1 min and 

a final extension at 72 °C for 7 min. Fluorescently labelled amplified PCR products 

were pooled and added to 10 µl of Hi-Di
TM

 formamide with 0.1 µl of GeneScan
TM

 500 

LIZ size standard and run on to an ABI PRISM 3130 Genetic Analyzer (Applied 

Biosystems) according to the manufacturer’s instructions. GENEMAPPER version 3.1 

software (Applied Biosystems) was used to edit and score genotypes.  

 

The best loci were selected on the basis of amplification success rate, the presence or 

absence of stutter peaks, peak intensity, the polymorphism of the loci, the number of 

alleles and heterozygosity. Selected loci were further characterised using a population 

sample (n= 32) of R. semoni collected from the Brisbane river (27°30'16.048"S, 152° 

55'49.991"E), Queensland, Australia. The number of alleles (NA), allelic range, observed 

heterozygosity (HO) and expected heterozygosity (HE), Hardy-Weinberg equilibrium 

(HWE) test were calculated using ARLEQUIN version 3.5 (Excoffier & Lischer, 2010). 

Linkage disequilibrium (LD) between the loci was evaluated using GENETIX version 

4.05 (Belkhir et al., 1996). The potential for null alleles, large allele dropout and 

stuttering to interfere with scoring accuracy was tested for each microsatellite locus in 

each sample using MICRO-CHECKER version 2.2.3 (Van Oosterhout et al., 2004). The 

polymorphic information content (PIC) for each locus was calculated using CERVUS 

version 3.0.3 (Kalinowski et al., 2007).  

 

2.3 Results 

Among 48 pairs of primers designed, 21 primer pairs were found polymorphic and 

selected for characterization in 32 Australian smelt individuals. Sequences of the 

selected loci were deposited in GenBank under accession numbers KY124334 - 

KY124354 (Table 2.1). Locus names beginning with letters “BS” were isolated from 

voucher GUB_433 (= lineage S-SEQ; Table 2.1). Locus names beginning with letters 

“MS” were isolated from voucher GUM_433 (= lineage N-SEQ; Table 2.1). Of the 21 

primer pairs only 3 loci derived from the N-SEQ lineage were polymorphic (MS6, 

MS19 and MS24; Table 2.1). The remaining 18 polymorphic loci were all derived from 
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the S-SEQ lineage (Table 2.1). Characteristics of these loci are described in Table 2.1. 

The number of alleles (NA) per locus ranged from 3 to 20 (mean = 9.29). The observed 

(HO) and expected (HE) heterozygosity ranged from 0.111 to 0. 969 (mean = 0.756) and 

0.358 to 0.945 (mean = 0.734) respectively. The polymorphic information content (PIC) 

of all loci ranged from 0.334 to 0.926 (mean = 0.691) indicating that these markers are 

highly informative (Botstein et al., 1980). No locus pair showed significant linkage 

disequilibrium. However, deviation from Hardy-Weinberg equilibrium (HWE) was 

found in three loci (BS1, BS15 and MS19) after Bonferroni correction, and two loci 

(BS1 and BS2) showed potential presence of null alleles.   
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Table 2.1 Characterization of 21 microsatellite loci in Australian smelt, including GenBank accession number, primer sequence, repeat motif, annealing temperature (Tm), number of 

alleles observed (NA), allele size range, observed (HO) and expected heterozygosity (HE), polymorphic information content (PIC) and probability of Hardy-Weinberg equilibrium (PHWE) 

Locus GenBank 

Accession No. 

Primer Sequence (5’-3’)  

Forward (F) and Reverse (R) 

Repeat motif Tm 

(oC) 

NA  Alleles range 

(bp) 

HO HE PIC PHWE 

BS1 KY124334 F: TTCCAGCTTTGGGAAATGTT 

R: TCTGGTGAGAACAAGGGTCC 

(AATG)15 57 4 118-150 0.111 0.358 0.334 0.000* 

BS2 KY124335 F: CTGTCTCCTGCTTGGGTGAT 

R: CAATCCACAGTTTGGTGGTG 

(ACGC)13 57 19 118-207 0.688 0.917 0.895 0.003 

BS3 KY124336 F: TCTTTAAAGCAGCTGAAGGAGTT 
R: AAGGATGAATGAAATGATCTGACA 

(ACAG)13 57 14 140-204 0.935 0.901 0.876 0.163 

BS4 KY124337 F: CCAGTAAAGTTAAATACCAAAGACG 

R: TGAGCCTTAATTTCATTGTCTGAG 

(ACAG)14 57 12 122-173 0.906 0.861 0.831 0.985 

BS5 KY124338 F: TGGGTAGAAGGATGAGACATCA 

R: GAGCATCAGGGTAGGTTGGA 

(ACTG)16 57 14 109-168 0.931 0.901 0.876 0.910 

BS6 KY124339 F: AACTCTGACGTGGGCTCTGT 
R: TGTCAGAACAGCTTGGATGG 

(AGCC)11 57 8 126-157 0.906 0.845 0.812 0.445 

BS8 KY124340 F: ATGTGGTTCTATGGGCGTTC 

R: AACCGTTCAGTCCAACCAAC 

(AGCC)10 57 8 220-248 0.355 0.421 0.401 0.155 

BS9 KY124341 F: TGCTAATCGCTCAGGCTAAA 

R: ATCCTCCACACCCAGAGTCA 

(AATC)11 57 4 159-174 0.625 0.476 0.412 0.250 

BS11 KY124342 F: AATTTCCCAGATTTGGATGAA 
R: TCAGTTGATTGACTGTGACTTTGA 

(AGAT)14 57 12 126-179 0.875 0.872 0.843 0.079 

BS14 KY124343 F: CGGAGATAAGGAAGCTGTGG 

R: AGGTTTGCTGCCTGTGAAAC 

(AC)16 57 20 125-186 0.969 0.945 0.926 0.689 

BS15 KY124344 F: TTCTGTGTAACTTAAGGCTATGAGAAT 

R: GCTACGAGTCCCTCTACGCA 

(AC)15 57 5 128-148 0.938 0.685 0.617 0.000* 

BS16 KY124345 F: GTGGAAGTGCTGAAGAGGCT 

R: GGGTCAATTTGTCTATCCCA 

(AC)18 57 12 148-176 0.969 0.863 0.833 0.393 

BS18 KY124346 F: TCGAAAGACAGACAGAAGAACC 
R: GATGGATGGGTGGAATTCAG 

(AC)15 57 3 151-159 0.655 0.671 0.585 0.822 

BS20 KY124347 F: CTACGAAAGGGTCGTCCTGA 

R: CCTGGTGACTCCAGAACCTT 

(AC)17 57 11 122-160 0.867 0.859 0.827 0.663 

BS21 KY124348 F: CCTTCCCTAATGAGACATAGTCA 

R: TATCATATGAAACCCAGCAAGC 

(AC)19 57 8 157-175 0.704 0.778 0.73 0.075 

BS22 KY124349 F: ACACATGTAAGCATTGAGAACTTTG 
R: GGAAGAGCCTGACAGGACAA 

(AC)21 57 11 142-175 0.778 0.869 0.837 0.111 

BS23 KY124350 F: TCTAATCGAACTTGGCGACC 

R: GCGGTTGGCTAATCTCTGTG 

(AC)15 57 7 190-206 0.625 0.735 0.674 0.783 

BS24 KY124351 F: CAGCCCGCACTATGAAGAAT 

R: GCTTCACCTTGAGCCTGTCT 

(AC)18 57 8 153-167 0.793 0.738 0.698 0.662 

MS19 KY124352 F: CCAGTTGCCTGTGAGAAGTG 
R: GCCCTCATCCAGAGACTCAC 

(AC)23 57 4 149-163 0.821 0.541 0.438 0.000* 

MS24 KY124353 F: GAAGGGAAATGGGTGAGGAT 

R: GCTTCACCTTGAGCCTGTCT 

(AC)26 57 6 248-279 0.615 0.553 0.516 0.902 

MS6 KY124354 F: TGAACGAGTGAATAAGTGAATGA 

R: TGCACACTACCACACTTCTGC 

(ACTC)20 57 5 78-104 0.813 0.632 0.548 0.175 

        *Loci deviating from Hardy-Weinberg equilibrium (HWE) at P <0.001 after Bonferroni correction  
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2.4 Discussion 

Genetic diversity of the 21 polymorphic loci in the current study was similar to five loci 

previously developed for R. semoni by Hillyer et al. (2006), showing a moderate genetic 

diversity (Hillyer loci: mean NA = 10.8, HO = 0.65 and HE = 0.71 vs new loci: mean NA 

= 9.29, HO = 0.756 and HE = 0.734). Microsatellite loci of Hillyer et al. (2006) were 

developed for R. semoni lineages from the southern extent of the species’ range and 

have proven useful for assessing population structure at various spatial scales in 

southern populations (Hughes et al., 2014; Woods et al., 2010). However only two loci 

(sm-26, sm-80) described by Hillyer et al. (2006) amplified consistently in northern R. 

semoni lineages ‘SEQ’ and ‘SEC’ and these showed limited polymorphism (R. Islam 

pers. obs.). Allelic diversity of the 21 new loci presented here indicates that they will be 

valuable for population genetics research on northern lineages. Three loci that showed 

significant departure from HWE should be used with caution in further population 

genetic analysis. Potential presence of null alleles was found in two loci which might be 

the result of mutations in the primer annealing sites (Callen et al., 1993). In conclusion, 

most of the microsatellite loci which were developed here could be used to investigate 

the genetic diversity and population structure in Australian smelt fish.   
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Chapter 3 

Patterns of genetic structuring at the northern limits of 

the Australian smelt (Retropinna semoni) cryptic species 

complex 

 

3.1 Abstract 

Freshwater fishes often exhibit high genetic population structure due to the prevalence 

of dispersal barriers (e.g., waterfalls) whereas population structure in diadromous fishes 

tends to be weaker and driven by natal homing behaviour and/or isolation by distance. 

The Australian smelt (Retropinnidae: Retropinna semoni) is a native fish with a broad 

distribution spanning inland and coastal drainages of south-eastern Australia. Previous 

studies have demonstrated variability in population genetic structure and movement 

behaviour (potamodromy, facultative diadromy, estuarine residence) across the southern 

part of its geographic range. Some of this variability may be explained by the existence 

of multiple cryptic species. Here, we examined genetic structure of populations towards 

the northern extent of the species’ distribution, using ten microsatellite loci and 

sequences of the mitochondrial cyt b gene. We tested the hypothesis that genetic 

connectivity among rivers should be low due to a lack of dispersal via the marine 

environment, but high within rivers due to dispersal. We investigated populations 

corresponding with two putative cryptic species, SEQ-North (SEQ-N), and SEQ-South 

(SEQ-S) lineages occurring in south east Queensland drainages. These two groups 

formed monophyletic clades in the mtDNA gene tree and among river phylogeographic 

structure was also evident within each clade. In agreement with our hypothesis, highly 

significant overall FST values suggested that both groups exhibit very low dispersal 

among rivers (SEQ-S FST = 0.13; SEQ-N FST = 0.23). Microsatellite data indicated that 

connectivity among sites within rivers was also limited, suggesting dispersal may not 

homogenise populations at the within-river scale. Northern groups in the Australian 

smelt cryptic species complex exhibit comparatively higher among-river population 

structure and smaller geographic ranges than southern groups. These properties make 
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northern Australian smelt populations potentially susceptible to future conservation 

threats, and we define eight genetically distinct management units along south east 

Queensland to guide future conservation management. The present findings at least can 

assist managers to plan for effective conservation and management of different fish 

species along coastal drainages of south east Queensland, Australia. 

 

3.2 Introduction 

Genetic structure in aquatic fauna is strongly influenced by the characteristics of the 

ambient environment. Freshwater species typically exhibit higher levels of genetic 

differentiation than those living in estuarine or marine habitats (Ward et al., 1994; 

Sharma & Hughes, 2009). These greater levels of genetic structure in freshwater fish 

from different drainages are the result of the isolating nature of drainage systems and 

relatively smaller population sizes compared with marine species (McGlashan & 

Hughes, 2002; Huey et al., 2010). Strong to moderate genetic structure is observed in 

many freshwater fish species suggesting restricted gene flow and limited dispersal 

among populations (Leclerc et al., 2008; Pereira et al., 2009; Huey et al., 2010). 

Movement by obligate freshwater organisms is limited to the water column and the 

freshwater environment, preventing inter-catchment dispersal via the sea (Burridge et 

al., 2008; Hughes et al., 2009; Bernays et al., 2015). In addition, various in-stream 

barriers to dispersal including waterfalls, dam walls, habitat heterogeneity, dried river 

reaches, and steep catchment gradients may act to restrict gene flow among populations 

within catchments (Amoros & Bornette 2002; Huey et al., 2010). As a consequence of 

the physical limitations to dispersal in freshwater environments, populations of aquatic 

organisms are often highly differentiated both among and within catchments 

(McGlashan & Hughes, 2000; Hughes, 2007; Sharma & Hughes, 2009). For a particular 

species, it is essential to understand the levels of population differentiation, genetic 

diversity, and rates of gene flow among populations for proper conservation and 

management of freshwater ecosystems (Geist, 2011). 

 

The southern smelt (Retropinnidae: Retropinna sp.) is a common fish species 

distributed throughout the rivers of south-eastern Australia (McDowall, 1996). 

Individuals reach a maximum length of about 100 mm total length (TL), although adults 
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are usually 50-60 mm TL (Pusey et al., 2004). Australian smelts are currently formally 

recognised as two described species R. semoni Weber, and R. tasmanica McCulloch, 

but recent genetic analyses have identified a complex of five or more cryptic species 

across their geographic range based on allozymes, microsatellites and mitochondrial 

DNA data (Hammer et al., 2007; Hughes et al., 2014; Schmidt et al., 2016). Otolith 

chemistry studies in the southern part of their distribution have shown that Australian 

smelt exhibit a range of life history patterns, including freshwater residency, facultative 

diadromy and estuarine residency (Crook et al., 2008; Hughes et al., 2014). In inland 

regions of Australia, large numbers of Australian smelt have been observed moving 

upstream through fishways (e.g., Baumgartner & Harris, 2007) and the species is widely 

described as potamodromous (i.e., migration within freshwater for the purpose of 

breeding) (e.g., Rolls, 2011). Nonetheless, Woods et al. (2010) found strong genetic 

structure among inland populations of Australian smelt and suggested low levels of 

dispersal in at least some regions. These differences between studies could reflect 

differing life – histories among the cryptic species.  

 

In most studies to date, diadromous behaviour has been shown to facilitate genetic 

connectivity among river catchments and typically results in “isolation by distance” 

(IBD) patterns of population genetic structure (Keenan, 1994; Jerry & Baverstock, 

1998). In Australian smelt, however, there is strong genetic differentiation among 

catchments across the southern part of the range - even among populations containing 

diadromous individuals, suggesting high retention of fish within estuaries and a lack of 

marine dispersal (Hughes et al., 2014). The aim of the current study was to examine 

patterns of genetic connectivity of populations in the north of the geographic range of 

Australian smelt, which contains two putative cryptic species (‘SEQ’, ‘CEQ’ sensu. 

Hammer et al., 2007) that differ from those studied in detail previously (‘MTV’, ‘SEC’ 

sensu. Hammer et al., 2007). This study focuses on the SEQ lineage which was further 

subdivided into northern and southern groups (SEQ-N, SEQ-S) following Page & 

Hughes (2014). Mitochondrial DNA sequence data combined with nuclear data from 10 

microsatellite loci were used to test the hypotheses that, i) northern R. semoni would 

display high population structure among rivers similar to southern populations; and ii) 

that genetic structure within rivers would be low due to dispersal within rivers. 
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3.3 Materials and methods 

3.3.1 Sampling strategy 

A total of 389 individual samples were collected from 15 locations in south-east 

Queensland, Australia (Figure 3.1; Table 3.1). Samples were collected using a hand - 

held seine net from an upstream and a downstream site from each of eight river systems 

(except the Noosa River - downstream only). It was aimed to collect at least 30 

individuals per site but this was not always possible, as the species was not abundant in 

all rivers. Fin clips or entire individuals were placed in 95% ethanol in the field and 

stored prior to preparation for analysis. All procedures were carried out according to 

Australian Ethics Commission protocol number ENV/23/14/AEC. 

 

Table 3.1 Summary of sample information, genetic diversity indices and population specific FST values for 

microsatellite loci of Australian smelt 

Group 

name 

Sampling site Site 

code 

Longitude (E) Latitude (S) N NA HO HE FIS Population 

specific FST 

SEQ-N Tinana  MRD 152°42'57.8" 25°36'04.3" 26 8.90 0.686 0.733 0.066 0.196 

SEQ-N Mary_upper MRU 152°48'47.9" 26°38'55.5" 29 10.90 0.779 0.826 0.059 0.136 

SEQ-N Noosa_lower NSD 152°52'21.4" 26°17'05.7" 30 6.10 0.576 0.617 0.067 0.340 

SEQ-N Mooloolah_lower MLD 153° 0'44.64" 26°46'18.83" 16 4.60 0.670 0.604 -0.115 0.390 

SEQ-N Mooloolah_upper MLU 152°55'13.1" 26°45'07.9" 32 6.40 0.609 0.566 -0.079 0.334 

SEQ-S Brisbane_lower BRD 152°55'49.9" 27°30'16.05" 32 9.50 0.754 0.755 0.002 0.191 

SEQ-S Brisbane_upper BRU 152°35'13.5" 27°58'43.9" 32 8.80 0.760 0.763 0.005 0.216 

SEQ-S Logan-Albert_lower LAD 152°59'01.8" 28°10'15.6" 8 7.60 0.701 0.847 0.184 0.085 

SEQ-S Logan-Albert_upper LAU 152°56'23.6" 28°19'19.7" 24 11.40 0.828 0.845 0.021 0.107 

SEQ-S Coomera_lower CMD 153° 11'20.9" 28°02'55.5" 24 13.90 0.839 0.887 0.054 0.074 

SEQ-S Coomera_ upper CMU 153° 09'13.4" 28°05'01.8" 32 14.70 0.848 0.887 0.045 0.078 

SEQ-S Nerang_lower NRD 153° 17'52.0" 28°01'33.7" 8 6.40 0.718 0.798 0.106 0.156 

SEQ-S Nerang_upper NRU 153° 14'02.8" 28°07'29.2" 32 13.70 0.782 0.853 0.084 0.088 

SEQ-S Currumbin_lower CRD 153°25'24.8" 28°10'41.9" 32 11.20 0.771 0.803 0.041 0.130 

SEQ-S Currumbin_upper CRU 153°23'11.9" 28°12'49.6" 32 10.90 0.769 0.785 0.021 0.135 

Number of samples used for genetic analysis (N), mean number of alleles per population (NA), observed heterozygosity (HO), 

expected heterozygosity (HE), mean inbreeding index (FIS) 
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Figure 3.1 Localities where specimens of R. semoni were collected during this 

study in south-east Queensland, Australia. The green circle denotes the sampling 

site. See Table 3.1 and 3.2 for site codes and locations. 
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3.3.2 Molecular methods 

Genomic DNA was extracted from fin tissue using the DNeasy Blood and Tissue kits 

(Qiagen, Germantown, MD, USA) following the manufacturer’s directions. 

Microsatellite markers developed for R. semoni were amplified and genotyped using 

primers developed by Islam et al. (2017). Ten loci were screened across all individuals. 

The ten loci were BS18, BS3, BS4, BS5, BS20, BS21, BS22, BS24, BS8 and MS24.  

Microsatellite screening was carried out in 10 µl polymerase chain reaction (PCR) 

consisting of 0.5 µl of genomic DNA, 0.2 mM reverse primer, 0.05 mM tailed forward 

primer, 0.2 mM tailed fluorescent tag (either FAM, VIC, NED or PET, Applied 

Biosystems), 1× PCR buffer (Astral Scientific) and 0.02 units of Taq polymerase 

(Astral Scientific). The following basic thermocycler settings for PCR were performed: 

initial denaturation at 94 °C for 4 min, followed by 35 cycles at 94 °C for 1 min, 57 °C 

for 30 s, 72 °C for 1 min and a final extension at 72 °C for 7 min. Fluorescently labelled 

PCR products were pooled and added to 10 µl of Hi-Di
TM 

formamide with 0.1 µl of 

GeneScan
TM

 500 LIZ size standard. Fragment analysis was conducted on an ABI 

PRISM 3130 Genetic Analyzer (Applied Biosystems) according to the manufacturer’s 

instructions. Data were scored using GENEMAPPER version 3.1 software (Applied 

Biosystems). 

 

Two individuals from each of the 15 populations represented in the microsatellite study 

were randomly selected for mtDNA analysis except the Mooloolah_upper (MLU) site 

from which one additional sample was included for analysis. Samples from four 

additional sites not included in microsatellite analysis were also sequenced – two sites 

from the Mary River and two sites from the Brisbane River (Figure 3.1 and Table 3.2). 

In total 68 individuals from nineteen sites were sequenced. A 666 bp fragment of the 

cytochrome b region of the mtDNA genome was selected for sequence analysis. The 

primers HYPSLA and HYPSHD (Thacker et al., 2007) were used to amplify the region 

in 10 µL reaction mixtures. PCR conditions were 4 min at 95 °C, followed by 45 cycles 

of 30 s at 95 °C, 45 s at 53 °C, 45 s at 72 °C and a final extension cycle of 7 min at 72 

°C. MtDNA sequences were edited and aligned using Geneious version 9.1.5 (Kearse et 

al., 2012). 
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Table 3.2 Summary of sample information for mitochondrial DNA sequences of 

Australian smelt 

Group 

name 

Sampling site Site 

code 

Longitude (E) Latitude (S) N (number 

of sample) 

SEQ-N Tinana  MRD 152°42'57.8" 25°36'04.3" 2 

SEQ-N Mary_upper MRU 152°48'47.9" 26°38'55.5" 2 

SEQ-N Booloumba Creek MBC 152°37'10.6" 26°41'02.5" 9 

SEQ-N Yabba Creek MYC 152°38'39.5" 26°28'09.3" 8 

SEQ-N Noosa_lower NSD 152°52'21.4" 26°17'05.7" 2 

SEQ-N Mooloolah_lower MLD 153° 0'44.64" 26°46'18.83" 2 

SEQ-N Mooloolah_upper MLU 152°55'13.1" 26°45'07.9" 3 

SEQ-S Brisbane_lower BRD 152°55'49.9" 27°30'16.05" 2 

SEQ-S Brisbane_upper BRU 152°35'13.5" 27°58'43.9" 2 

SEQ-S Bundamba Creek BDC 152°48'04.2" 27°36'03.9" 10 

SEQ-S Banks Creek BSV 152°40'13.2" 27°26'36.9" 10 

SEQ-S Logan-Albert_lower LAD 152°59'01.8" 28°10'15.6" 2 

SEQ-S Logan-Albert_upper LAU 152°56'23.6" 28°19'19.7" 2 

SEQ-S Coomera_lower CMD 153° 11'20.9" 28°02'55.5" 2 

SEQ-S Coomera_ upper CMU 153° 09'13.4" 28°05'01.8" 2 

SEQ-S Nerang_lower NRD 153° 17'52.0" 28°01'33.7" 2 

SEQ-S Nerang_upper NRU 153° 14'02.8" 28°07'29.2" 2 

SEQ-S Currumbin_lower CRD 153°25'24.8" 28°10'41.9" 2 

SEQ-S Currumbin_upper CRU 153°23'11.9" 28°12'49.6" 2 

 

3.3.3 Data analysis 

3.3.3.1 Genetic diversity 

Microsatellite genotype frequencies were checked for the presence of null alleles, large 

allele dropout and stuttering artefacts using MICRO-CHECKER v2.2.3 (Van 

Oosterhout et al., 2004). Tests for linkage disequilibrium (LD) and departures of 

genotypic proportions expected under Hardy-Weinberg Equilibrium (HWE) were 

undertaken with exact tests for each population and over all loci using default settings in 

GENEPOP v4 (Rousset, 2008). Probability values were corrected using standard 

Bonferroni correction (Rice, 1989) whenever multiple testing was performed. Genetic 

diversity averaged across ten loci within each of the 15 population samples was 

calculated from observed and expected heterozygosity using ARLEQUIN v3.5.1.2 

(Excoffier & Lischer, 2010). Inbreeding index (FIS) was estimated in FSTAT 2.9.3 

(Goudet, 2001). 
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3.3.3.2 Population genetic structure 

Genetic structure among the 15 populations was quantified through estimating pairwise 

and global FST values in ARLEQUIN. These were tested for significant deviation from 

panmictic expectations by 10,000 permutations of individuals among populations. 

Population-specific FST values were calculated using GESTE v2.0 (Foll & Gaggiotti, 

2006) to evaluate the contribution of individual population samples to overall FST. 

 

ARLEQUIN was used to evaluate the geographic structuring of genetic variation. FST 

was calculated for each locus separately and as a weighted average over the ten 

microsatellite loci. Statistical significance of FST was determined by 1,000 permutations 

of individuals among populations. Hierarchical structuring of variation was calculated 

using analyses of variance (AMOVA) in ARLEQUIN. Two hierarchical arrangements 

of the 15 populations were analysed where the highest level was either a) two groups 

(lineage), SEQ-N (MRD, MRU, NSD, MLD, MLU) and SEQ-S (BRD, BRU, LAD, 

LAU, CMD, CMU, NRD, NRU, CRD, CRU) or b) catchment division, grouped into 

eight rivers. These were: Mary (MRD, MRU), Noosa (NSD), Mooloolah (MLD, MLU), 

Brisbane (BRD, BRU), Logan (LAD, LAU), Coomera (CMD, CMU), Nerang (NRD, 

NRU) and Currumbin (CMD, CMU). Three hierarchical levels of variation were 

analysed for each arrangement: among rivers (FCT), among populations within rivers 

(FSC) and among all populations (FST). 

 

Bayesian clustering methods implemented in STRUCTURE v.2.3.1 (Pritchard et al., 

2000) were applied to estimate the number of genetically homogeneous clusters (Latch 

et al., 2006; Hasselman et al., 2013). This programme builds genetic clusters by 

minimizing linkage disequilibrium and deviations from Hardy-Weinberg equilibrium 

expectations within clusters. All individuals were assigned to clusters without prior 

knowledge of their geographic origin using the admixture model with correlated allelic 

frequencies. Ten independent runs with the number of potential genetic clusters (K) 

from 1 to 16 were carried out to verify that the estimates of K were consistent across 

runs. The burn-in length was set at 250,000 iterations followed by a run phase of one 

million iterations. The generated results were imported into the software STRUCTURE 

HARVESTER (Earl & vonHoldt, 2012) to calculate the ad hoc ∆K statistic (Evanno et 
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al., 2005). The K value where ∆K had the highest value was identified as the most likely 

number of clusters. 

 

3.3.3.3 Analysis of isolation by distance 

A test for a positive association between genetic and geographic distances [Isolation by 

distance (IBD)] based on microsatellite DNA loci was carried out using a Mantel test 

(10,000 permutations) in ARLEQUIN. Genetic distance was represented as FST. Stream 

distances were calculated between river mouths and then sample sites using Google 

Earth. 

 

3.3.3.4 Migration and gene flow 

BAYESASS v1.3 was used to calculate contemporary migration rates over the past few 

generations, where m is the proportion of immigrants in a focal population i that arrive 

from a source population j (Wilson & Rannala, 2003). Migration rates were estimated 

for all pairs of sites and rate were reported that fell outside the 95% confidence interval 

simulated for uninformative data (Wilson & Rannala, 2003). We also used the Bayesian 

assignment procedure of Rannala & Mountain (1997), as implemented in GENECLASS 

2 (Piry et al., 2004) to estimate whether our samples might contain individuals that were 

first generation (F0) immigrants from unsampled populations. Here we used the Paetkau 

et al. (2004) method to compute probabilities from 10,000 simulated genotypes to 

identify F0 immigrants. 

 

3.3.3.5 Analysis of mtDNA sequence data 

A neighbour-joining (NJ) tree analysis was performed using the HKY distance model in 

Geneious version 9.1.5 with 1,000 bootstrap replicates (Kearse et al., 2012). In addition 

to the 68 sequences generated from this study, two Genbank accessions were used, one 

representing R. tasmanica: JN232589; and one representing R. semoni: JN232588 

(Burridge et al., 2012). The R. semoni sequence JN232588 lacks locality information 

(C. Burridge pers comm. 2017), but likely belongs to a southern lineage of R. semoni 

which are known to have a closer mtDNA relationship with R. tasmanica than to 

northern lineages (Hughes et al., 2014). 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1526653/#bib46
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1526653/#bib45
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1526653/#bib43
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1526653/#bib43
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3.4 Results 

3.4.1 Genetic variability and levels of differentiation 

After Bonferroni correction, 3 out of 15 populations exhibited deviations from HWE in 

only one or two loci (Appendix Table S3.1). All loci were kept for further analyses 

since deviations were not consistent across populations. Instances of null alleles 

estimated using MICRO-CHECKER were rare and not consistently associated with 

specific loci or populations (Appendix Table S3.2). No evidence for genotypic linkage 

disequilibrium was observed between any pair of loci across all populations.  

 

Population genetic diversity indices are shown in Table 3.1. Microsatellite genetic 

diversity was high. Mean number of alleles per population ranged from 4.60 (MLD) to 

14.70 (CMU) and heterozygosity averaged across loci ranged from 0.566(MLU) to 

0.887 (CMD and CMU). Most sites exhibited positive FIS values, indicating that most of 

the populations had slight heterozygote deficits. 

 

Most of the pairwise FST values between the 15 populations were significant and ranged 

from -0.018 to 0.404. The SEQ-N populations were more diverged from one another 

than the populations in the SEQ-S group. The lowest pairwise FST value (FST = -0.018; 

P < 0.05) was observed between populations NRD and NRU. The highest genetic 

divergence (FST = 0.404; P < 0.05) was observed between populations NSD and MLU. 

Out of 105 comparisons, only two comparisons were non-significant (P > 0.05) and 

each of these pairs was from within the same river (Logan-Albert and Nerang). 

However, one site of each of these pairs contains a small number of samples which 

probably reduces the power to detect the significant FST values. Generally FST 

comparisons revealed much less divergence among populations within the same river 

than between populations from different rivers (Table 3.3). 
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Table 3.3 Pairwise FST values among all pairs of populations based on microsatellite data 
  MRD MRU NSD MLD MLU BRD BRU LAD LAU CMD CMU NRD NRU CRD CRU 

MRD 0.000               

MRU 0.108 0.000              

NSD 0.358 0.310 0.000             

MLD 0.250 0.182 0.362 0.000            

MLU 0.318 0.244 0.404 0.009 0.000           

BRD 0.178 0.131 0.323 0.203 0.276 0.000          

BRU 0.173 0.136 0.320 0.218 0.295 0.013 0.000         

LAD 0.243 0.101 0.394 0.248 0.316 0.157 0.170 0.000        

LAU 0.244 0.137 0.368 0.246 0.317 0.173 0.189 -0.006 0.000       

CMD 0.212 0.151 0.319 0.186 0.259 0.130 0.146 0.126 0.161 0.000      

CMU 0.203 0.141 0.293 0.165 0.236 0.124 0.139 0.127 0.164 0.010 0.000     

NRD 0.261 0.125 0.393 0.244 0.316 0.187 0.191 0.073 0.082 0.152 0.141 0.000    

NRU 0.229 0.110 0.329 0.203 0.261 0.176 0.183 0.053 0.074 0.146 0.137 -0.018 0.000   

CRD 0.263 0.152 0.353 0.222 0.277 0.195 0.211 0.125 0.147 0.166 0.156 0.076 0.062 0.000  

CRU 0.305 0.178 0.397 0.270 0.320 0.248 0.256 0.120 0.150 0.215 0.201 0.073 0.059 0.011 0.000 

FST estimates significance levels < 0.05 are in bold following Bonferroni correction. See Table 3.1 for site codes and 

locations. 

 

STRUCTURE analysis revealed the highest likelihood was at K= 8 clusters (Average 

log probability of data Ln[P(DK)] ± SD = -15125.4 ± 0.584618) (Figure 3.2, Appendix 

Table S3.3) indicating this as the best estimate of the true number of genetic clusters. 

The height of ∆K was used as an indicator of the strength of the signal detected by 

STRUCTURE (Evanno et al., 2005). ∆K also showed the highest peak at K = 8, 

suggesting eight genetically homogeneous clusters across the sampled populations 

(Appendix Figure S3.1) and negligible migration was observed among rivers (Figure 

3.2). 
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Figure 3.2 Results from STRUCTURE indicating individual assignment and population 

clustering of Australian smelt for 389 individuals from 15 locations sampled (Table 3.1) in 

south-east Queensland, Australia. Individual sampling locations are listed below the figure 

and see Table 3.1 for site codes and locations. Each column represents one individual and 

the colours represent the probability membership coefficient of that individual for each 

genetic cluster. Results of Evanno’s Mean LnP(D) and ΔK (Appendix Table S3.3; Appendix 

Figure S3.1) indicate that the best supported K value for all populations is 8. 

 

 

Strong genetic structure was observed by AMOVA. The AMOVA showed significant 

genetic differentiation between the two groups (SEQ-N and SEQ-S) (FCT = 0.05), but 

also among populations within groups (FSC = 0.19) (Table 3.4a). There were similar 

patterns observed in the two groups when each group (SEQ-N and SEQ-S) was 

analysed separately, with the FCT value (among rivers) higher than the FSC value 

(among sites within rivers) in both groups (Table. 3.4b i and ii). However, the overall 

FST values, and each of the other F statistics in the hierarchy were slightly higher within 

the SEQ-N group than the SEQ-S group. 
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Table 3.4 Analyses of molecular variance (AMOVA) for hierarchical arrangements of 

the 15 sample site based on microsatellite data 

Structure tested Observed partition F- Statistics 

Variance  % of variation 

a. Based on group (SEQ-N & SEQ-S)    

 Between groups 0.07255 Va 5.45 FCT = 0.05*** 

 Among sites within group 0.23313 Vb 17.50 FSC = 0.19*** 

 Within sites 1.02632 Vc 77.05 FST = 0.23*** 

b. Based on river    

i SEQ-N group    

 Among rivers 0.17274 Va 19.23 FCT = 0.19*** 

 Among sites within rivers 0.06542 Vb 7.28 FSC = 0.09*** 

 Within sites 0.66026 Vc 73.49 FST = 0.27*** 

ii SEQ-S group    

 Among rivers 0.27139 Va 12.49 FCT = 0.13*** 

 Among sites within rivers 0.01106 Vb 0.51 FSC =0.006*** 

 Within sites 1.89107 Vc 87.01 FST = 0.13*** 

The hierarchical levels tested were among rivers (FCT), among populations within rivers 

(FSC) and among all populations (FST). The total genetic variation is shown as a 

percentage for each hierarchical partitioning. Hierarchical arrangement of sites: a) sites 

divided into two groups: SEQ-N & SEQ-S; b) sites divided into catchment divisions 

within group. ***, P < 0.001. 

 

 

3.4.2 Isolation by distance 

There was a significant correlation between genetic differentiation and stream distance 

among populations in the SEQ-S group (R
2
 = 0.3687, p = 0.001; BRD, BRU, LAD, 

LAU, CMD, CMU, NRD, NRU, CRD, and CRU) (Figure 3.3A), but not for the SEQ-N 

group (R
2
 = 0.0355, p = 0.302; MRD, NSD, MRU, MLD and MLU) (Figure 3.3B). 
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Figure 3.3 A) Analysis of isolation by distance for SEQ-S populations, B) Analysis of 

isolation by distance for SEQ-N populations. 

 

3.4.3 Contemporary migration 

Very little contemporary migration was observed among the coastal river populations. 

Only six sampled populations contained individuals that were identified as potential 

immigrants from the BAYESASS analysis. In all cases, the putative source population 

was the paired site within the same catchment (Table 3.5). In most cases, dispersal was 

from the upstream to the downstream site. Only individuals from Currumbin Creek 

were estimated to have dispersed in an upstream direction. Only thirty six (< 10%) of 

389 individuals across all sites were identified as F0 migrants using the “detection of 

first generation migrants” option in GENECLASS2 (Table 3.6). 
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Table 3.5 Estimates of contemporary migration rates (m) for each population based on 

microsatellite data 
Focal populations (Site 

code) 

Proportion of 

nonmigrants 

Putative source of 

migrants 

Migration rate (m), 

mean (95% CI) 

Tinana Creek (MRD) 0.988          -           - 

Mary_upper (MRU) 0.987          -            - 

Noosa_lower (NSD) 0.990          -            - 

Mooloolah_lower (MLD) 0.685 Mooloolah_upper (MLU) 0.240 (0.130, 0.317) 

Mooloolah_upper (MLU) 0.990          -           - 

Brisbane_lower (BRD)  0.677 Brisbane_upper (BRU) 0.287 (0.232, 0.325) 

Brisbane_upper (BRU) 0.989          -            - 

Logan/Albert_lower (LAD) 0.699 Logan/Albert_upper (LAU) 0.145 (0.033, 0.279) 

Logan/Albert_upper (LAU) 0.987          -            - 

Coomera_lower (CMD) 0.681 Coomera_upper (CMU) 0.271 (0.198, 0.323) 

Coomera_ upper (CMU) 0.990           -             - 

Nerang_lower (NRD) 0.668 Nerang_upper (NRU) 0.148 (0.036, 0.281) 

Nerang_upper (NRU) 0.990           -             - 

Currumbin_lower (CRD) 0.990           -             - 

Currumbin_upper (CRU) 0.677 Currumbin_lower (CRD) 0.286 (0.235, 0.326) 

Migration rate estimates were based on unidirectional assignment of microsatellite 

genotypes in BAYESASS v1.3. Proportion of nonmigrant values represents the proportion 

of individuals assigned back to their sampling site of origin. Mean and 95% CI (confidence 

interval) values for uninformative data were 0.833 (0.675, 0.992). Putative source of 

migrants represents source population supplying migrants into the focal population where 

the estimated migration rate exceeds the upper 95% CI value for uninformative data 

(0.0124). Migration rates and source of migrants were not provided for cases where the 95% 

CI of estimated migration rate overlapped with the 95% CI value for uninformative data.  
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Table 3.6 Results of the assessment for detecting first-generation migrants performed using 

GENECLASS2 showing the number of individual migrants (P < 0.05) detected per sampling 

location. Results are based on the L_home/L_max statistics for microsatellite data 
Sample  

To 

    F0  Migrants From  

MRD MRU NSD MLD MLU BRD BRU LAD LAU CMD CMU NRD NRU CRD CRU 

MRD  0 0 0 0 0 0 0 0 0 0 0 0 0 0 

MRU 0  0 0 0 0 0 0 0 0 0 0 0 0 0 

NSD 0 0  0 0 0 0 0 0 0 0 0 0 0 0 

MLD 0 0 0  2 0 0 0 0 0 0 0 0 0 0 

MLU 0 0 0 0  0 0 0 0 0 0 0 0 0 0 

BRD 0 0 0 0 0  1 0 0 0 0 0 0 0 0 

BRU 0 0 0 0 0 1  0 0 0 0 0 0 0 0 

LAD 0 0 0 0 0 0 0  4 0 0 0 0 0 0 

LAU 0 0 0 0 0 0 0 3  0 0 0 0 0 0 

CMD 0 0 0 0 0 0 0 0 0  6 0 0 0 0 

CMU 0 0 0 0 0 0 0 0 0 6  0 0 0 0 

NRD 0 0 0 0 0 0 0 0 0 0 0  2 0 0 

NRU 0 0 0 0 0 0 0 0 0 0 0 1  0 0 

CRD 0 0 0 0 0 0 0 0 0 0 0 0 0  6 

CRU 0 0 0 0 0 0 0 0 0 0 0 0 0 4  

L_home/L_max is the ratio of the likelihood computed from the population where the 

individual was sampled (L_home) over the highest likelihood value among all population 

samples including the population where the individual was sampled. F0 is the first generation 

migrant. See Table 3.1 for site codes and locations. 

 

 

3.4.4 MtDNA sequences analysis 

The edited alignment for the cyt b gene was 575 bp and included 121 variable positions. 

All sequences are lodged under GenBank accession numbers MG867590-MG867657. 

The neighbour-joining tree revealed two strongly supported clades (bootstrap 89% 

SEQ-S; 96% SEQ-N; Figure 3.4). Phylogeographic structure was also clearly evident 

within clades. All individuals from four sites in the Brisbane River formed a distinct 

clade, and all three rivers sampled for the SEQ-N lineage formed shallow clades (i.e. 

Mary, Noosa and Mooloolah rivers; Figure 3.4). Genetic distance was high between 

northern smelt lineages and the southern smelt sequences used as outgroups 

(uncorrected mean nucleotide distance 0.15 - 0.17). The mean nucleotide distance 

between the two northern lineages (SEQ-N and SEQ-S) was 0.04 (SE = 0.007). 
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Figure 3.4 Neighbour-joining tree of the cyt b dataset for 68 Australian smelt samples 

from 19 sampling localities. Individual sample codes coloured according to river. Node 

values are bootstrap support. See Table 3.2 for site codes and locations and results for 

further details. 
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3.5 Discussion 

3.5.1 Population structure and dispersal 

Based on previous studies of Australian smelt (Woods et al., 2010; Hughes et al., 2014), 

we had hypothesized that R. semoni in south-east Queensland would exhibit limited 

genetic connectivity among river systems. Our findings of strong genetic differentiation 

among rivers support this hypothesis. For both groups (SEQ-N and SEQ-S), there were 

highly significant FST values, which indicated that populations were not panmictic. The 

results of the significant genetic differentiation among rivers were also consistent with 

the results of population structure revealed from the STRUCTURE analysis, suggesting 

restricted gene flow and limited dispersal among populations in both groups. Limited 

dispersal was supported by our first-generation migrant detection analysis in 

Geneclass2, which demonstrated that less than 10% of individuals in each population 

were immigrants. 

 

The sample from Tinana Creek (MRD site), was differentiated from the rest of the 

populations in the SEQ-N group (Table 3.3). This might be the result of a barrier which 

separates Tinana Creek from the rest of the Mary River system despite their close 

proximity to one another. Tinana Creek runs into the Mary River not far from the 

mouth, with both drainages having tidal estuarine reaches in the lower sections. The 

differentiation of the Tinana Creek population from the main stem of the Mary River is 

also observed in a number of other freshwater species including Mary River Cod, 

Maccullochella mariensis (Huey et al., 2013), Mary River Turtle, Elusor macrurus 

(Schmidt et al. 2018), freshwater crayfish Cherax dispar (Bentley et al., 2010) and 

Australian lungfish Neoceratodus fosteri (Hughes et al., 2015). 

 

Although populations in the SEQ-N group were slightly more highly structured than 

those in the SEQ-S group, fishes in both groups exhibited restricted gene flow. The high 

genetic structuring in SEQ-N populations might be the result of genetic divergence 

within the lineage that occurs over a very small geographical range. The lower levels of 

genetic structure of R. semoni populations in the SEQ-S group than the SEQ-N group 

suggests that more current or recent gene flow occurs within and among the catchments 

in SEQ-S group than for the SEQ-N group. This could be because the catchments in the 
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SEQ-S group have been connected more recently and /or more often than those in the 

SEQ-N group. This could be because during extreme flood events, SEQ-S catchments 

might be connected by freshwater plumes flowing into Southern Moreton Bay. Another 

plausible reason might be that these cryptic species (SEQ-N and SEQ-S) have different 

microhabitat preferences, with SEQ-N being less tolerant of brackish conditions 

(Hughes, 2015). 

 

An important model for stream dwelling species is isolation by distance (IBD). In this 

model, equilibrium between genetic drift and gene flow may be reached in species 

where the life time dispersal distance is less than the range.  Here, a relationship 

between stream distance and genetic differentiation should be evident (Wright, 1943). 

In this study, a strong IBD relationship was identified among the SEQ-S populations, 

but not among SEQ-N populations. This suggests that for SEQ-S populations, dispersal, 

when it occurs, is more likely between nearby catchments. Similar IBD relationships 

have been reported for other coastline restricted species (Keenan, 1994; Jerry & 

Baverstock, 1998; Shaddick et al., 2011; Schmidt et al., 2014). Lack of IBD for the 

SEQ-N group may be attributed to an insufficient number of population samples 

available for comparison and/or the greater degree of population isolation within this 

group relative to the SEQ-S group, consistent with the overall higher FST estimates 

among SEQ-N populations. Hughes et al. (2014) observed similarly contrasting patterns 

of population genetic structure between cryptic species groups of southern Australian 

smelt. In that study, two informal species groups (MTV and SEC) with adjacent 

distributions along the western and eastern coast of southern Victoria had microsatellite-

based FST values of 0.19 and 0.07 respectively (Hughes et al., 2014). Using otolith 

microchemistry, Hughes et al. (2014) also showed that the more structured western 

group (MTV) had a greater proportion of nondiadromous populations relative to the 

weaker structured eastern group (SEC). The similar pattern of contrasting structure 

observed here between northern groups in the Australian smelt complex (SEQ-N and 

SEQ-S), is probably not due to differences in diadromous behaviour because 

preliminary evidence from otolith chemistry suggests all of these populations are 

nondiadromous (Chapter 4). Higher structuring of the SEQ-N group could possibly be 

due to genetic drift if these populations have been established for a longer period of 
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time at the northern-most limit of Australian smelt distribution relative to the SEQ-S 

populations. 

 

The complementary pattern of population structuring in both microsatellite and mtDNA 

data between the SEQ-N and SEQ-S groups could reflect long-term phylogeographic 

isolation or perhaps further evidence for cryptic species within Australian smelts as first 

highlighted by Hammer et al. (2007). Mean cyt b divergence of 4% between SEQ-N 

and SEQ-S samples is close to the 3.6% divergence observed for the full mitochondrial 

molecule reported by Schmidt et al. (2016), and is within the range of lineage 

divergence reported for R. semoni in southern Queensland (Page & Hughes, 2014). It 

should be noted that Schmidt et al. (2016) incorrectly attributed mitochondrial sequence 

data for the SEQ-N group to the CEQ group (i.e. Genbank accession KX421785 

corresponds to SEQ-N and KX421784 corresponds to SEQ-S). The level of cyt b 

divergence between the SEQ groups and southern lineages of R. semoni is very large 

(15-17%) and adds to previous studies that have highlighted the likely existence of a 

cryptic species complex within the taxon currently referred to as R. semoni (Hammer et 

al. 2007; Hughes et al. 2014). 

 

3.5.2 Contemporary migration 

The Bayesian assignment analysis detected contemporary movement of individuals only 

between proximate sites within rivers (Table 3.5). Contemporary dispersal was not 

observed between rivers. Although, most of the sites that we sampled were within 10-60 

km stream distance of another sampled site, there was no contemporary dispersal among 

the majority of those rivers in either group. The present results coincide with the 

findings of some southern smelt populations, where contemporary movement was 

observed among populations within a catchment (Woods et al., 2010). The species 

appears to occur in a wide range of freshwater habitats, many of which are isolated by 

long stretches of unfavourable habitat. Our data therefore suggest that if local 

extinctions occur in one or more of these streams within a reach of the river, then 

recolonization from elsewhere is unlikely to occur rapidly.  
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3.6 Conclusion 

Finally the present study revealed high levels of population structuring within and 

between drainages, which suggested that contemporary movement among sites was rare 

and limited to sites within the same river. Little conservation attention has been given to 

the Australian smelt since it has long been considered a common species distributed 

widely across south-eastern Australia. The findings of the present study and other recent 

research (Hammer et al., 2007; Crook et al., 2008; Hughes et al., 2014) suggest that 

southern smelts are a genetically complex and ecologically diverse taxonomic group. 

Therefore, proper conservation and management will require appropriate taxonomic 

treatment to align species with the clear genetic divisions now recognised across the 

range of Australian smelt. 

 

Further, eight isolated management units (MUs) along the south-east Queensland 

drainages were detected in R. semoni from the microsatellite dataset (Figure 3.2) 

demonstrating little to no gene flow between them. These management units align with 

individual coastal catchments, which suggest that other genetically distinct populations 

may exist in coastal rivers not sampled in this study. High levels of genetic divergence 

between the two lineages have important implications for the conservation of these 

endemic freshwater cryptic fish species. Therefore, findings of the present study on 

population structure of Australian smelt will help to formulate effective management 

and conservation plans for this cryptic species complex across their geographic range. 
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Chapter 4 

Non-diadromous life history and limited movement in 

northern lineages of Australian smelt: evidence from 

otolith chemistry analysis 

4.1 Abstract 

A comprehensive knowledge of migratory behaviour is paramount for the effective 

management and conservation of fishes in coastal drainages. The Australian smelt 

(Retropinna. semoni) is a common fish widely distributed throughout coastal and inland 

drainages in south eastern Australia. Multiple life history patterns (potamodromy, 

facultative diadromy, estuarine residence) in the southern regions of its geographic 

distribution have previously been reported. It is possible that some of these differences 

reflect characteristic behaviours of cryptic species within the group. In the present 

study, the movement patterns of Australian smelt in rivers were assessed using otolith 

chemistry analysis (laser ablation inductively coupled plasma mass spectrometry) to 

elucidate the life history patterns of smelt at the northern extent of their range and to 

identify any differences in migratory behaviour between two genetically distinct 

lineages (“SEQ-N” and “SEQ-S”) in this region. No evidence of marine residence was 

found based on otolith Sr:Ca and Ba:Ca transects for either group, suggesting that both 

are non-diadromous. Significant differences in multi-elemental otolith chemistry 

signatures were found among rivers and between paired sites within some rivers, 

suggesting no connectivity among drainages and limited dispersal of individuals over 

large spatial scales within rivers. These findings provide key insights into the migratory 

patterns of northern Australian smelt populations and, in combination with previous 

research, suggest that life history variation in the Australian smelt complex may occur 

primarily at the intra-population level rather than among genetically distinct lineages. 

Conservation and management strategies for Australian smelt should take limited 

dispersal and individual life history variation into consideration in order to protect the 

components of this important species complex. 
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4.2 Introduction 

Migration is a major characteristic of the life history for many marine and freshwater 

fishes (Harden Jones, 1968; Miles et al., 2009). The migration of fish between 

freshwater and marine water habitats at certain stages of the life cycle in coastal 

drainages is referred as diadromy (McDowall, 1988). Diadromous species are expected 

to show highly variable levels of population structure due to the wide range of life 

history strategies exhibited. Three broad forms of diadromous life history are found in 

fishes (Myers 1949; McDowall, 1992). Catadromous species spend most of their lives 

in freshwater reaches and migrate to the marine habitat for spawning, whereas 

anadromous species spend most of their life in sea water and undertake an upstream 

migration into freshwater habitat for breeding. In contrast, amphidromous fish species 

migrate between freshwater and marine habitats at particular stages of their life cycle 

but not for the purpose of breeding (McDowall, 1988). Amphidromous fish can be 

further divided into freshwater and marine amphidromy, with maturation and breeding 

occurring in freshwater and marine habitats respectively. Amphidromy is a bentho-

pelagic migration mechanism determined by egg size/fecundity trade-offs  which allows 

high larval food accessibility in pelagic larval rearing habitats (Closs et al., 2013; Goto 

et al., 2015; Augspurger et al., 2017). Hence, high fecundity with smaller size eggs may 

occur relative to similar sized non-migratory fish. Alternatively, larger eggs/larvae and 

lower fecundity were reported for non-migratory sister species compared with migratory 

species (Closs et al., 2013; Goto et al., 2015; Yamasaki et al., 2015; Augspurger et al., 

2017). Another probable mechanism is that philopatry related to river plume residence 

due to larval retention that creates a positive feedback loop in local population processes 

building a local competitive advantage for amphidromous species (Sorensen & Hobson, 

2005; Closs et al., 2013; Closs & Warburton, 2016; Augspurger et al., 2017). It has been 

hypothesised that diadromous migrations improve fitness by allowing migrators to take 

advantage of variations in the productivity of marine and freshwater habitats at certain 

phases of the life cycle (Gross et al., 1988). Diadromous migration may also facilitate 

habitat recolonization and replacement of local populations through dispersal 

(McDowall, 2008, 2010; Schmidt et al., 2011).  It is important to preserve or restore the 

migratory routes to protect or recover populations of diadromous fishes. For instance, 

large numbers of upstream migrating diadromous fishes often occur below major dams 
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and other barriers, making them susceptible to predation and harvest. Although fish 

ladders are widely used to allow diadromous fishes to overcome such migration barriers 

and reach upstream habitat (Gehrke et al., 2002; Roscoe & Hinch, 2010), these 

measures do not alleviate all effects of river fragmentation for fish populations (see 

Harris et al., 2017). 

 

There are 33 diadromous fish species found in Australian waters, many of which are 

poorly known in terms of migratory behaviour and population structure (McDowall 

1988; Miles et al., 2014; Schmidt et al., 2014). Since European settlement, populations 

of many Australian diadromous fishes have undergone reduction in abundance and 

distribution (Ingram et al., 1990; Faragher & Harris, 1994; Miles et al., 2014). This is 

alarming from a conservation perspective because some diadromous fish species that 

were once widespread and abundant are now rare or locally extinct over parts of their 

former range (Faragher & Harris, 1994; Allen et al., 2002; Miles et al., 2014). Indeed, 

diadromous fishes are recognised as the most threatened vertebrate group across 

different parts of the world due to the negative effect of anthropogenic activities on the 

migratory habits of diadromous fishes (Angermeier, 1995; Jonsson et al., 1999). 

Therefore, it is necessary to understand the migratory requirements of particular species 

for management of diadromous fish populations, particularly in drainage systems 

fragmented by dams and weirs.   

 

The Australian smelt (R. semoni), a native fish species that belongs to the family 

Retropinnidae (Southern smelt and grayling) is distributed across inland and coastal 

drainages in southern and eastern Australia. It is a small, elongated fish which grows up 

to ~100 mm total length. Australian smelt form large shoals in the mid to upper water 

column and live in deep slow-flowing pools (Pusey et al., 2004). Adults are found in a 

range of environments including slow flowing low-land rivers, small coastal streams, 

impoundments, upland rivers and streams, dune lakes and brackish water estuaries 

(Pusey et al., 2004). They have been reported to be euryhaline and can tolerate high 

salinities (Williams & Williams, 1991; Crook et al., 2008).  
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Australian smelt were previously known as two designated taxa R. semoni Weber, and 

R. tasmanica McCulloch, although recent genetic studies have identified a complex of 

five or more cryptic species across their geographic range based on allozymes, 

microsatellites and mitochondrial DNA data (Hammer et al., 2007; Hughes et al., 2014; 

Schmidt et al., 2016; Islam et al., 2017). Australian smelts are predominantly found in 

freshwater reaches of coastal drainages (Allen et al., 2002), but are also observed 

sporadically in estuaries and marine inlets (Raadik et al., 2001; Crook et al., 2008). 

Most populations are considered non-diadromous, although otolith chemistry analysis 

of fish from rivers in coastal Victoria showed that many had spent their early life stages 

in saline habitats, suggesting these fish may be catadromous or amphidromous (Crook 

et al., 2008). Some mainland Australian populations contain a mixture of individuals 

with diadromous and wholly freshwater life histories, whereas Tasmanian populations 

(clade IV) contain estuarine residence individuals (Hughes et al., 2014). Major 

differences were also observed in mainland Australian populations where one cryptic 

species (clade I) contained a larger portion of non-diadromous populations compared 

with another (clade II) (Hughes et al., 2014). Two other lineages of Australian smelt 

(‘SEQ’, ‘CEQ’ sensu. Hammer et al., 2007) occur in the northern part of their 

geographic range, that differ from those studied in detail previously (‘MTV’, ‘SEC’ 

sensu. Hammer et al., 2007). In the present study, we examine the SEQ lineage which 

was further subdivided into northern and southern groups (SEQ-N, SEQ-S) following 

Page & Hughes (2014). It is possible that the cryptic species may differ in life history. 

Previous studies of the population structure of Australian smelt have demonstrated high 

levels of genetic structure at fine spatial scales (Woods et al., 2010; Hughes et al., 

2014), so it is possible that distinct life history modes have evolved independently 

among populations inhabiting different regions of coastal catchments (e.g. headwater 

versus lowland reaches) and/ or between cryptic species. To date, there has been little 

study of within-catchment migration in Australian smelt, or in the two northern species, 

so far designated as SEQ-N and SEQ-S (Page & Hughes, 2014). 

 

Analyses of the chemical constituents of fish otoliths have become widely used to 

elucidate migratory patterns and life-history diversity in fishes. Otoliths in fishes consist 

of a calcium carbonate matrix which is metabolically inert; i.e., they are not re-
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metabolised once deposited, and grow continuously throughout the fish’s life 

(Campana, 1999; Crook et al., 2006). Assimilation of dissolved trace elements from the 

surrounding water into the otolith matrix occurs due to its gradual accumulation. 

However, the rate of uptake of those trace elements is influenced to some extent by 

different factors including diet, salinity, temperature, and exposure times (Elsdon & 

Gillanders, 2002; 2005a, b; Buckel et al., 2004; Crook et al., 2006). Otolith elemental 

analysis has been applied to evaluate the migratory environmental history of a wide 

range of fishes (Walther & Limburg, 2012). Variation in Sr:Ca in otoliths is often used 

to make inferences about the movement of fish between marine and freshwater habitats 

(Gillanders, 2005; Crook et al., 2006) based on the presence of positive associations 

between otolith Sr:Ca and Sr:Ca in the ambient water and salinity (Bath et al., 2000; 

Secor & Rooker, 2000; Elsdon & Gillanders; 2003a, 2005a; Wells et al., 2003). 

Variation in otolith Ba:Ca also provides useful information on diadromous migrations in 

fishes. Otolith Ba: Ca is closely associated with Ba:Ca in the ambient water (Bath et al., 

2000; Elsdon & Gillanders; 2003a; Wells et al., 2003), and Ba:Ca in water is usually 

negatively correlated with salinity (Pender & Griffin, 1996; Elsdon & Gillanders, 

2005b). On the basis of these relationships, otolith material assimilated by a fish 

dwelling in marine water should normally be characterized by comparatively high Sr: 

Ca and low Ba:Ca and vice versa for fishes living in freshwater environments 

(McCulloch et al., 2005; Tabouret et al., 2010). In the present study, otolith Sr:Ca and 

Ba:Ca for two of the cryptic species of Australian smelt from south eastern Queensland 

were analysed to determine whether the movement patterns are consistent with the 

facultatively diadromous life cycle that has previously been suggested for coastal 

populations of this group of species in the southern part of their geographic range or 

whether they are purely freshwater, and whether the two species (SEQ-N and SEQ-S) 

differ in their mode of life history. I also examine the level of connectivity among 

spatially distinct populations within coastal catchments by analysing the multi-

elemental otolith signatures of fish from headwater versus lowland reaches, as distinct 

differences in these signatures could indicate limited dispersal within a river. 
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4.3 Materials and methods 

4.3.1 Sample collection 

A total of 150 Australian smelt was collected using seine or dip nets from the freshwater 

reaches of 7 coastal rivers in Queensland, south-eastern Australia (Table 4.1, Figure 

4.1). Fish were collected from both upstream and downstream sites selected primarily 

for accessibility and the availability of sufficient fish for otolith samples. Ten fish per 

site were used for otolith chemistry analysis. I also included samples collected from 

above Wivenhoe Dam and Tinana Creek to represent known resident freshwater 

populations. Fish were preserved in 100% ethanol in the field and returned to the 

laboratory for dissection as per Woods et al. (2010). In the present study, all the 

sampled populations were categorised into two groups, ‘SEQ-N’ and ‘SEQ-S’ (Table 

4.1 and Figure 4.1) based on the putative species-level boundary identified by Page & 

Hughes (2014) within the taxon currently referred to as R. semoni. All procedures were 

carried out according to Australian Ethics Commission protocol number 

ENV/23/14/AEC. 

 

Table 4.1 Summary of sampling information for Australian smelt 

Lineage  name Sampling site Site code Longitude (S) Latitude (E) N (Sample size) 

SEQ-N Tinana_Ck TNK 152°42'57.8" 25°36'04.3" 10 

SEQ-N Mary_lower MRD 152°25'56.96" 25°55'28.47" 10 

SEQ-N Mary_upper MRU 152°48'47.9" 26°38'55.5" 10 

SEQ-N Noosa_lower NSD 152°52'21.4" 26°17'05.7" 10 

SEQ-N Mooloolah_lower MLD 153° 0'44.64" 26°46'18.83" 10 

SEQ-N Mooloolah_upper MLU 152°55'13.1" 26°45'07.9" 10 

SEQ-S Brisbane_lower BRD 152°55'49.99" 27°30'16.05" 10 

SEQ-S Brisbane_upper BRU 152°35'13.5" 27°58'43.9" 10 

SEQ-S Above Wivenhoe AWH 152°24'15.0" 27°02'26.6" 10 

SEQ-S Logan_lower LAD 152°59'01.8" 28°10'15.6" 10 

SEQ-S Logan_upper LAU 152°56'23.6" 28°19'19.7" 10 

SEQ-S Coomera_lower CMD 153° 11'20.9" 28°02'55.5"  10 

SEQ-S Coomera_ upper CMU 153° 09'13.4" 28°05'01.8"  10 

SEQ-S Nerang_lower NRD 153° 17'52.0" 28°01'33.7" 10 

SEQ-S Nerang_upper NRU 153° 14'02.8" 28°07'29.2" 10 
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Figure 4.1 Map showing fish sample collecting sites in south-east Queensland, Australia during 

this study. The green circle denotes the sampling sites. Refer to Table 4.1 for collection details. 
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4.3.2 Otolith removal and preparation 

The sagittal otoliths from each fish were dissected under a microscope and cleaned of 

adhering tissue. The samples were rinsed three times in Milli-Q water and stored dry in 

0.5 ml polypropylene microtubes. One sagitta from each fish was mounted whole, 

proximal surface downwards, on an acid-washed glass slide in a two part epoxy resin 

(EpoFix, Struers, Denmark), exposing the distal surface above the layer of resin. Thirty 

otoliths were mounted on each slide. After mounting, the slides were allowed to dry 

overnight in a plastic laminar flow cabinet at room temperature. Then the prepared 

slides were placed in resealable plastic bags until analysis.  

 

4.3.3 Otolith chemistry analysis  

Laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) was used to 

determine the elemental concentrations in the otoliths. A Resonetics LPX120i Ar-F 193 

nm excimer laser system coupled to an Agilent 7700x ICPMS operated by the 

University of Melbourne, Melbourne, Australia, was used. The depth-profiling method 

described by Macdonald et al. (2008) was applied for the selection of data near the 

otolith core (representing growth during the early life history) and edge (representing 

recent growth).  

 

Otolith mounts were placed in the sample cell and the primordium of each otolith 

located visually with 400× magnification on a video imaging system. Each otolith was 

ablated vertically from the distal surface to proximal surface through the core using 

104-µm spot diameter with the laser operated at around 5.1 Jcm
-2

 and pulsed at 10 Hz. 

Ablation occurred inside a sealed chamber in an atmosphere of pure He (flow rate, 

0.7L/min) with the vaporized material transported to the ICPMS in the Ar carrier gas 

(flow rate, 0.82L/min) via a signal smoothing manifold. The mean counts of a 20-s 

background analysed prior to each ablation transect were subtracted from the averaged 

raw ion counts for each element over the interval of interest.  

 

A National Institute of Standards and Technology (NIST 612) standard was analysed 

after every 10 samples to correct for any long-term drift in the instrument. In addition to 

the use of Sr:Ca and Ba:Ca to trace diadromous migrations, multi-elemental otolith 
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chemical signatures based on a range of elements have also been widely used to 

examine the movements of fish (e.g. Woods et al. 2010; Hicks et al. 2010). Otoliths 

were analysed for several isotopes including 
24

Mg, 
43

Ca, 
55

Mn, 
63

Cu, 
88

Sr and 
138

Ba. 

These isotopes were consistently estimated above detection limits and their utility as 

otolith chemical signatures has been well established (Thorrold et al., 1998; Chittaro et 

al., 2004). 
43

Ca was measured for use as an internal standard to correct for variation in 

ablation yield among samples. The concentrations of the other isotopes were measured 

against 
43

Ca using the relative response of the instrument to known elemental 

concentrations in the NIST 612 standard and data expressed as analyte to Ca molar 

ratios (Mg:Ca, Mn:Ca, Cu:Ca, Sr:Ca and Ba:Ca).   

 

4.3.4 Data analysis 

As per Macdonald et al. (2008), I used the characteristic spike in Mn concentration to 

identify the location of the otolith primordium in the data sequence. Based on this, we 

selected three regions to represent different stages of ontogeny. Data were selected from 

the ‘otolith core’ to represent the earliest stages of the life history by taking an average 

of 10 measurements from the primordium region around the Mn spike. The ‘near core’ 

zone was selected to represent the larval/early juvenile phase and to remove the 

potentially confounding sampling effects of the Mn and Mg spikes in the primordium 

(see Macdonald et al., 2008). This was done by averaging the next 10 measurements in 

the data sequence after the otolith core region. Data from the otolith edge were selected 

to represent recent growth by averaging 10 measurements adjacent to the otolith margin. 

 

The spatial variation in otolith edge, near core and core chemistry was estimated with 

single-factor multivariate Analysis of Variance (MANOVA) among all locations and 

among locations within each lineage separately. Linear Discriminant Function Analysis 

(LDFA) was employed to examine variation in the multi-elemental otolith signatures 

among samples using the MASS package in R (Venables & Ripley, 2002). LDFA 

classification success rates and an associated proportional chance criterion (the expected 

proportion of correct classification by chance alone) were estimated (Poulin & Kamiya, 

2015) for each location within each lineage (SEQ-N, SEQ-S). Standardized coefficients 

for the discriminant functions were applied to identify which elements contributed most 
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to site separation. The averaged data for each fish were computed and subsequently 

log10 transformed before analysis to meet assumptions of normality and homogeneity of 

variance for parametric analysis. The first two discriminant functions for each 

individual were plotted and the 95% confidence ellipses around the centroid means of 

the first two discriminant functions for each group in the sample were calculated using 

the ellipse package in R (Murdoch & Chow, 2013).      

 

4.4 Results 

4.4.1 Evidence of diadromy 

The otolith chemistry data provided no evidence of residence in saline water during the 

early life history of any of the fish analysed. Sr:Ca was relatively low (<2 mmol mol
-1

) 

and invariant throughout ontogeny for fish from all sites except Tinana Creek, and there 

were no fish with negative relationships between Sr:Ca and Ba:Ca (indicative of 

diadromy) at the otolith core (Figure 4.2). Ba:Ca was more variable across ontogeny 

than Sr:Ca at all sites, and was generally higher near the otolith core than the edge; this 

is the opposite pattern to that expected if the early life history was spent in saline water. 

Ba:Ca values were also higher in the cores of all fish (1.74 - 98.45 µmol mol
-1

) than 

would be expected for diadromous smelt (<1 µmol mol
-1

; Crook et al. 2008). Sr:Ca in 

fish from Tinana Creek was higher (up to 4.64 mmol mol
-1

) and more variable across 

ontogeny than the other sites. However, as for the other sites, there was no negative 

relationship between Sr:Ca and Ba:Ca for Tinana Creek fish at the otolith core, and 

Ba:Ca values in the core were much higher (>30 µmol mol
-
) than would be expected if 

the fish had resided in saline water. 
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Figure 4.2 Laser ablation transects of otoliths of a representative subset of Australian 

smelt from each of the sampled rivers. The otolith core of each individual is marked 

with an arrow where the larval stage of fish starts. Graph a-h represent transect of 

otolith of SEQ-N lineages and graph i-r represent transect of SEQ-S lineages where 

transects of otoliths of individual fish represented from Tinana Creek (a-b), Mary River 

(c-d), Mooloolah River (e-f), Noosa River (g-h), Brisbane River (i-j), Above Wivenhoe 

dam (k-l), Logan River (m-n), Coomera River (o-p) and Nerang River (q-r). Note the 

variable scale on both axes for Sr:Ca and Ba:Ca. The grey line represented Ba:Ca and 

black line represented Sr:Ca. 
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Figure 4.2 Continued: Laser ablation transects of otoliths of a representative subset of 

Australian smelt from each of the sampled rivers. The otolith core of each individual is 

marked with an arrow where the larval stage of fish starts. Graph a-h represent transect 

of otolith of SEQ-N lineages and graph i-r represent transect of SEQ-S lineages where 

transects of otoliths of individual fish represented from Tinana Creek (a-b), Mary River 

(c-d), Mooloolah River (e-f), Noosa River (g-h), Brisbane River (i-j), Above Wivenhoe 

dam (k-l), Logan River (m-n), Coomera River (o-p) and Nerang River (q-r). Note the 

variable scale on both axes for Sr:Ca and Ba:Ca. The grey line represented Ba:Ca and 

black line represented Sr:Ca. 
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4.4.2 Spatial variation in otolith chemical signatures 

Significant differences were observed in the multi-elemental signatures both between 

lineages (SEQ-N and SEQ-S), and among sites within lineage (SEQ-N and SEQ-S) 

(MANOVA, all tests p-value<0.001, Table 4.2, Figure 4.3). There were significant 

differences in the elemental signatures between SEQ-N and SEQ-S, although fish from 

many individual sites overlapped both between lineages and among sites within lineage. 

Overlap was especially strong among paired sites within rivers and was evident across 

ontogeny, including the otolith edge which ostensibly reflects the sampling site 

signature. This overlap, therefore, is almost certainly attributable to similarity in 

elemental signatures across sites, rather than high levels of mixing of fish among 

chemically distinct sites. Importantly, significant differences were found between three 

of the paired sites within rivers (Brisbane, Logan, Nerang), suggesting a lack of mixing 

of individuals within these rivers (Table 4.2 and Figure 4.3). Where differences 

occurred between paired sites within rivers, there was strong separation of elemental 

fingerprints across the whole ontogeny (core, near core and edge), suggesting a lack of 

mixing over the whole life history (Figure 4.3).   
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Table 4.2 Results of the multivariate analysis of variance (MANOVA) investigating the otolith core, near 

core and edge chemistry of Australian smelt among all sites, between lineages and among locations within 

each lineage and between sites within each river 

Source Source, 

Error df 
Pillai’s Trace F 

 Core Near Core Edge Core Near Core Edge 
All sites 14, 675 1.89 1.98 2.06 5.86*** 6.31*** 6.77*** 

Between lineages (SEQ-N and 

SEQ-S) 

1, 144 0.18 0.194 0.29 6.26*** 6.936*** 11.89*** 

Among sites within SEQ-N  5, 270 1.44 1.63 1.70 4.38*** 5.23*** 5.55*** 

Among sites within SEQ-S  8, 405 1.70 1.66 1.66 5.24*** 5.02*** 5.01*** 

Among sites within rivers        

Mary River 1,14 0.370 0.256 0.399 1.643
NS

 0.966
NS

 1.858
NS

 

Mooloolah River 1,14 0.359 0.340 0.347 1.570
NS

 1.864
NS

 1.485
NS

 

Brisbane River 1, 14 0.984 0.984 0.969 174.59*** 167.11*** 87.029*** 

Logan River 1, 14 0.553 0.476 0.690 3.460* 2.541* 6.246** 

Coomera River 1, 14 0.256 0.326 0.264 0.963
NS

 1.352
NS

 1.006
NS

 

Nerang River 1,14 0.584 0.660 0.543 3.931* 5.425** 3.331* 

Note: df, degrees of freedom; ***, P<0.001; **, P<0.01, *, P<0.05, NS, Nonsignificant 
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Figure 4.3 Plots of the first two discriminant function scores showing spatial variation in the 

multi-elemental signatures (Mg: Ca, Mn:Ca, Cu:Ca, Sr:Ca, Ba:Ca) in otolith core, near core and 

edge of Australian smelt a) among all sites b) among sites within SEQ-N and c) among sites 

within SEQ-S. Ellipses are 95% confidence intervals around the group centroid for each 

location and data points represent individual fish. 
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Average classification success in the LDFA among all locations was 47% for the otolith 

core, 42% for the otolith edge, 44% for near core and was much higher than expected by 

chance (7%), suggesting a non-random distribution of the otolith elemental chemistry 

across the sample range (Table 4.3). Classification success for both core (58% for SEQ-

N and 51% for SEQ-S) and edge (57% for SEQ-N and 51% for SEQ-S) was higher 

when each lineage (SEQ-N and SEQ-S) was analysed separately (Table 4.3). The 

percentage of classification success was also higher than the percentage expected by 

chance in both groups (17% for SEQ-N and 11% for SEQ-S populations). In both cases 

(otolith core and edge) the classification success was higher for SEQ-N than for the 

SEQ-S (Table 4.3).  

 

Table 4.3 Success of classifying individual Australian smelt to their collection site based 

on otolith chemistry of the core, near core and edge region  

Populations N 

(Sample size) 

Core 

(% correct) 

Near Core 

(% correct) 

Edge 

(% correct) 

a) All sites 150 47(7) 44(7) 42(7) 

b) Among sites within SEQ-N lineage 

Tinana Creek 10 100 100 90 

Mary Lower 10 30 30 00 

Mary Upper 10 60 60 50 

Mooloolah lower 10 50 60 50 

Mooloolah Upper 10 50 50 50 

Noosa Lower 10 60 80 100 

Total 60 58(17) 63(17) 57(17) 

c) Among sites within SEQ-S lineage 

Above Wivenhoe 10 60 80 40 

Brisbane Lower 10 100 100 100 

Brisbane Upper 10 20 20 70 

Coomera Lower 10 30 10 30 

Coomera Upper 10 50 70 50 

Logan Lower 10 70 70 80 

Logan Upper 10 50 40 40 

Nerang Lower 10 50 50 20 

Nerang Upper 10 30 40 30 

Total 90 51(11) 53(11) 51(11) 

Note: P <0.001 
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The standardised coefficients showed that Sr:Ca was the most influential  in the 

discriminant functions at the inter-catchment and between species level in all cases 

(otolith cores, near core and edge). Ba:Ca was also responsible for much of the observed 

variation in otolith core chemistry among rivers and species (SEQ-N and SEQ-S) (Table 

4.4). Mn:Ca showed little variance among SEQ-N populations. In the case of edge 

otolith chemistry, Sr:Ca was the most influential factor in the discriminant analysis at 

all levels between and within species, whereas Ba:Ca had relatively little influence in all 

cases (Table 4.4). Substantial differences were observed among and within catchments 

in the concentrations of Sr:Ca, and Ba:Ca in otolith core and edges except Ba:Ca 

concentrations in the otolith core (Table 4.5). Significant variation was found in Mn:Ca 

in all levels except in the core otoliths between lineages and the SEQ-N (Table 4.5). 

Significant differences were also observed between species and within SEQ-N in the 

concentrations of Mg:Ca in otolith core, whereas no significant variation was found in 

Mg:Ca in all levels in the otolith edge.  
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Table 4.4 Standardised coefficients and percent dispersion explained for the first two 

functions (DF1, DF2) in analysis between lineages and within lineage of otolith a) core, 

b) near core and c) edge chemical signatures of Australian smelt.  

 All sites between lineages 

(SEQ-N and SEQ-S) 

SEQ-N SEQ-S 

a) Core DF1 DF2 DF1 DF2 DF1 DF2 

Mg:Ca 0.089 -0.418 -0.044 -0.328 0.267 0.145 

Mn:Ca -0.138 0.409 0.081 -0.848 -0.318 0.336 

Cu:Ca -0.191 0.129 -0.175 -0.147 -0.311 0.060 

Sr:Ca 1.001 -0.370 0.902 -0.096 1.036 0.151 

Ba:Ca 0.142 0.995 0.283 0.596 0.042 -1.025 

Dispersion (%) 86.3% 6.3% 90.6% 5.3% 90% 6.5% 

b) Near Core       

Mg:Ca 0.081 0.166 0.052   0.037 -0.242   0.004 

Mn:Ca -0.055 -0.996 0.136 -0.991 0.213 0.493 

Cu:Ca -0.118 -0.309 -0.032 0.185 0.289 0.222 

Sr:Ca 0.991 0.150 0.862 0.234 -1.035 0.127 

Ba:Ca 0.134 -0.018 0.290 0.258 0.074 -0.913 

Dispersion (%) 84.7% 6.7% 86.3% 9.4% 89.9% 7.2% 

c) Edge       

Mg:Ca -0.045 -0.337 -0.395 -0.848 -0.159 -0.332 

Mn:Ca -0.180 0.776 -0.665 -0.700 0.350 0.238 

Cu:Ca 0.255 0.045 0.377 0.647 0.289 -0.002 

Sr:Ca -1.041 -0.355 -1.148 -0.328 -1.069 -0.021 

Ba:Ca 0.088 0.787 0.442 1.410 0.317 1.053 

Dispersion (%) 73.4% 13.9% 70.7% 25.9% 88.7% 6.6% 

 

 

Table 4.5 Results from two way nested analysis of variance (ANOVA) 
Source df Mg:Ca Mn:Ca Cu:Ca Sr:Ca Ba:Ca 

 Core Edge Core Edge Core Edge Core Edge Core Edge 

Between Lineages 

(SEQ-N & SEQ-S) 

1 8.39** 3.20 4.06 21.27*** 0.11 0.10 28.26*** 27.95*** 13.59 20.31*** 

Sites (SEQ-N) 5 2.76** 0.90 17.58 10.03*** 1.36 1.18 71.82*** 39.92*** 20.26*** 14.62*** 

Sites (SEQ-S) 8 1.42 2.18 3.15*** 5.53*** 1.91 1.56 94.58*** 66.86*** 6.8*** 6.19*** 

Note: df, degrees of freedom; ***, P<0.001; **, P<0.01; *, P<0.05 
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4.5 Discussion 

The results of this study suggest that all sampled individuals of the SEQ-N and SEQ-S 

lineages of northern smelt collected from coastal rivers exhibited non-diadromous life 

histories and resided in freshwater throughout life. The otolith analyses did not show 

low Ba:Ca in the otolith cores as would be expected if the fish spent their early life 

history in saline water (see Crook et al., 2008), and Sr:Ca values in both the otolith core 

and edge were similar to values used to infer freshwater residency in previous studies of 

southern smelt (Crook et al., 2008) and other species (Radtke & Kinzie, 1996; 

Tsukamoto et al., 1998; Limburg et al., 2001). The lack of diversity in life histories 

differs from previous studies of coastal populations of smelt species in southern 

Australia, which reported diverse strategies, including wholly freshwater, diadromous 

and estuarine residence (Crook et al., 2008; Hughes et al., 2014).  

 

Considerable variation in Ba:Ca and Sr:Ca across ontogeny was observed for most fish. 

A number of factors may be responsible for this variation, including movement among 

river reaches or tributaries with different water chemistries, temporal variability in water 

chemistry within the freshwater reaches of a river or ontogenetic effects on the 

assimilation of trace elements into the otolith chemical structure (Elsdon & Gillanders, 

2003b). 

 

Despite the variation in elemental concentrations across the otolith transects, the 

analysis of multi-elemental signatures revealed strong spatial variation among rivers 

and, in some instances, between paired sites within rivers. Classification success was 

similar for core, near core and edge, suggesting similar patterns of dispersal and mixing 

of individuals across ontogeny. While fish from the different rivers tended to have 

distinctive multi-elemental signatures, only a minority of paired sites within rivers were 

distinct. The lack of differences in otolith edge signatures between paired sites suggests 

that similarity in water chemistry within catchments was responsible for the lack of 

differences in otolith chemistry among the paired sites. Misclassifications of individuals 

are likely due to the high number of locations relative to the number of elements used in 

the discriminant function analysis. Similar misclassifications in otolith chemical 

signatures among sites have been observed in studies of other fish species including 
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black-spotted croaker Protonibea diacanthus (Taillebois et al., 2017), Black Rock fish, 

Sebastes melanops (Miller et al., 2005) and Common carp, Cyprinus carpio (Macdonald 

& Crook, 2014). In the three cases where the edge signatures (reflecting recent growth) 

were distinct between paired sites (Brisbane, Logan and Nerang River; Figure 4.3), the 

core signatures were also significantly different. This finding provides evidence of 

limited dispersal of these species within the freshwater reaches of the study rivers and, 

along with the lack of evidence for exchange among catchments (no evidence of marine 

dispersal), suggests that these species exhibit limited movements at large spatial scales. 

Examination of additional chemical tracers (e.g., 
87

Sr/
86

Sr) could potentially improve 

discrimination at finer spatial scales and help further resolve the extent of within-

catchment dispersal in this cryptic species complex.  

 

Generally, when aquatic species spend their entire life-history in fresh water, as seems 

to be the cases for both lineages in this study, populations in different rivers are 

genetically differentiated (Hughes, 2015). This is because the marine conditions 

separating rivers restrict movements and, thus, gene flow between them. Alternatively, 

if individuals are diadromous, at least some mixing between rivers is likely unless 

individuals exhibit strong natal homing. This type of dispersal typically results in an 

“isolation by distance” pattern of genetic structure, characterised by a positive 

relationship between genetic relatedness and geographic distance (Jerry & Baverstock, 

1998). 

 

In previous studies of two species of smelt in southern Australia, otolith analysis 

suggested that at least some populations contain diadromous individuals, but, 

surprisingly, genetic analysis indicated extremely limited movement between coastal 

rivers, with very high levels of genetic differentiation among drainages (Hughes et al., 

2014). Further multi-elemental analysis of otolith cores indicated that the diadromous 

fish probably remained within their estuary throughout life, rather than dispersing into 

the open ocean and thus mixing with populations from other rivers. This is a very 

different pattern of dispersal to that of the sympatric diadromous species Australian 

grayling Prototroctes maraena, which exhibits obligate diadromy and disperses among 

drainages during the juvenile larval stage, resulting in genetic homogeneity among 
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rivers (Schmidt et al. 2011). In the present study, the wholly freshwater life-cycle of the 

two species would predict strong genetic differentiation among drainages because of the 

lack of opportunities for genetic mixing. Consistent with this prediction, a microsatellite 

study of the same populations as reported on here, showed very high levels of genetic 

differentiation (Chapter 3) for both lineages.   

 

There are several instances where significant differences in otolith chemistry occur 

within river catchments (Brisbane, Logan and Nerang River), suggesting that 

connectivity among these populations may be limited. High levels of site fidelity have 

been widely reported in riverine fish (e.g., Rodríguez, 2002; Crook, 2004), which may 

explain the observed patterns in otolith chemistry in Australian smelt. However, 

movement of fish in coastal fish assemblages may also be precluded due to 

anthropogenic migration barriers within river catchments (Han et al., 2008; Rolls, 

2011). If dispersal was strongly limited for extended periods, some genetic 

differentiation would be expected due to the effects of genetic drift, different selection 

pressure or both. However, no significant pairwise FST values between upstream and 

downstream sites of two of those three rivers (Logan and Nerang River) with low 

variation within Brisbane River were reported from genetic analysis of these same sites 

(Chapter 3) suggesting that there has been sufficient recent movement between these 

sites by at least some individuals to preclude genetic differentiation due to isolation. 

The results of the present study also coincide with the findings of a study of freshwater 

populations of southern smelt, in the Goulburn catchment, Victoria, where movement 

among populations was restricted at least to some extent within the catchment (Woods 

et al., 2010).  

 

The approach taken in analysing the otolith chemistry of Australian smelt was sufficient 

to achieve the aims of the current study. However, analysis of otolith chemical variation 

and water chemistry over multiple years within sites would be useful to address future 

questions regarding the finer scale movements of fish within drainages. As riverine 

water chemistry (and thus otolith chemistry) may vary considerably due to seasonal and 

event-driven changes in hydrology (Crook et al., 2017), a detailed understanding of 

relationships between water and otolith chemistry over time is necessary to interpret the 
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variation in elements across otolith transects. For example, to what extent is elemental 

variation driven by fish movement versus water chemistry variation or 

ontogenetic/physiological effects? Improved understanding of these relationships would 

strengthen and advance the ecological interpretations on fish movement that have been 

made here. The within-river isolation of populations may occur due to lack of suitable 

larval rearing habitat which may restrict larval dispersal from where they were spawned. 

Hence, to understand the finer scale movement of fish, it is important to know whether a 

lack of slow-flowing pelagic habitat precludes larval survival along these drainages.  

 

In conclusion, the findings of the present study suggest that both lineages studied are 

non-diadromous and there are no obvious life history differences between them. This 

contrasts with the two southern species, which both exhibit evidence of diadromous 

movement of individuals within some populations (Hughes et al., 2014). The results 

also suggest limited dispersal between upstream and downstream sites, although 

movements are not so limited as to result in small-scale genetic structuring. These 

findings agree with a previous genetic study of the same populations that showed high 

genetic differentiation among coastal catchments, but low levels of differentiation 

within catchments. The findings of the present study suggest that future strategies for 

management and conservation of Australian smelt should take limited dispersal and 

individual life history variation into consideration in order to protect the components of 

this important species complex. 
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Chapter 5 

General Discussion 

Patterns of gene flow and population genetic structure are affected by dispersal 

(Chepko-Sade & Halpin, 1987; Clobert et al., 2001; Hanski & Gilpin, 1997, Estes-

Zumpf et al., 2010). Genetic diversity is also impacted by dispersal and gene flow 

allowing populations to react to changing environmental conditions. Species with high 

dispersal capabilities often exhibit low levels of population differentiation (Waples, 

1987) whereas those with limited means of dispersal often show a significant degree of 

population structure (Larson et al., 1984). Generally, freshwater fish exhibit higher 

levels of genetic structuring between spatially distinct populations than marine species 

due to the presence of natural and artificial barriers to dispersal in freshwater 

ecosystems (Ward et al., 1994; Hughes et al., 2014). Fish species that migrate between 

marine and freshwaters are likely to demonstrate highly variable levels of population 

structure depending on their life history strategies (Hughes et al., 2014).  

 

Australian smelt demonstrate a diverse range of movement behaviours (potamodromy, 

facultative diadromy, estuarine residence) across the southern part of their geographic 

range (Crook et al., 2008; Hughes et al., 2014). Strong genetic structuring was observed 

among freshwater populations collected from southern mainland Australia, although 

there were a range of different patterns of life history, from wholly freshwater to 

amphidromous to estuarine resident populations. These life history variations may 

reflect the presence of multiple cryptic species, with each cryptic species having a 

different life history. Hence, as northern lineages of Australian smelt belonged to 

different cryptic species, the question was: would they exhibit different life-histories 

from their southern relatives and/or from each other? I examined the genetic structure of 

populations of the freshwater fish R. semoni using ten microsatellite loci and mtDNA 

cyt b gene sequences. I also used otolith elemental chemistry (Sr:Ca, Ba:Ca) to assess 

whether the northern smelt move to marine environment or not. 
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5.1 Patterns of genetic structuring in northern smelt    

In chapter 3 I investigated population structure among coastal drainages in south-east 

Queensland using microsatellite and mitochondrial methods. I identified two divergent 

allopatric lineages with eight distinct population clusters, suggesting restricted dispersal 

between drainages although there were high levels of genetic diversity within drainages.  

 

Strong genetic differentiation was observed among populations of Australian smelt 

based on pairwise FST values from microsatellite analysis where significant pairwise FST 

values were found for almost all population comparisons. This robust genetic 

differentiation in northern smelt might be the result of very low gene flow among 

populations, where divergent allele frequencies occur due to the effect of strong genetic 

drift (Holsinger & Weir, 2009; Huey et al., 2017). In addition to the possibility of 

altered gene flow patterns, other demographic characteristics (e.g., differences in 

effective population sizes, divergence time and colonization history) as well as 

evolutionary processes such as mutation and natural selection are likely to have 

contributed to the significant genetic differentiation among populations.   

 

The levels of genetic structuring (inferred from F-statistics) were higher in the SEQ-N 

lineage than the SEQ-S lineage although both lineages exhibited strong genetic 

structuring. The differences in genetic structuring between these two lineages might be 

the result of biological differences between these two lineages (SEQ-N and SEQ-S) in 

microhabitat preferences (Hughes, 2015). For example, one lineage may be more 

tolerant of saline or brackish water conditions. Higher gene flow was observed in SEQ-

S lineage than the SEQ-N lineage. This could be because the catchments in the SEQ-S 

group have been connected more recently and /or more often than those in the SEQ-N 

group. One plausible reason is that fish may be able to move between contiguous rivers 

during flood events. The flood plumes of different rivers in this region may act to join 

rivers together during pulse events (Grimes & Kingsford, 1996). Aggregations of this 

fish species have been reported during high flow in the rivers (Hansen, 1989; Pusey et 

al., 2004).    
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The border between the Mary River and the Brisbane and other rivers to the south 

within south-east Queensland has been recognized as an important factor for many other 

species (Wong et al., 2004; Bentley et al., 2010; Hodges et al., 2014; Page & Hughes, 

2014). This was also supported by the present findings where there was a significant 

break and deep lineage level divergence between the Mary and nearby rivers, compared 

to Brisbane River and those rivers further south (Figure 3.4). Population differentiation 

in fish and turtle species between the Mary and rivers to the south was also reported by 

Hughes et al. (1999) and Hodges et al. (2014) respectively. This might be the result of 

existence of a ‘hard barrier’ for a long time between the Mary River and rivers to the 

south (Peterson, 2009) which has affected the biogeography of many species for 

millions of years (April et al., 2013; Page & Hughes, 2014). There was also another 

important boundary found between Brisbane River and other rivers of SEQ region, as 

all populations from the Brisbane River formed distinct clade. This was also supported 

by putative species level boundaries among lineages of Australian smelt (Hammer et al., 

2007) and the natural distribution between northern/southern limits of many freshwater 

fish species (Pusey et al., 2004). 

 

Low levels of gene flow among populations in both lineages may be partly explained by 

the breeding behaviour of Australian smelt within rivers. Most of the recruitment occurs 

in the dry winter season as R. semoni starts to breed in winter during minimum 

hydrological connectivity (Pusey et al., 2004), potentially resulting in restricted 

dispersal between nearby populations residing in temporally disconnected refugia.  

 

The active upstream or passive downstream dispersal of different life stages (egg, 

larvae, juvenile) of fishes may sustain gene flow among populations within rivers (Huey 

et al., 2017). The contemporary movement of individuals was also observed between 

populations within rivers in the Bayesass analysis, where most of the dispersal was from 

the upstream to downstream. This downstream dispersal might be the result of high 

flow during flood events which may connect the proximate sites within rivers. Another 

plausible reason is that this contemporary dispersal within rivers might be the result of 

active dispersal of individuals for feeding or breeding purposes. However, Pusey et al., 
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(2004) reported facultative potamodromous movement within freshwaters for juvenile 

and subadult smelt. This type of migration of Australian smelt was also reported in 

previous studies where large numbers of Australian smelt were found to exhibit 

potamodromous migrations through fishways in perennial lowland rivers (Mallen-

Cooper et al., 1995). However, these observations were in southern Australia and hence, 

considered different lineages of smelt. 

 

5.2 Evidence of non-diadromous life history in northern smelt 

In chapter 4 I explored the migratory behaviour of Australian smelt among and within 

rivers through otolith microchemistry analysis. My two primary questions were: 1) do 

they move to the sea during the early life history? and 2) is there evidence of 

fragmentation among sites within rivers? The evidence of highly divergent fish 

populations in both groups suggested low levels of connectivity among rivers. This 

could result either from the fact that the species were totally restricted to freshwater or 

alternatively, they may migrate to marine habitats, but return to the river of birth.  

 

The findings of the otolith chemistry study suggest that all individuals of both lineages 

(SEQ-N and SEQ-S) exhibited non-diadromous life histories and resided in freshwater 

throughout life. The findings obtained from otolith chemistry analysis of relatively low 

Sr:Ca values and high Ba:Ca values in both inner and outer region of the otoliths in all 

individuals suggested strongly that the northern smelts are purely freshwater residents. 

This contrasts to findings for southern smelts, where populations had variable life 

history patterns (purely freshwater, facultative diadromy, estuarine residence) (Crook et 

al., 2008; Hughes et al., 2014). There were significant differences in otolith chemistry 

among catchments in both lineages (SEQ-N and SEQ-S) which further supported the 

conclusion of restricted dispersal of fishes between rivers.  

 

In addition, these patterns of restricted movement can potentially be explained by 

features of their reproductive biology. These fish have low fecundity, laying between 

98- 1005 eggs (Pusey et al., 2004). The eggs are strongly adhesive and scattered onto 

the gravel substrates. Their breeding period starts during the dry winter season, might 

act to restrict dispersal to a limited area (Closs et al., 2013). 
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Significant differences in otolith chemistry were also observed among sites within some 

of the rivers (Brisbane, Logan and Nerang River), suggesting that dispersal may also be 

limited among populations within rivers. This spatial pattern of otolith chemistry might 

be the result of high levels of site fidelity which has been widely reported in riverine 

fish (e.g., Crook, 2004). However, movement of fish may also be prohibited due to 

anthropogenic migration barriers within river catchments (Han et al., 2008; Rolls, 

2011).  

 

Overlap in multi-elemental signatures among individual sites both across and within the 

two regions (SEQ-N and SEQ-S) may be explained by similar local geochemical 

features between sites such as underlying riverbed, neighbouring river catchment 

geology, and physicochemical factors including salinity, water temperature and their 

effect on fish physiology and local ecological mechanisms (Campana & Thorrold, 2001; 

Elsdon & Gillanders, 2002, 2004; Taillebois et al., 2017). High levels of overlap in 

otolith chemical signatures were found among some distant sites (for example, 

Mooloolah upper and Nerang lower River site) but it appears highly unlikely that there 

is any exchange of individual fish between these distant sites given the weight of the 

evidence of limited dispersal within rivers suggested from other techniques (genetics). 

Clearly, while divergent microchemical signatures between sites can be used to infer 

restricted movement between them, the reverse is not the case: similar signatures can 

arise either through movement between sites or by similar underlying geological 

features. 

 

5.3 Limitations and recommendations for future research  

There are several limitations in the present study that are worth noting when considering 

the findings of the research. Firstly, I did not investigate otoliths and genetics data from 

all potential natal sites. Non-random sampling may have also affected the results of 

population structure, genetic diversity and otolith elemental variations among 

Australian smelt population, as in most cases, I only sampled upstream and downstream 

sites of a river for analyses in the present study. Therefore, from the present study it is 

recommended that it is important to sample all potential natal sites to understand the 
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finer scale movement patterns of these cryptic species. However, the approach taken in 

analysing the otolith chemistry of Australian smelt was sufficient to achieve the major 

aim of the current study, to determine if these species migrated to marine habitats at all.  

 

In the present study I employed only a small number of loci and a single maternally 

inherited locus to address the hypothesis in chapter 3 regarding population structures 

and dispersal of Australian smelt. It is now possible to get large quantities of data from 

a very large number of loci in a short time due to significant technological 

advancements in gene sequencing technology. This next generation sequencing 

technology has been shown to be useful for answering questions, such as, 

environmental adaptation, population divergence and sympatric hybridization. Genome 

scans and transcriptome sequencing can be used to detect locally adaptive alleles for 

future research in this species (Luikart et al., 2003; Sasaki et al., 2016). The results of 

the current study concomitant with the findings of high genetic structuring within rivers 

would provide invaluable information for the conservation and management of the 

populations. Furthermore, in the present study, eight genetically distinct population 

clusters aligned with individual coastal catchments were identified. It is recommended 

that further research may uncover other genetically distinct populations in coastal 

drainages not sampled in this study. Future research is also needed to explore which 

behavioural and environmental factors determine the wide variation in life history and 

dispersal patterns of northern smelt compared with other lineages including southern 

smelt, as five or more cryptic species occur across their geographic range in Australia. 

Further research is also needed across the whole geographic range of this species to 

explore the connectivity, genetic structure and movement patterns on a broad scale.  

 

5.4 Conclusion 

The present study revealed high population structuring within and between rivers due to 

restricted gene flow among populations. This low connectivity among populations was 

observed due to restricted movement of individuals among rivers although evidence of 

contemporary movement was observed between populations within rivers to a limited 

extent. The findings of the present study suggest that a single factor like fish breeding 

biology or local environmental factors are not the sole drivers of the high genetic 
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structuring and complex pattern of dispersal of Australian smelt along south-east 

Queensland. Therefore, different factors including hydrological connectivity, river 

architecture, species food habit and reproductive biology, levels of gene flow and water 

chemistry parameters (e.g., salinity, elemental concentrations), which influence 

dispersal and life history expression and population structuring among catchments, 

should be considered when making management and conservation decisions that may 

affect this cryptic species complex. The data deduced from molecular genetics and 

otolith microchemistry provide complementary information regarding natal origin and 

genetic structure of Australian smelt among drainages in south-east Queensland. The 

present study also highlights the importance of maintaining hydrological connectivity 

within drainages for restoration and conservation of population dispersal in both 

lineages. Several implications arise from the present findings: i) many generations 

might be needed for individuals from existing populations to recolonize extirpated 

regions if populations of smelt were to become locally extinct ii) valuable genetic 

divergence would be lost and human involvement may be needed to recolonize the 

species from catchments if populations were totally extinguished from one or more 

rivers. Also, many field observations suggest that the natural movement of this fish 

species between brackish lowland rivers and freshwaters and within river systems may 

be prohibited due to in-stream barriers (e.g., dams, weirs, tidal barrages, road culverts) 

(Pusey et al., 2004).  

 

Although diminutive species such as Australian smelt do not command the same level 

of public profile and management priority as large, iconic fishes, they nonetheless play 

important ecological roles and comprise a key component of Australia’s unique fauna 

(Saddlier et al., 2013; Todd et al., 2017). The findings of the present study on ecology 

and population structure of Australian smelt have the potential to contribute to the 

effective management and conservation of this important cryptic species complex into 

the future. 
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Appendix Figure S3.1 Summary of STRUCTURE analyses based on the microsatellite 

data of 389 individuals (15 populations) of R. semoni. Graph of delta K values (y-axis) 

against assumed sub-populations (x-axis) showing the ideal number of groups present in 

Australian smelt. Number of clusters (K) was 8 in 10 independent runs where the peak 

shows the best K = 8. K means number of clusters and ΔK means the corresponding ΔK 

statistics calculated according to Evanno et al. (2005). 
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Appendix Table S3.1 Tests of Hardy-Weinberg equilibrium in 15 populations of Australian smelt genotyped at 10 loci 
Population name 

Locus MRD MRU NSD MLD MLU BRD BRU LAD LAU CMD CMU NRD NRU CRD CRU 

BS18 0.588 0.407 0.968 0.756 0.826 0.824 0.137 0.089 0.445 0.603 0.302 0.550 0.065 0.849 0.138 
BS3 0.079 0.989 0.072 0.431 0.281 0.167 0.852 0.590 0.494 0.077 0.098 0.034 0.017 0.250 0.721 

BS4 0.076 0.676 1.000 0.704 0.230 0.982 0.273 0.485 0.884 0.955 0.259 0.552 0.346 0.393 0.892 

BS5 0.501 0.259 0.846 0.263 0.618 0.914 0.453 0.811 0.239 0.185 0.237 0.685 0.396 0.960 0.475 
BS22 0.241 0.111 0.052 Monomorphic 1.000 0.124 0.631 0.224 0.824 0.040 0.329 1.000 0.004 0.187 0.636 

BS20 0.328 0.508 0.011 0.056 0.094 0.693 0.746 0.008 0.010 0.233 0.042 0.914 0.000* 0.059 0.262 

BS21 0.355 0.183 0.103 0.286 0.000* 0.078 0.129 0.427 0.496 0.633 0.734 0.099 0.000* 0.092 0.165 
BS24 0.006 0.011 0.057 1.000 0.012 0.681 0.112 0.173 0.314 0.615 0.110 0.360 0.587 0.091 0.077 

BS8 0.329 0.933 0.890 1.000 0.326 0.154 0.252 0.371 0.207 0.415 0.573 0.751 0.025 0.780 0.955 

MS24 0.000*    0.245 0.057 0.359 0.003* 0.902 0.725 0.234 0.188 0.494 0.420 0.157 0.293 0.299 0.006 

Departures from Hardy-Weinberg equilibrium (following Bonferroni correction) are indicated by an asterisk (*). 

 

 

 

Appendix Table S3.2 Null allele frequency using Brookfield 1 formulae 
  Population                                                  Locas name 

BS18 BS3 BS4 BS5 BS20 BS21 BS22 BS24 BS8 MS24 

MRD no no no no no no no 0.155 no 0.144 

MRU no no no no 0.153 no no 0.137 no no 

NSD no no no no no no no no no no 

MLD no no no no no no no no no no 

MLU no no no no no no no no no no 

BRD no no no no no no no no no no 

BRU no no no no 0.189 no no no no no 

LAD no no no no no no no no no no 

LAU no no no no no no no no no no 

CMD no no no no no no no no no no 

CMU no no no no no no no no no no 

NRD no 0.133 no no no no no no no no 

NRU no no no no 0.271 no 0.097 no no no 

CRD no no no no no 0.073 no no no no 

CRU no no no no no no no 0.073 no no 

no means no evidence for null alleles. See Table 3.1 for site codes and locations. 
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Appendix Table S3.3 Statistics from Bayesian clustering implemented in 

STRUCTURE for microsatellite data (Pritchard et al., 2000) across all sampling 

locations calculated from 10 iterations.  

K Mean LnP(D) SD LnP(D) ∆K 

1 -22013.1 0.555878 NA 

2 -19812.4 131.081 6.543053 

3 -18469.2 325.2155 1.31482 

4 -17553.7 128.9415 0.229251 

5 -16608.7 130.2262 3.075878 

6 -16064.2 75.74812 0.278291 

7 -15540.7 114.4082 0.945124 

8 -15125.4 0.584618 1741.891 

9 -15728.5 315.4953 0.793895 

10 -16081.0 785.5523 0.328113 

11 -16691.4 995.1 1.089247 

12 -16217.8 449.791 2.056355 

13 -16669.1 844.5295 0.350562 

14 -16824.4 827.0747 0.693081 

15 -16406.4 550.8407 1.219772 

16 -16660.4 429.0257 NA 

The mean and standard deviations (SD) of the log-likelihood values (LnP[D]) for 

different hypothesised numbers of genetic populations (K). The mean value of ∆K, the 

ad hoc statistic of Evanno et al. (2005) was used to summerize the second-order rate of 

change in LnP(D). The bold value of K = 8 represents the most likely number of genetic 

groups indicated by both test statistics. NA = not applicable given that ∆K cannot be 

calculated for these value of K. 
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Appendix Table S3.4 GenBank accession numbers of cyt b haplotypes 
Sample Code Genbank Accession No. 

BDC1  MG867590 

BDC10   MG867591 

BDC2  MG867592 

BDC3  MG867593 

BDC4  MG867594 

BDC5  MG867595 

BDC6  MG867596 

BDC7  MG867597 

BDC8  MG867598 

BDC9  MG867599 

BRD1  MG867600 

BRD2  MG867601 

BRU1  MG867602 

BRU2  MG867603 

BSV1  MG867604 

BSV10   MG867605 

BSV2  MG867606 

BSV3  MG867607 

BSV4  MG867608 

BSV5  MG867609 

BSV6  MG867610 

BSV7  MG867611 

BSV8  MG867612 

BSV9  MG867613 

CMD1  MG867614 

CMD2  MG867615 

CMU1  MG867616 

CMU2  MG867617 

CRD1  MG867618 

CRD2  MG867619 

CRU1  MG867620 

CRU2  MG867621 

LAD1  MG867622 

LAD2  MG867623 

LAU1  MG867624 

LAU2  MG867625 

MBC1  MG867626 

MBC2  MG867627 

MBC3  MG867628 

MBC4  MG867629 

MBC5  MG867630 

MBC6  MG867631 

MBC7  MG867632 

MBC8  MG867633 

MBC9  MG867634 

MLD1  MG867635 

MLD2  MG867636 

MLU1  MG867637 

MLU2  MG867638 

MLU3  MG867639 

MRD1  MG867640 

MRD2  MG867641 

MRU1  MG867642 

MRU2  MG867643 

MYC1  MG867644 

MYC2  MG867645 

MYC3  MG867646 

MYC4  MG867647 

MYC5  MG867648 

MYC6  MG867649 

MYC7  MG867650 

MYC8  MG867651 

NRD1  MG867652 

NRD2  MG867653 

NRU1  MG867654 

NRU2  MG867655 
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NSD1  MG867656 

NSD2  MG867657 

 




