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Synopsis 

 

Freshwater fishes are often characterized by extensive population genetic subdivision 

and low genetic diversity and are ideal subjects for investigating contemporary patterns 

of dispersal and subsequent gene flow. In lotic systems, different riverine architecture, 

variable hydrology and species biology influence genetic diversity and population 

structure in resident species. Stream-dwelling species often display greater levels of 

gene flow within drainages or catchments or sub-catchments than between them due to 

complexity of stream order and the isolating nature of these systems by land or sea. 

However, the relative importance of these attributes in driving population structure at 

spatial scales remains poorly understood for many freshwater species. Study on the 

effects of riverscape in shaping population structure is very important to identify 

management or conservation units and to undertake habitat restoration measures. 

 

The Daly River is one of the largest river networks in the wet-dry tropics of Northern 

Australia and shows variability in hydrology. This river has a complex arrangement of 

habitats and heterogeneous landscape features (e.g. slope, elevation) across the 

catchment area. There are also instream physical barriers like waterfalls, cliffs, road 

crossings etc. that may hinder dispersal and subsequent gene flow. Landscape features 

may have varied impacts on the movement of species and understanding the similarities 

and differences among species is a key focus of multiple species conservation planning. 

In the present study, a multispecies approach was used in which a widely distributed 

Western rainbowfish (Melanotaenia australis) and a patchily distributed Strawman 

(Craterocephalus stramineus) were examined within the same riverscape to identify 

interacting effects of riverscape and life history variation that determine patterns of 
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genetic diversity and population structure in Northern Australia. Both of the species are 

of increasing conservation concern due to dry season water extraction in this area. To 

date little detailed information is known of the life history and dispersal patterns of 

these two species within their natural range although they were thought differ in their 

dispersal ability.  

 

M. australis is known for its broad habitat range and tolerance to varying water quality 

parameters. So, high levels of gene flow and low population structure were expected in 

this species. It was also predicted that patterns of gene flow would be affected by 

contemporary landscape features existing across the Daly River catchment. Extensive 

sampling, highly polymorphic microsatellite DNA markers and comprehensive spatial 

analytical methods were used to examine the pattern of genetic variation, gene flow, 

population structure and effects of landscape features. This investigation revealed low to 

medium levels of genetic divergence among populations, even over distances as little as 

3 km, which suggests that this melanotaeniid is a weak disperser. The existence of 

asymmetrical gene flow was indicated by lower levels of population structure in 

downstream locations. There was distinct clustering of individual populations into sub-

catchments and main channel sections. The population divergence and genetic isolation 

in M. australis may be structured by the hierarchical stream arrangement or from 

heterogeneous landscape features. Among landscape factors, elevation was shown to 

affect patterns of genetic diversity and population structure most strongly. Populations 

of M. australis also demonstrated a significant isolation by stream distance effect, 

indicating that dispersal occurred more often between nearby sites. Slope and presence 

of physical barriers had minor effects on population structure.  
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C. stramineus is a habitat specialist and has a narrow tolerance to changes in water 

parameters. It was assumed from this biology that this fish would show low levels of 

gene flow and high levels of genetic structure. Reduced water flow in the dry season 

and poor water quality in the Daly River may further limit its dispersal ability. Due to 

their seasonal changes in abundance every year and extirpation from different locations, 

bottleneck events were expected to lead to low genetic diversity. A highly variable 

mitochondrial DNA marker and nine microsatellite DNA markers were utilized to 

estimate genetic diversity, population structure and spatial scales of dispersal across the 

Daly River catchment. Microsatellite markers revealed relatively low levels of genetic 

diversity (average heterozygosity 0.43 and allelic richness 2.77) compared with other 

freshwater fishes (average 0.68) and a signal of recent bottleneck events. On the other 

hand, a fragment of mtDNA demonstrated medium to high diversity (average 0.83) and 

did not show any sign of population expansions or bottlenecks. Moreover, this species 

displayed high levels of population connectivity across the catchment area, with only a 

few populations in sub-catchment streams appearing to be differentiated from the rest. 

This high gene flow between populations indicated that this species is a strong 

disperser. A Mantel test revealed no effect of isolation by stream distance for 

microsatellite data, although there was a significant relationship for mtDNA data. This 

could reflect small Ne or sex-biased dispersal. There are several natural and artificial 

structures that could act as potential barriers against dry season dispersal of this fish 

species.  

 

It is crucial for designing any multispecies habitat based conservation or management 

strategy to have detailed knowledge on magnitude and patterns of gene flow and 

population structure of the inhabitant species. It is evident from the above results that 

potential connectivity of freshwater fishes may differ from actual connectivity. The 
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differences between these two species were reduced when they were compared using 

only sampling locations common to both. This result indicated that the differences 

between these two species might be minor if samples of C. stramineus could be 

collected from all headwater sites. It is evident from the results that sub-catchment 

populations from both species were isolated and more divergent than populations from 

main channel. The findings from my study have implications for conserving each sub-

catchment as a separate management unit in combination with a monitoring program for 

long-term existence of these populations. This study also indicates the importance of 

riverine architecture and anthropogenic factors on contemporary patterns of population 

structure along this large catchment and these factors should be considered while 

designing any conservation program in a river network.  
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Chapter 1.0   General Introduction 

 

1.1 Genetic diversity 

Genetic diversity is important for the viability of populations (Lacy, 1997). Loss of 

genetic variation can have effects on a population’s fitness such as limiting a species' 

ability to persist in stressful or changing environmental conditions (Amos & Harwood, 

1998; Piry et al., 1999; Frankham et al., 2002; Reed & Frankham, 2003; Frankham, 

2005). In situations where populations become small, population bottlenecks and 

increased genetic drift can rapidly decrease genetic variability, significantly increasing 

the probability of extinction via processes such as a decline in fitness from inbreeding 

or increased susceptibility to disease (Frankham, 2005, 2010). Inbreeding may also lead 

to reduced population growth rate and viability (Frankham et al., 2002; Garner et al., 

2005; Frankham, 2010). If there is significant differentiation among geographically 

isolated populations and alleles are restricted to particular regions, genetic diversity 

needs to be maintained for existence of populations in each region (Vähä et al., 2007; 

Hughes et al., 2012; Hughes et al., 2015). Knowledge about levels of genetic diversity 

in existing populations and population isolating factors at various spatial scales is 

required for effective conservation of declining species as well as restoration of their 

habitat (Moritz, 1994; Frankham et al., 2002; Cook et al., 2007a).  

 

1.2 Dispersal 

Dispersal appears to be one of the focal factors in shaping population genetic structure 

and thus influencing local population dynamics and long-term metapopulation viability 

through immigration (Hanski, 1999; Clobert et al., 2001; Broquet & Petit, 2009). If a 
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migrant succeeds in being recruited into the new population, the individual’s genes may 

be incorporated into the existing gene pool through successful reproduction (Allendorf, 

1983; Petit & Excoffier, 2009). Dispersal affects genetic diversity within and among 

populations via gene flow (Wright, 1931; Slatkin, 1985). The level and pattern of gene 

flow among populations can affect population divergence (Avise et al., 1987). If 

populations are isolated from one another and there is little dispersal or restricted gene 

flow among them, genetic divergence between populations will take place through 

genetic drift and/or natural selection (Hughes et al., 2009). If there is no gene flow in 

the absence of immigration into a population, the probability of recolonization 

following by local extinction may be reduced (Slatkin, 1985; Milligan et al., 1994; 

Hughes, 2007). The rate of population divergence also depends on the effective 

population size and the strength of selection (Wright, 1949; Slatkin, 1987; Frankham, 

1995). Small populations will diverge more quickly than large populations because 

genetic drift is more rapid (Frankham, 1995; Hughes et al., 1999). In contrast, if 

populations encounter greater degrees of dispersal, they are expected to be restored 

rapidly by gene flow (Barber et al., 2002).  

 

Dispersal helps in the exchange of genes, dispersing advantageous alleles and 

conserving genetic diversity in different habitat patches (Vrijenhoek, 1998; Moran, 

2002). This potential permits species to cope with alteration in favourable habitats or 

seek for suitable habitat for colonization (Kokko & López-Sepulcre, 2006; Lowe & 

Allendorf, 2010). Traditionally, dispersal is determined by marking a large number of 

individuals using physical or chemical tags and monitoring their movements throughout 

the dispersal event (Jones et al., 2005; Hughes et al., 2014; Nielsen et al., 2014). 

However, it is virtually impossible to track movement of small propagules such as 

seeds, larvae, gametes etc. with current technology (Bradbury & Snelgrove, 2001; 
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Levin, 2006; Weersing & Toonen, 2009). Several direct investigations have been 

performed to examine the effects of landscapes on dispersal (Mauritzen et al., 1999; 

Selonen & Hanski, 2006). Alternatively dispersal in wild populations can be estimated 

indirectly from genetic data (Slatkin, 1985; Slatkin, 1987; Rousset, 2001) and the level 

of genetic differentiation can be used as an indicator of the degree of dispersal and gene 

flow between subpopulations (Slatkin, 1981). Detection of geographical patterns of 

genetic differentiation can give information about the degrees of gene flow resulting 

from dispersal across various spatial and temporal scales (Shulman, 1998; Anderson et 

al., 2010). Estimation of gene flow also gives information about the average dispersal 

rates among populations over a number of generations (Bohonak, 1999; Lowe & 

Allendorf, 2010).  

 

1.3 Dispersal limitations in freshwater fish  

Freshwater systems are the most vulnerable ecosystems in the world and they are under 

higher risks of extinction than any other ecosystem (Dudgeon et al., 2006). The rate of 

loss in freshwater biodiversity is faster than terrestrial biodiversity (Strayer & Dudgeon, 

2010). Freshwater organisms (e.g. fishes) are also likely to experience unique 

biogeographic limitations. The long-term existence of freshwater species is at risk 

because populations are living in extremely variable environments that are continuously 

exposed to natural calamities like floods, droughts and anthropogenic activities that 

reduce their capability to recover from these disturbances (Lake, 2003; Magoulick & 

Kobza, 2003). They may be unable to move in response to climate or geological change 

due to lack of connectivity among freshwater environments as they are divided by land, 

sea etc. (Fausch et al., 2002; Magalhaes et al., 2002; Boys & Thoms, 2006). Their range 
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extension between separate aquatic systems is also restricted or nearly impossible and 

colonization events are rare (Unmack, 2001). 

 

 Freshwater fishes often exhibit more extensive population genetic subdivision than 

those inhabiting estuarine and marine environments due to the isolating nature of 

freshwater systems (Ward et al., 1994; DeWoody & Avise, 2000; Shikano et al., 2010). 

These divergences have been explained by the differences in population sizes and the 

geographical features among freshwater localities that isolate them (Gyllensten, 1985; 

Ward et al., 1994). Dispersal is the general strategy used by freshwater fish and other 

taxa that are unable to withstand disturbance to maintain long term population viability 

(Labbe & Fausch, 2000; Raeymaekers et al., 2008). This strategy permits species to 

recolonize in extirpated regions (Vrijenhoek, 1998; Moran, 2002). Thus persistence and 

spatial arrangement of local populations as well as metapopulation are affected by this 

factor (Hanski & Gilpin, 1997). Extinction of freshwater species is likely if dispersal is 

limited by deterministic factors like climate change (Unmack, 2001).  

 

1.4 Population connectivity in freshwater fish 

Population connectivity in lotic species assists in maintaining gene flow and reduces 

population divergence within species. If populations are connected by even low levels 

of dispersal within streams, it is more likely to recover from local extinctions, to 

maintain genetic diversity etc., all of which are important for designing any 

conservation or restoration program (Gowan & Fausch, 1996; Johnston, 2000; Bond & 

Lake, 2003). In random-mating populations over large spatial scales, freshwater fish 

exchange high numbers of migrants among populations, subsequently homogenizing 

gene frequencies resulting from genetic mixing (Slatkin, 1985; Huey et al., 2006; 
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Hughes & Hillyer, 2006; Woods et al., 2010; Huey et al., 2014). Alternatively, many 

freshwater fish species display strong to moderate genetic structure resulting from 

restricted gene flow and limited dispersal among populations (McGlashan & Hughes, 

2001; Pereira et al., 2009; Schmidt et al., 2013; Hughes et al., 2015) and reduced levels 

of genetic diversity within populations (Lowe & Allendorf, 2010). A realistic way to 

reveal the spatial pattern of population connectivity in an aquatic species is to estimate 

gene flow and investigate population structure (Faulks et al., 2010). Genetic 

connectivity (dispersal and gene flow) of freshwater organisms can also be evaluated by 

the level and pattern of genetic variation in these populations (Slatkin, 1987; Hughes et 

al., 1995; Baker et al., 2004).  

 

The study of spatial patterns of genetic diversity is one of the crucial issues in species 

management and conservation planning as it provides information about the 

evolutionary processes behind these patterns and the time required for isolation of these 

populations (Peakall et al., 2003; Anderson et al., 2010). In a dendritic river network, 

two or more head waters converge together downstream. So, fish populations from this 

type of freshwater system often display asymmetries in gene flow, with downstream 

gene flow more prevalent than upstream gene flow (Fagan, 2002; Neville et al., 2007; 

Gomez‐Uchida et al., 2009; Morrissey & de Kerckhove, 2009; Kanno et al., 2011; 

Gomez‐Uchida et al., 2013). Similar patterns have been observed in stream 

invertebrates as well (Chaput‐Bardy et al., 2008; Alp et al., 2012). So, the distribution 

of genetic diversity in this system could be shaped by this asymmetric gene flow and 

result in higher genetic diversity in downstream populations than headwater populations 

(Hernandez-Martich & Smith, 1997; Caldera & Bolnick, 2008; Morrissey & de 

Kerckhove, 2009; Junker et al., 2012). The degree of asymmetry in gene flow is 

affected by geographical scale and river slope (Alp et al., 2012; Junker et al., 2012) and 
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this asymmetry is usually greater in the direction of water flow than in the opposite 

situation (Caldera & Bolnick, 2008; Junker et al., 2012).  

 

Environmental factors relating to population connectivity may have significant effects 

on the distribution, movement, and persistence of species (Turner et al., 1989). These 

features also assist in shaping genetic structure of populations (Manel et al., 2003; 

Storfer et al., 2007; Manel & Holderegger, 2013). Freshwater species inhabiting stream 

networks often display greater levels of dispersal within drainages or catchments or sub-

catchments than between them due to the complexity of stream architecture and their 

isolation by land or sea (Hughes et al., 2009; Hughes et al., 2013). In river systems, 

different riverine architecture (e.g. stream gradients, stream distance, elevation etc.), 

hierarchical stream arrangement, variable hydrology and species biology affect 

intraspecific genetic variation and population divergence in stream-dwelling species 

(Meffe & Vrijenhoek, 1988; Amoros & Bornette, 2002; Fagan, 2002; Cook et al., 

2007a; Huey et al., 2008; Hughes et al., 2009). The hierarchical arrangement of stream 

systems is a key determinant of structuring populations in many stream-dwelling 

species (Hughes et al., 2009). Gene flow is further restricted by seasonal changes in 

hydrological connectivity across the river network (Faulks et al., 2010). River 

confluences between tributaries can act as external long-term determinants in generating 

population differentiation in river species (Bond & Lake, 2003; Campbell Grant et al., 

2007). 

 

Stream distance very often affects population connectivity where more geographically 

isolated populations are likely to be more genetically divergent from one another than 

they are from nearby populations (Hughes et al., 2009). This effect of stream distance is 

also varying among species and stream networks (Castric et al., 2001). Several studies 
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revealed a significant relationship between stream distance and genetic divergence in 

freshwater fishes (Hughes et al., 1998; Hughes et al., 2003; Crispo et al., 2006; 

Coleman et al., 2010). Furthermore, studies on connectivity of populations in upland 

streams have revealed that obligate freshwater organisms display low levels of 

connectivity among populations in headwaters such as fish (Hurwood & Hughes, 1998; 

McGlashan & Hughes, 2000), atyid shrimp (Hughes et al., 1995; Hurwood & Hughes, 

2001b). Population divergence in upland streams was found, even within the same sub-

catchment (Hurwood et al., 2003). Also stream-dwelling species often show greater 

genetic divergence in locations with a higher stream slope (Caldera & Bolnick, 2008; 

Cook et al., 2011; Kanno et al., 2011).  

 

There are several in-stream physical barriers that can cause habitat fragmentation and 

obstruct connectivity among populations within catchments such as natural waterfalls, 

habitat heterogeneity, dried river reaches and sharp catchment gradients (Amoros & 

Bornette, 2002; Taylor et al., 2003; Leclerc et al., 2008). Human activities (e.g. water 

extraction, change in land use, constructions of dams or road crossings) may also cause 

fragmentation of populations within or between stream networks (Coleman et al., 2010; 

Faulks et al., 2011). Using several statistical tools, landscape genetics studies estimate 

the spatial pattern of gene flow and determine whether this genetic differentiation 

resulted from evolutionary factors (e.g. genetic drift, gene flow) or heterogeneous 

landscape features (Manel et al., 2003; Storfer et al., 2007; Manel & Holderegger, 

2013).  
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1.5 Hydrology and freshwater fish population structure 

Several investigations on population structure in different taxa emphasize the 

significance of hydrological regime in governing gene flow in aquatic organisms (Cook, 

Bunn, et al., 2002; Huey et al., 2006). More stable hydrological regimes may lead to 

high levels of gene flow among subpopulations of freshwater prawn, Macrobrachium 

australiense, generating panmixia among subpopulations (Cook et al., 2002). In 

contrast, the variable hydrological regimes play a significant role in the population 

dynamics of freshwater fish through fluctuations in population size and limiting the 

potential for dispersal (Amoros & Bornette, 2002; Balcombe & Arthington, 2009; 

Faulks et al., 2010).  

 

Reduction in genetic diversity could result from loss of random alleles in a population 

when the effective population size (Ne) is reduced from environmental stochasticity and 

catastrophe (Nei et al., 1975; Van Noordwijk, 1994; Ramstad et al., 2004; Huey et al., 

2008; Pujolar et al., 2011). This lower genetic diversity could lead to reduced fitness 

and adaptive potential in the species (Frankham et al., 2002; Frankham, 2005). 

Populations may experience bottleneck events when the effective population size is 

severely reduced from sudden changes in flow regimes or founder events, and when 

only a few individuals survive and colonize a new habitat (Avise, 1994; Ramstad et al., 

2004; Huey et al., 2008).  

 

During drought periods, the rivers suffer from ceased or lowered hydrological 

connectivity and change into a series of disconnected pools that can provide refuge 

habitats from which individuals can survive and recolonise when hydrological 

connectivity is restored (Humphries & Baldwin, 2003; Magoulick & Kobza, 2003; 

Matthews & Marsh‐Matthews, 2003; Bond et al., 2008). It restricts movement between 
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populations of freshwater fauna living in isolated waterholes and favours formation of 

small populations and reduction in genetic variation resulting from genetic bottlenecks 

(Maruyama & Fuerst, 1985; Huey et al., 2006). Seasonal low flows can also result in 

contraction or intermittent aquatic habitats and fish may experience changes in 

availability and quality of resources (King et al., 2015). In contrast, floods are important 

hydrological processes that increase hydrological connectivity, promote movement of 

fish across large areas and finally assist in higher levels of gene flow among temporarily 

isolated populations (Huey et al., 2006; Hughes & Hillyer, 2006; Faulks et al., 2010). 

There are several threats to ecological health of rivers and alterations of natural flow 

regimes are one of the most significant (Bunn & Arthington, 2002).  

 

1.6 Pattern of genetic structure in stream network 

Like other ecological functions, dispersal and gene flow may often follow generic 

patterns across a wide range of taxa or environments. Several conceptual models have 

been proposed to describe and predict the patterns of genetic structure in stream 

populations generated by river architecture and species life history characteristics 

(Figure 1.1) (Meffe & Vrijenhoek, 1988; Finn et al., 2007; Hughes et al., 2009; Hughes 

et al., 2013). Studies of the effects of these isolating events generating genetic 

divergence among populations is important to reveal patterns of within-species genetic 

diversity that will help in natural resource management (Meffe & Vrijenhoek, 1988; 

Vrijenhoek, 1998; Avise, 2000). 

 

Isolation by distance (IBD) is a generalized simple model that is frequently applied to 

populations living in various environments (Wright, 1943; Slatkin, 1993; Björklund et 

al., 2010; Petrou et al., 2014). The term 'Isolation by distance' (IBD) was first 
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introduced by Sewell Wright in 1943. It describes the extent that genetic differentiation 

increases with geographical distance due to limited gene flow and nearby populations 

are expected to be more connected than distant ones (Wright, 1943; Slatkin, 1985; 

Segelbacher et al., 2010; Hughes et al., 2013). Thus, geographic distance has an effect 

on determining the isolation of populations.  

 

 

Figure 1.1: Patterns of genetic structure in stream populations (Source: Hughes et al., 

2013). The schematic diagram of stream connection shows two sub-catchments of a 

river with sampling locations. W and B from the bar graphs designate partitioning of 

genetic variation within and between subcatchments, respectively whereas G and S for 

the headwater model refer to geography and stream, respectively. Scatter plots show 

correlations between genetic differentiation (GD) and stream distance (SD). 
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A species will exhibit IBD when the diverging effects of genetic drift and the 

homogenizing effects of gene flow are in equilibrium (Wright, 1943; Robledo‐Arnuncio 

& Rousset, 2010) and high gene flow generally neutralizes population differentiation 

and masks any IBD effect (Slatkin, 1993). Genetic structure in many stream-living 

animals fit the IBD model, for example, many insects (Hughes et al., 2003; Baggiano et 

al., 2011) and fish (Coleman et al., 2010; Shipham et al., 2013; Petrou et al., 2014). 

 

The concept of Panmixia (PAN) was also described by Wright (1943) and indicates 

high dispersal ability of a species and widespread dispersal across its distribution. This 

type of dispersal creates high connectivity among populations and populations become 

genetically homogeneous. This model indicates equal partitioning of genetic divergence 

within sub-catchments and between sub-catchments. Genetic structure of several aquatic 

taxa could be explained by this pattern, for example the freshwater fish, the golden 

perch (Macquaria ambigua) (Faulks et al., 2010), north-west glassfish (Ambassis sp.) 

(Huey et al., 2011), Mary River cod (Maccullochella mariensis) (Huey et al., 2013b), 

Australian freshwater shrimps (Macrobrachium tolmerum) (Sharma & Hughes, 2009) 

and some freshwater mussel species (Velesunio spp.) (Hughes et al., 2004) etc.     

 

Three models are recognized that are more specific to populations of freshwater species: 

the Stream Hierarchy Model (SHM) and the Death Valley Model (DVM), developed by 

Meffe & Vrijenhoek (1988), and Headwater Model (HM) proposed by Finn et al. 

(2007). The SHM predicts that connectivity and gene flow in stream populations should 

correspond with the hierarchical pattern of the stream network and the more dendritic 

the river, the greater the population divergence. According to this model in an 

intermittently connected stream system and when genetic drift and gene flow are in 

equilibrium, populations found within one branch of river are often genetically more 
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similar than populations from neighbouring branches and the majority of the genetic 

variance is partitioned among basins. Also the degree of population differentiation is 

expected to increase with the waterway distance.  

 

Empirical studies on several stream-living species support this model such as midge 

(Wishart & Hughes, 2003), crabs (Cook et al., 2008), and fish (Huey et al., 2008; 

Phillips et al., 2009; Young et al., 2011a). However, stream hierarchical habitats do not 

always produce hierarchical patterns of population structure in freshwater species, e.g. 

some shrimp (Baker et al., 2004; Cook et al., 2007b), insects (Baggiano et al., 2011), 

molluscs (Hughes et al., 2004; Carini & Hughes, 2006), and fish (McGlashan & 

Hughes, 2000; Fagan, 2002; Huey et al., 2006; Cook et al., 2007a). 

 

The DVM predicts that when populations are completely isolated (i.e. hydrological 

disconnection) over long periods, they become highly differentiated due to absence of 

dispersal (no migration) and are affected by other evolutionary factors such as mutation, 

genetic drift and selection that change gene frequencies (Meffe & Vrijenhoek, 1988; 

Hughes et al., 2009). Due to longer periods of isolation, a significant proportion of 

genetic diversity is expected at the among-population level along with complete absence 

of finer-scaled genetic structure resulting from dispersal barriers and absence of 

isolation by distance. This model has been suggested for lotic species that have limited 

terrestrial and within-stream dispersal ability (Sharma & Hughes, 2009; Bentley et al., 

2010; Hammer et al., 2010).  

 

There is an additional model proposed by Finn et al. (2007), the Headwater Model 

(HM), that describes development of genetic structure in headwater specialist species 

that are restricted to only headwater habitats due to low tolerance to habitat features. 
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Here, headwater specialization does not permit gene flow to occur throughout the 

stream network, and limited short-distance overland movement is possible, especially 

during wet conditions. This model predicts that populations within a catchment are not 

connected when stream confluences are outside the specialized habitat. Populations 

display better connections to opposite sides of the drainage divide but significant 

genetic divergence from other sub-catchments of the same catchment (Finn et al., 2007; 

Hughes et al., 2009; Hughes et al., 2013). This model is supported by those species that 

have some aerial or overland dispersal ability, as reported in Spiny Mountain crayfish, 

giant water bugs, and autumn-emerging caddisfly (Ponniah & Hughes, 2006; Finn et al., 

2007; Lehrian et al., 2010), respectively. Population structure in some fishes even 

followed this model where populations from isolated headwaters experienced historical 

interdrainage dispersal (McGlashan & Hughes, 2000; Hurwood & Hughes, 2001a). 

 

1.7 Use of genetic markers in population connectivity 

Different biochemical and molecular techniques are widely accepted as effective tools 

in revealing genetic structure within and between geographically isolated populations 

(Avise, 1994; Ferraris & Palumbi, 1996). The use of molecular tools can answer a wide 

range of questions in population biology, for example phylogeography, evolutionary 

history, contemporary levels of genetic diversity and gene flow and kinship studies 

(Shulman, 1998; Vrijenhoek, 1998; Moran, 2002). Genetic data are often used to 

examine population connectivity because it is difficult to measure dispersal directly at 

large spatial scales (Palumbi, 2003; Manel et al., 2005; Hedgecock et al., 2007; Lowe & 

Allendorf, 2010). Dispersal among geographically isolated populations can be assessed 

using both direct and indirect methods. In direct methods, individuals are assigned to 

populations of origin (Manel et al., 2005) or to specific parents (Jones et al., 2005) and 
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usually involve physical (Block et al., 1998) or chemical/environmental tags (Thorrold 

et al., 2007; Hughes et al., 2014). On the other hand, gene flow can be estimated 

indirectly from genetic differences among populations on the assumption that those 

populations are at equilibrium between gene flow and genetic drift (Slatkin, 1993). 

Effective population sizes can also be estimated from genetic data obtained from using 

polymorphic genetic markers (Schwartz et al., 2007; Anderson & Garza, 2009; 

Allendorf et al., 2010). 

 

Molecular markers can provide information on gene flow and genetic diversity within 

and between populations for effective management of isolated populations or meta-

populations (Schwartz et al., 2007; Storfer et al., 2007). It can also assist in identifying 

evolutionary significant units, management units or meta-populations (Corander et al., 

2013). Molecular markers help in identification of populations under risk of extinction 

and development of management and conservation measures to facilitate and maintain 

gene flow (Danancher et al., 2008). Genetic data can also be utilized to identify source 

and sink habitats for populations through detection of asymmetric gene flow 

(Kennington et al., 2003) and estimation of the migration rate among populations 

(Beerli & Felsenstein, 2001; Wilson & Rannala, 2003).  

 

1.7.1 Microsatellite markers 

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

copies of short nucleotide motifs containing di-, tri-, tetra-, penta- or hexa nucleotides 

arrayed in tandem (Wright, 1993; Park & Moran, 1994; Jarne & Lagoda, 1996). They 

are sometimes referred to as “junk” DNA because they contain mostly non-coding 

sequence and therefore are mostly selectively neutral (Jarne & Lagoda, 1996). Because 
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of their high mutation rates, they change rapidly over time, making them useful for 

tracing contemporary levels of gene flow (Selkoe & Toonen, 2006). Microsatellite loci 

are abundant and widely distributed in all species studied to date (Wright, 1993; 

Chistiakov et al., 2006; Bhargava & Fuentes, 2010). They are also cheaper than some 

other methods and provide more genetic information per marker (Schlotterer, 2004). 

Microsatellites are inherited in a Mendelian fashion and are believed to be minimally 

affected by natural selection (Jarne & Lagoda, 1996), which makes them suitable 

markers for studying patterns of genetic diversity and differentiation and factors 

affecting them.  

 

Being a bi-parentally inherited marker, it provides strong statistical support for 

examining patterns of genetic structure at small spatial scales (Bentzen et al., 1996). 

They are frequently used for studying contemporary effective population size, dispersal 

etc. (Estoup & Angers, 1998; Garza & Williamson, 2001). They often reveal higher 

rates of genetic diversity in a species that usually displays low levels of variation with 

other conventional markers (Wright, 1993; Bentzen et al., 1996). Compared to other 

markers like allozymes and mtDNA, microsatellites cannot be easily adapted for use in 

new species as the method involves species-specific development of primers which can 

be labour-intensive, time-consuming and expensive (Zane et al., 2002).  

 

1.7.2 Mitochondrial DNA 

The mitochondrial DNA (mtDNA) molecules of vertebrates are circular, with size 

varying from 16 to19 kb. The molecule generally contains 37 genes of which 13 code 

for proteins, 2 for rRNAs, 22 for tRNAs. There is also a highly variable control region 

(CR) or D-loop (Prosdocimi et al., 2012). Simple, maternal inheritance and the faster 
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evolution in mtDNA make it a powerful tool in phylogenetics, phylogeography, 

molecular evolution, and population and conservation genetics studies (Avise, 1994; 

Moritz, 1994). Due to its haploid nature, non-recombination and four fold smaller 

effective population size, this marker is more sensitive to detection of recent 

demographic change (Neigel & Avise, 1986; Avise, 1995; Bowen et al., 2014). MtDNA 

analyses can assist in detecting phylogenetic relationships both among closely related 

species as well as distantly related ones (Kumazawa & Nishida, 1993; Zardoya & 

Meyer, 1996).  

 

Mitochondrial DNA analysis is also a powerful tool for investigating biogeographic 

patterns of many taxa at the intraspecific level (Page et al., 2004; Page et al., 2007; 

Hammer et al., 2010; Baggiano et al., 2011; Cook et al., 2012). The sequence analysis 

of mtDNA can also be used in discriminating relative importance of contemporary 

dispersal/gene flow and historical processes in shaping genetic structure of natural 

populations (Templeton et al., 1995; Cook et al., 2011; Hughes et al., 2014). In 

comparison to autosomal loci at neutral sites, mtDNA has lower mutation rates and 

smaller effective population size that allow to infer historical processes at a large spatial 

scale (Petit & Vendramin, 2007). This marker can also assist in revealing insights into 

the population’s demographic history (Avise, 1992; Grant & Bowen, 2006; von der 

Heyden et al., 2013; Bracken et al., 2015).  

 

1.8 Australian wet-dry tropics 

Australia is regarded as the driest continent in the world, as it has the lowest 

precipitation and runoff of all continents (Pigram, 1986). As most of the rainwater 

evaporates, many Australian rivers have very irregular flow patterns and experience 
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disconnection (Alexander, 1996). However, the rivers and flood plains of northern 

Australia are globally significant so that one of the last free-flowing river networks in 

the world is located in these wet-dry tropics of this region (Blanch, 2008; Warfe et al., 

2011). The wet-dry tropics of northern Australia covers an area of approximately 1.3 

million square kilometres, covering from Broome in Western Australia, across the north 

of the  continent to the tip Cape York in Queensland (Figure 1.2) (Woinarski et al., 

2007). The rivers in this region have a low density of streams per unit catchment area 

and show a unique pattern of predictable seasonal flow (Faulks, 1998a). Though rain 

falls are common in northern Australia, it is seasonal and uneven in its distribution 

(Faulks, 1998a). Over 90% of the annual rainfall occurs in these regions during the wet 

season due to local and organized convection, tropical depressions, generally as 

torrential rain (Faulks, 1998a; Blanch et al., 2005).  

 

           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Major climatic groups in Australia (Map courtesy: Australian Government, 

Bureau of Meteorology; http://www.bom.gov.au/iwk/climate_zones/map_1.shtml. 

 

http://www.bom.gov.au/iwk/climate_zones/map_1.shtml
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1.8.1 Daly River 

The Daly River is one of the largest tropical river systems in the wet-dry tropics of 

Northern Territory and comprises an area of 52,577 km2 in the monsoonal tropics of 

Australia between 14° and 16°S and 130° and 133° E (Erskine et al. 2003; Blanch et al. 

2005). In addition, it provides the highest levels of discharge for rivers in Northern 

Australia (CSIRO, 2009). The climate of the catchment is differentiated into two 

distinct seasons: a little or rainless dry season from May to October and a wet season 

from November to April and year round high temperatures and evaporation rates 

(Petheram et al., 2008; Land & Taskforce, 2009). High water flow during the wet 

season results in flooding and high hydrological connectivity, but also entire rivers can 

be reduced to series of shallow disconnected refugial pools during the dry season, 

(Perna & Pearson, 2008; Schult & Townsend, 2012). However, the Daly River has the 

highest base flow and end-of-dry-season flow among the few perennial rivers in the 

northern Territory and has developed a unique freshwater ecosystem in contrast to most 

other northern rivers (Blanch et al., 2005).  

 

The Daly River is supported from three large limestone aquifers (Oolloo, Tindal and 

Jinduck in) that underlay this river (Figure 1.3). They are recharged from rainfall during 

the wet season and discharge back with high flow throughout the dry season (Begg et 

al., 2001). Water from limestone aquifers is characterized by calcium and magnesium 

salts in contrast to the most Australian rivers where sodium and chloride ions dominate 

in water flow (Blanch et al., 2005). The age of these aquifers varies and has been dated 

as relatively young in geological terms (30-500 years old) (Cook, Williams, et al., 2002) 

which indicates vulnerability of groundwater sources to water extraction (Blanch et al., 

2005).  
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Figure 1.3: Large limestone aquifers in the Daly region (Map courtesy: Australian 

Government, Bureau of Meteorology; 

http://www.bom.gov.au/water/nwa/2013/daly/contextual/physicalinformation.shtml 

 

Further dry-season water extraction in this area could limit the transport of nutrients and 

organic matter, longitudinal movement of biota and reduce the availability of spawning 

and rearing habitats (King et al., 2015). Longer term water extraction from this river 

occasionally can lower dissolved oxygen levels to such an extent that fish kills occur 

(Townsend, 1994; King et al., 2015). Several investigations have been conducted on the 

effects of historical levels of water flow and extraction on the abundance of fish species. 

Findings from Stewart‐Koster et al. (2011) suggest that populations of western 

rainbowfish (Melanotaenia australis) from the Daly River were much affected by 

http://www.bom.gov.au/water/nwa/2013/daly/contextual/physicalinformation.shtml
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magnitude of flows during the wet season in those areas which historically have low 

water flow (e.g. sub-catchment area).  

 

Another study revealed that fish abundance and diversity would be unaffected by 

historical levels of water extraction but further water extraction during the dry season 

could increase the probability of extremely low abundance of sooty grunter (Hephaestus 

fuliginosus) and barramundi (Lates calcarifer) in this region (Chan et al., 2012).  

Kennard et al. (unpublished) also listed western rainbowfish (Melanotaenia australis) 

and strawman (Craterocephalus stramineus) in the “at high risk” category owing to 

future dry season water extraction from this catchment. Clear water coupled with very 

low levels of nitrogen and phosphorus are key features of the dry season water flow 

(Rea et al., 2002) that make this river extremely sensitive to sediment deposition from 

erosion and changes in nutrient content from fertilizers in surface run-off (Blanch et al., 

2005).  

 

1.8.2 Biodiversity of the Daly River 

There are a wide range of highly productive aquatic ecosystems (estuaries, rivers, lakes, 

floodplains) that have great social, cultural and economic value (Pusey, 2011). The Daly 

River supports high biodiversity and many endemic species of aquatic plants and 

animals and their ecology is closely dependent on the nature of flow regimes (Pusey, 

2011). This area is popular for its high species richness of freshwater fishes perhaps due 

to the large size of the Daly basin and year round perennial flow (Kennard et al., 2010; 

Pusey, 2011). Endemism is a key feature in two parts of this catchment area. The first 

part is the sandstone plateau of western Arnhem Land in the upper part of the Daly 
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River Catchment (DRC), which supports endemic species with poor dispersal ability. 

The other part is in the Monsoonal rainforest patches (Blanch et al., 2005).  

 

Previous research in northern Australia suggested most of the freshwater fish species are 

assumed to spawn during the wet season so that they can use high hydrological 

connectivity for dispersal (Bishop et al., 2001; Pusey et al., 2004) but recent studies 

indicate opportunistic reproductive strategies and recruitment in some fishes during the 

dry-season (Pusey et al., 2004; Doidge, 2014). It is assumed that these opportunistic fish 

prefer to spawn for this short dry period so that they can use stable conditions related to 

flow, temperature and resources available in the environments during this period rather 

than struggle in variable conditions throughout the year (Humphries et al., 2013). In 

addition to a freshwater fish strawman (Craterocephalus stramineus), several nationally 

and internationally threatened or rare species including two elasmobranchs, freshwater 

sawfish (Pristis microdon), freshwater whiprays (Himantura sp.) are known to survive 

here (Blanch et al., 2005).  

 

Although most of the aquatic ecosystems are in good ecological condition, there are 

some existing and possible threats from further agricultural and infrastructure 

development to the health of the Daly River. They are soil erosion and sedimentation 

(Dilshad et al., 1996; Elliott et al., 2002), changed soil and catchment hydrology (Mott 

et al., 1979; Dilshad et al., 1996), nutrient pollution (Price et al., 2003; Hart, 2004), 

reduced groundwater discharge and increased fish killing (Erskine et al., 2003). It is 

very difficult to assess the impacts of these possible threats due to lack of fundamental 

knowledge on the ecology and environmental water requirements for many species in 

this large catchment area.  
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1.8.2.1 Western rainbowfish (Melanotaenia australis Castelnau, 1875) 

Rainbowfishes (Melanotaeniidae) are one of the most abundant and widespread families 

of obligate freshwater fishes in Australia and New Guinea (Allen & Cross, 1982; Allen 

et al., 2002). However, comparatively few species are found in Australia (Allen & 

Cross, 1982; Allen et al., 2002). The family Melanotaeniidae displays high levels of 

local endemism and numerous species are restricted to single drainage systems (Allen & 

Cross, 1982; Allen, 1991). A population genetics study on a melanotaeniid, the ornate 

rainbowfish (Rhadinocentrus ornatus) revealed that this species is not a strong disperser 

and movement was even restricted between nearby streams (Sharma & Hughes, 2011).  

 

Melanotaenia australis is one of the most common and widely distributed freshwater 

fish in stream networks of north-western Australia (Allen et al., 2002) despite the fact 

that the genus, Melanotaenia contains several species with restricted or fragmented 

distributions (Allen, 1991). Its distribution starts from the Ashburton River (Western 

Australia) and forms the western and southern part (Tappin, 2011). The species is 

abundant in suitable habitats of most streams from the Pilbara and Kimberly region 

(Tappin, 2011). Its distribution further extends to the Northern Territory and the Daly 

River contains the most easterly population (Allen et al., 2002).  

 

M. australis was first described by Castelnau as Neoatherina australis in 1875 and was 

commonly known as the ‘Westralian Sunfish’. Another rainbowfish species, 

Melanotaenia solata was collected from the Northern Territory in 1964. Gerald Allen 

revised the rainbowfish family in 1980 and these two species were considered to be 

synonymous and named as Melanotaenia splendida australis (Tappin, 2011). Finally, 

after extensive review, Melanotaenia australis and Melanotaenia solata were separated 

by Allen et al. (2002) on the basis of a genetic study as they have morphological 
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phenotypes that overlap with each other (Crowley & Ivantsoff, 1991). Molecular 

techniques suggest two distinct lineages within M. australis; one lineage geographically 

restricted to Western Australia and another to the Northern Territory (McGuigan et al., 

2000). 

 

M. australis can inhabit a wide range of habitats including rivers, creeks, swamps, 

marshy lagoons, lakes and reservoirs (Allen et al., 2002) and is even often abundant in 

areas with little water flow (Allen & Cross, 1982). They often prefer to stay at sub-

surface water level in stream habitats or aggregate along the stream margins with sub-

surface vegetation, submerged logs or branches (Allen et al., 2002). In their natural 

habitat, they are frequently subjected to large fluctuations in water conditions between 

the dry and wet seasons with variable water temperature (22-36°C), pH (6.5-8.0) and 

extensive hardness levels (Tappin, 2011). Very little is known about the biology of the 

species in its natural environment. So, most information is based on aquarium 

observations. It spawns throughout the year with a peak early in the wet season (Larson 

& Martin, 1990; Bishop et al., 2001; Tappin, 2011; Doidge, 2014). Normally each 

female releases between 100 and 200 adhesive eggs in vegetated area and these eggs are 

negatively buoyant in freshwater (Tappin, 2011). The species commonly reaches 8 cm 

in length or less with a maximum around 11 cm (Allen et al., 2002).  

 

1.8.2.2 Strawman or blackmast (Craterocephalus stramineus, Whitley 1950) 

The Australian Atherinid, strawman or blackmast (Craterocephalus stramineus, 

Whitley 1950) is patchily distributed in coastal drainages of northern Australia and 

currently reported from the Ord Rivers (WA), Victoria, Daly, Finniss and Katherine 

Rivers (Northern Territory) and the Gregory River in the Gulf of Carpentaria (QLD). 
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They are also locally abundant in lacustrine habitats like Lake Kununurra (Allen et al. 

2002). The ancestor of the ‘Craterocephalus’ group was thought to be of marine origin. 

Finally they evolved, invaded in freshwater and established (Crowley, 1990; Unmack & 

Dowling, 2010). Crowley (1990) also suggested there were two freshwater invasions in 

this group, one during the period of Mid-Cretaceus and a second between Late 

Cretaceus to Early Paleocene. C. stramineus was originally collected in 1945 by Eric 

Worrell from the Katherine River in the Northern Territory. They were scientifically 

named Quiris stramineus by Gilbert P. Whitely in 1950. However, the genus name 

Quiris was formerly used for a group of insects. Therefore they were renamed 

Quirichthys stramineus in 1951. After reviewing the Craterocephalus group, Ivantsoff 

et al. (1987) positioned this genus in the family Atherinidae and scientifically this 

species is known as Craterocephalus stramineus.  

 

It is very lucrative as an aquarium fish and grows to a length of around 5 to 7 cm. It can 

dwell in a variety of environments and seems to prefer shallow, clear, still or flowing 

water with a high pH and hardness (Allen et al., 2002; Tappin, 2008). The species is a 

habitat specialist and is usually very sensitive to changes in water parameters (Larson & 

Martin, 1990). It is hypothesized that these rivers and lakes produce more algae and 

have higher dissolved oxygen levels than billabongs and still water. They often occur in 

moderate-sized shoals swimming just below the surface areas (Allen, 1982; Midgley, 

1983).  

 

1.9 Aims and scope of the study 

One of the key objectives in population genetics studies is to understand the factors and 

mechanisms that affect genetic structure. This genetic structure could be shaped by the 
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species biology and or interactions with the landscape features. Rivers are excellent 

ecosystems to investigate interactions between patterns of population structure and 

ecological processes as they are arranged hierarchically and consist of complex spatial 

structure (Ward et al., 2002). Many studies have inferred levels of connectivity among 

populations of individual freshwater fish species within river systems (Hurwood & 

Hughes, 1998; McGlashan & Hughes, 2000; Huey et al., 2008).  

 

The Daly River exhibits a wide range of architecture and variable hydrology throughout 

the year but how these regimes influence spatial patterns of genetic diversity and 

population structure is almost unknown. There has been limited research conducted on 

the ecology, biology, early life history requirement of freshwater fish in this catchment 

and the most comprehensive research to date is the investigation of early life stages of 

fishes from the Alligator Rivers region (Bishop et al., 2001; Pusey et al., 2004). Cook et 

al. (2011) conducted a study on a narrow dispersing freshwater fish, the northern purple 

spotted gudgeon (Mogurnda mogurnda) to identify the determinants of within-river 

genetic structuring in the same catchment area. The results showed populations in this 

catchment were differentiated from each other and did support the expectation of the 

Stream Hierarchy Model (SHM). The study also revealed stream gradient, elevation and 

population history as determinants of this structuring whereas stream distance had no 

effect.  

 

Another study in this region revealed sooty grunter (Hephaestus fuliginosus) as strong 

disperser and populations were only isolated by distance (Mills, 2012). In the present 

study, a multispecies approach will be used in which two species will be directly 

compared within the same landscape to design a generalized conservation management 

program. These species with apparently different distributions and habitat requirements 
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will be studied within the same landscape to elucidate the effects of species life history 

traits and population demography. Although both species use the same drainage system, 

they show differences in distribution pattern, seasonal abundance, mode of reproduction 

and tolerance to changing water parameters. In this study, I propose to explore patterns 

of genetic connectivity among Daly populations using different markers. 

 

The first aim of this study is to investigate the role of river network in determining 

population structure in freshwater fishes. Some studies have inferred the role of stream 

structure upon population connectivity using multispecies approach by directly 

comparing patterns of population structure and diversity between different species 

within the same landscape (Kyle & Boulding, 2000; Turner et al., 2004; Gomez‐Uchida 

et al., 2013). This study will explore the role of riverine structure by comparing a 

habitat specialist with a widespread fish species from the Daly River catchment area.  

 

The second aim of this study is to examine the pattern of genetic diversity and 

population structure of a habitat specialist Australian freshwater fish, strawman (C. 

stramineus) across its possibly most secure distribution of their natural range. Yet, no 

research has not been undertaken to study biology, ecology and population genetics of 

this species to date. The present study will give some valuable insight into the biology 

of these poorly understood species.  

 

Finally this study will estimate the effect of variable environment and heterogeneous 

landscapes (e.g. flow regimes, elevation, slope, presence of in-stream barriers etc.) on 

patterns of population structure in an Australian freshwater fish. They may have varied 

impacts on the movement of species. This will be done by comparing population 
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structure of western rainbowfish and variable landscape features across the Daly River 

catchment. 

 

This thesis consists of 7 chapters in total. Chapter 2.0 describes the general 

methodology applied in this research, providing details of study area, sampling design, 

sample collection, laboratory methods and statistical analyses used in this study. This 

chapter also provides information about general methodology for Chapters 3.0-6.0 as 

well as technical details for analyses specific to each chapter. Chapter 3.0 describes 

details of microsatellite primer development for M. australis. Chapter 4.0 investigates 

the pattern of genetic structure and genetic diversity of M. australis populations across 

the Daly River Catchment. This chapter also focuses on estimating effects of 

heterogeneous landscape features on patterns of population structure and genetic 

diversity. Chapter 5.0 describes details of microsatellite primer development for C. 

stramineus. Chapter 6.0 investigates the pattern of genetic structure and genetic 

diversity of C. stramineus populations across the Daly River catchment. Chapter 7.0 

summarises the key findings from Chapters 3.0-6.0 and infers overall conclusions by 

comparing them with each other and implications for other freshwater fishes in the wet-

dry tropics of northern Territory. Chapters 3.0-6.0 have been written in the form of 

papers. Chapter 3.0 has been published (Mondol et al., 2014). Chapter 5.0 has been 

submitted to the Journal of European Wildlife Research. Chapter 4.0 and Chapter 6.0 

are in the form for submission, except that the methods are mostly outlined in the 

General Methods (Chapter 2.0) to avoid repetition.  
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Chapter 2.0   Study Area, Field Sampling and Laboratory Methods 

 

2.1 Study area 

The Daly River is a large river that flows from the foothills of Arnhem Land and flows 

into the Timor Sear at Anson Bay after running for 320 km (CSIRO, 2009). This river is 

characterized by spectacular sandstone escarpments, gorges and waterfalls, broad 

floodplains and braided channels of the river mouth and estuarine reaches (Blanch et al., 

2005; Wasson et al., 2010). It contains several large sub-catchments, the Katherine 

River, the Flora River, the Douglas River, the Fergusson River, The Edith River, The 

Dry River and the King River (Figure 2.1) (Faulks, 1998a). Green Ant Creek is a small 

sub-catchment in the northern part of the Daly Catchment. Green Ant Creek, Douglas 

River, Flora River, Katherine River are the main tributaries that flow throughout the 

year. Lower reaches of the Douglas River and Katherine River have harder and more 

calcium bi-carbonate-rich waters characterized by high pH and conductivity that 

discharge from the Tindall aquifer (Faulks, 1998a; Schult & Townsend, 2012).   

 

The large sub-catchments of the King and Dry Rivers are from low rainfall areas and 

contribute nothing to water flow during the dry seasons (Faulks, 1998a). Although the 

lower Fergusson and Edith Rivers have perennial water flows during the wet season, 

water level can be low at the end of the dry season and in the case of the upper portion, 

water flow may stop in the dry season, sometimes becoming a series of disconnected 

pools (Schult & Townsend, 2012). The water flows from the Douglas and Flora River 

are characterized by high calcium carbonate (CaCO3). The precipitation of this calcium 

carbonate along with dissolved carbon di-oxide, temperature and pH can form ‘tufa 

dams’ in several reaches that form natural dams along these two sub-catchment areas 
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(Blanch et al., 2005). In addition, the sub-catchments across the Daly River catchment 

show diversified structure, vegetation, water quality etc. (Faulks, 1998a, 1998b).  

 

 

 

Figure 2.1: Map showing the Daly River catchment area, Northern Territory, Australia. 

Position of some physical barriers along the Daly River catchment showed in Figure 2.2 

a) Beeboom Crossing b) Daly River Crossing c) Oolloo Crossing d) Oolloo upstream 

cliff e) Claravale/Sawmill Crossing and f) Green Ant Ck dam. 
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A widespread aquifer system feeds upstream of the river and, in downstream regions, 

joins into the large floodplains of the lower Daly system. The estuarine reaches of the 

Daly River experience a wide range of tidal fluctuations with a maximum spring tide 

range of 6–8 m (Chappell & Ward, 1985). The normal tidal limit is up to the Daly River 

crossing, about 99 km upstream from the river mouth (Figure 2.3) (Faulks, 1998a). This 

dendritic river network also demonstrates diverse riverine architecture where upstream 

sections are characterized by rocky headwater habitats with strong elevation gradients 

whereas downstream regions have low elevation Floodplain River reaches (Kennard et 

al., 2010). The middle reaches of the catchment are falling to 20 m below sea level 

(Blanch et al. 2005) and rocky headwater relief exhibit elevations of approximately 40 

m above sea level (Nott, 1994).  

 

There are no major barriers across the studied area that can impede river connectivity 

continuously for the entire year but there are some in-stream structures such as smaller 

cliffs, river reaches, waterfalls etc. (Figure 2.1 and Figure 2.2) (Schult & Townsend, 

2012). The major structures are weirs on the Katherine River and on Green Ant Creek, 

and several road crossings on the Daly River at Claravale, Beeboom Xing and 

Policeman Xing (Daly crossing) (Figure 2.1 and Figure 2.2) (Schult & Townsend, 2012) 

that could act as artificial barriers to dispersal, especially during the dry season (<1m in 

height) when water flows become low (Pusey et al., 2004). However, all of these go 

under water during the wet season. Genetic divergence between populations could be 

generated from presence of these physical barriers such as waterfalls or disconnected 

rivers that make them geographically isolated from each other.  
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                              e)                                                                                 f) 

Figure 2.2: Presence of physical barriers along the Daly River catchment. These 

barriers are a) Beeboom Crossing b) Daly River Crossing c) Oolloo Crossing d) Oolloo 

upstream cliff e) Claravale/Sawmill Crossing and f) Green Ant Ck dam (Photo 

courtesy- Joel A. Huey) 
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2.2 Sampling design 

In the present investigation, two freshwater species Melanotaenia australis and 

Craterocephalus stramineus were studied. The sampling locations were designed to 

cover as much of the distribution of these studied species as possible within their largest 

distribution in northern Australia- the Daly river catchment. Site selection reflected 

availability of target species, different landscape features, access to the area etc. This 

extensive sampling was designed to allow better understanding of population 

connectivity within and between populations at different spatial scales and also to 

perform hierarchical analyses (e.g. analysis of molecular variance (AMOVA).  

 

Sampling from the Daly River catchment area was grouped according to hydrological 

watershed, i.e. main channel and sub-catchments such as 1) Main channel 2) Green Ant 

Creek 3) Douglas River 4) Fergusson River 5) Katherine River and 6) Flora River. 

Tributary populations were included in respective sub-catchments. Thirteen of the 

sampling sites were on the main channel and the rest were from different sub-

catchments. Multiple sites from both main stem and sub-catchments were chosen to 

avoid sampling error and to study these fish on broad and medium spatial scales. The 

sub-catchment of the Douglas River had only one sampled population from Middle Ck 

(DMC). Samples could not be collected from the upper Katherine Gorge due to limited 

access to this area (Figure 2.3).  

 

2.3 Sample collection 

As there are records of many coexisting species sharing this habitat, each sample was 

collected carefully along with the valuable suggestion of expert biologists, especially 

for this area. Fish were sampled for National Environmental Research Program (NERP) 

under Griffith University ethics permit (ENV/05/12/AEC) and Northern Territory 
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Government Department of Resources S17 special permit (2011-2012/S17/3248). 

Samples were collected from 29 locations across the Daly River catchment (Figure 2.3) 

by a number of people (Kennard et al., see acknowledgement) in multiple sampling 

trips.  

 

Figure 2.3: Sampling design for collecting samples from 29 locations across the Daly 

River catchment. Round symbols designate locations where both species were sampled 

and triangular symbols designate where only western rainbowfish were sampled. Green 

colour designates locations from main channel and other colour designates locations 

from different sub-catchments.  

Tidal Limit 
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The first trip was conducted in September, 2012 which covered almost the whole 

catchment. Several additional trips were made in July, 2013 and June, 2014 for 

completing collections of samples (30 individuals) from specific locations along the 

main stem of the Daly River. During sampling, fin tissues of M. australis were collected 

from 759 individuals from 29 sites (referred to as ‘populations’) along the main channel 

and all sub-catchment areas (Figure 2.3 and Appendix 8.1). Sampling of C. stramineus 

was unsuccessful in many sites, even after several attempts. Finally, a total of 343 

individuals were caught from 16 locations along the main channel and 3 sub-catchment 

areas (Figure 2.3 and Appendix 8.2).  

 

A non-destructive sampling approach, electrofishing, was used to catch fish before 

taking a fin clip from the caudal fin. Electrofishing is a common practice for sampling 

fish. An electric current is applied to attract fishes, temporarily stunning them, allowing 

for easy capture. Two types of electrofishing techniques- backpack electrofishing and 

boat-mounted electrofishing were used to sample individuals. Boat-mounted 

electrofishing was operated in deep water where the presence of saltwater crocodiles is 

more likely. Backpack electrofishing was used in such areas where water depth is low 

and crocodiles are seen rarely. Electric shocks were applied intermittently and stunned 

fishes were caught immediately with hand nets. Electrofishing waders, boots and gloves 

were worn during collecting stunned individuals from backpack electrofishing. Non-

target fishes were released immediately and target-species were kept in a bucket 

temporarily with water (Figure 2.4). After fin clipping, fishes were released back in 

water immediately. Then fin clips were preserved in 100% ethanol. Tissues were 

preserved in a -80°C deep freezer in Molecular Ecology Laboratory, Griffith University, 

until required for DNA extraction.  
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Figure 2.4: Sampling of M. australis and C. stramineus from the Daly River catchment. 

These are a) electrofishing along the vegetative river reaches b) electrofishing in non-

vegetative rocky river reaches, c) back-pack electrofishing in low-depth pool (Photo 

courtesy-Joel A. Huey) and d) back-pack electrofishing in main channel (Photo 

courtesy- Michael Douglas).  
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2.4 Study species 

2.4.1 Melanotaenia australis 

This fish is generally identified by 1-2 broad dark mid-lateral stripes and a series of 

narrow reddish stripes approximately along each scale row, and often 2-3 dark zigzag-

like black stripes on the lower sides (Allen et al., 2002). The species displays extensive 

variation in morphology especially in colour pattern in the fins and mid-lateral stripes 

according to their habitat and river system (Allen & Cross, 1982; Allen et al., 2002; 

Rodgers et al., 2010). This colouration also depends on water temperature, age, stress, 

spawning period etc. (Ivantsoff et al., 1988; Young et al., 2011b). The species is 

sexually dimorphic (Allen et al., 2002; Young et al., 2011b) and male phenotypes differ 

significantly among populations (Allen and Cross, 1982; Allen et al. 2002). Males tend 

to be much larger and deeper-bodied than females and are easily distinguished by their 

brighter colouration (brightly coloured spot on the operculum and multiple coloured 

stripes on the body) and elaborate fins. Females are relatively pale and lack black 

pigments in lateral line (Allen et al. 2002; Tappin, 2011). Females have been found to 

favour larger males during spawning (Evans et al., 2010; Young et al., 2010). 

 

 

 

 

 

 

 

          Male (Photo courtesy- Gunther Schmida)                                                  Female (Photo courtesy- Dave Wilson) 

Figure 2.5: M. australis from the Daly River catchment. 
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2.4.2 Craterocephalus stramineus 

Strawman has a basically semi-transparent body with yellowish or bluish hue (Allen et 

al., 2002). This hardyhead can be easily identified by the tall feather shaped first dorsal 

fin with a black leading edge (Allen et al., 2002; Tappin, 2008). The second dorsal and 

anal fins are edged with yellow. They have a black mid-lateral stripe with iridescent 

silver or blue edges. This hardyhead is also sexually dimorphic with females having a 

shorter dorsal fin than the males and males showing intense colouration during the 

breeding season. This tropical species is typically found in well-vegetated areas near 

river and lake margins (Allen et al., 2002). 

 
 

 

 

Figure 2.6: C. stramineus from the Daly River catchment 
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2.5 Laboratory methods 

2.5.1 DNA extraction 

Total genomic DNA was extracted from the fin tissue using a modification of the 

standard salt strip tube method (Aljanabi & Martinez, 1997). A small piece of each fin 

tissue was placed separately into each 200 µL well of 96-well PCR plate with 60 µl of 

lysis buffer (50 Mm Tris buffer, 20 mM EDTA and 2% SDS) and 0.3 µl Proteinase K 

(20 µg/µL). Then the plate was sealed properly and vortexed for a few seconds and 

incubated in a shake and bake incubator at 55°C for 1-2 hr depending on the digestion 

of the fin tissue. After complete digestion of the tissues, 20 µL NaCl (5M) was added 

and mixed properly. The sample was then centrifuged at 4000 RPM for 10 mins and the 

supernatant transferred carefully to a new 96-well PCR plate.  

 

About 75 µL cold isopropanol was added to the supernatant, mixed well and kept at -

20°C freezer for 1 hour to assist in precipitation of DNA. The plate was thawed and 

centrifuged at 4000 RPM for 15 mins to form a DNA pellet and liquid was poured off 

carefully to avoid pellet loss. Then 100 µL of 70% ethanol was added to wash the pellet, 

kept on the bench for 15 mins and finally centrifuged at 4000 RPM for 5-8 mins. The 

liquid was poured off carefully and the last washing step was repeated again for final 

cleaning. The final pellet was then dried in a vacuum chamber, rehydrated with 80 µL 

ddH2O and stored at 4°C until required for amplification.  

 

2.5.2 Mitochondrial DNA  

Mitochondrial DNA was only analysed for C. stramineus as mtDNA for M. australis 

had already been detailed analysed by Mills (2012). MtDNA marker was chosen for C. 
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Stramineus to support results from microsatellite study as this fish displays continuous 

demographic contraction and expansion. For this study, Control Region (CR; also 

known as D-loop) was examined. Generally the fast rate of evolution in CR makes this 

fragment more variable (Page & Hughes, 2010) and thus useful in within species studies 

(Jerry & Baverstock, 1998; Saunders & Edwards, 2000). It is also a good marker for 

studying contemporary population structure (Avise, 1994; Wan et al., 2004) and 

subdivision (Moritz, 1994). Amplification of 421 bp of control region (CR) in C. 

stramineus using the Pro-L and MT-H primers (Table 2.1) (Palumbi et al., 1991) was 

performed in 16 individuals from each location to explore diversity. All amplifications 

occurred in 10 µL reaction mixtures. CR was found to be sufficiently variable for use in 

this study. 

 

Table 2.1: Primer sequences of control region of mtDNA for C. stramineus. 

Sequences 

PRO-L              F: 5´-CTACCTCCAACTCCCAAAGC -3´ 

MT-H               R: 5´-CCTGAAGTAGGAACCAGCTG -3´ 

 

2.5.2.1 Amplification  

All PCR reactions for mtDNA Control Region (CR) were performed in 10 µL volumes 

containing 6.55 µL ddH2O, 0.5 μL of template DNA, 0.2 µL of 10 mM forward primer 

(PRO-L), 0.2 µL of 10 mM revers primer (MT-H), 0.2 µL of 100 mM dNTPs (Astral 

Scientific), 0.3 μL of 50 mM MgCl2 (Astral Scientific), 2 μL of 5x Buffer (Astral 

Scientific) and 0.05 units of mango taq polymerase (Astral Scientific). Thermal Cycling 

was performed on a PCR thermocycler; 95°C for 5 minutes, followed by 35 cycles of 
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95°C for 30 seconds, 50°C for 30 seconds and 72°C for 30 seconds. The reaction was 

then exposed to 72°C for 5 minutes and held at 4°C until required for further analysis. A 

total of 2µl of each amplified PCR product was visualized in 1% agarose gels through 

electrophoresis (90V and 400 amps for 30 minutes) using a Bio-Rad Power Pac 300 for 

confirmation of PCR and to verify the amplified fragment length size of 421 bp with a 

standard size marker (Lamda DNA). Only samples from DCF did not amplify properly 

due to degraded DNA. 

 

2.5.2.2 Sequencing 

For positive samples, the remainder of the PCR product (about 8 µl) was first purified 

by adding 0.25 µl exonuclease (Fermentas Exonuclease 20U/µL) and 1 µl shrimp 

alkaline phosphatase (SAP, 1 unit/ µl, Promega Pty. Ltd.) and subjected to 37°C for 45 

minutes followed by 80°C for 20 minutes and finally held at 4°C. In addition, about 2 

µL purified PCR product was re-run in 1% agarose gel using the same procedure to 

ensure that PCR products were recovered prior to sequencing. Then these samples were 

sent for sequencing in ABI 3730xl DNA analyser (Applied Biosystems, Life 

Technologies) provided by MACROGEN, Korea. Sequenced data of 421base pair 

fragments of CR were aligned, edited and trimmed to the same length for further 

analysis using the program SEQUENCHER v.4.1.2 (Gene Codes Corporation, Ann 

Arbor, USA). 

 

2.5.3 Microsatellites 

Individuals of M. australis were genotyped for 15 microsatellite loci, 12 of these had 

already been published (Chapter 3 and Mondol et al., 2014) while three were new. 

These were 1MA31, 1MA32 and 1MA39 (Table 2.2). Nine unpublished microsatellite 
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loci were used for genotyping individuals of C. stramineus (Chapter 5). Primers for this 

study were designed from Ion Torrent Next Generation Sequencing Technology. These 

microsatellite loci were screened across all individuals in 10 μL PCR reactions.  

 

Table 2.2: Microsatellite primer sequences of three new unpublished markers used for 

M. australis study.  

Locus Ta (°C) MgCl2 (µL) Primer Sequence (5'-3') 

1MA31 55 0.3 

F: CACTCCAGCACACCTCATTG 

R: TCAGTTAGGGACTCTGGGTCA 

1MA32 55 0.3 

F: TGCCTCAACACTGGAAATGA  

R: ACTGTATGCTGCTGGACACC 

1MA39 55 0.3 

F: TGCATCTACGTGGAGCTCTG 

R: CACTGAGTGGCTTCCCAAAT 

 

2.5.3.1 Amplification 

Each locus was amplified individually containing 0.5 μL of template DNA, 0.2 mM 

reverse primer, 0.06 mM tailed forward primer (see (Real et al., 2009), 0.2 mM tailed 

fluorescent tag (FAM, VIC, NED, PET) (Table 2.3), 0.2 µL of 100 mM dNTPs (Astral 

Scientific), 0.3 μL of 50 mM MgCl2 (Astral Scientific), 2 μL of 5x Buffer (Astral 

Scientific) and 0.06 units of mango taq polymerase (Astral Scientific). The PCR 

thermocycler conditions were as follows; 94°C for 5 minutes, followed by 35 cycles of 

94°C for 30 seconds, 55°C for 30 seconds and 72°C for 45 seconds. The reaction was 

then exposed to 72°C for 7 minutes and held at 4°C until required for further analysis. 
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For some loci, annealing temperatures and quantity of MgCl2 were varied to improve 

amplification. 

 

Table 2.3: Fluorescent dye used in PCR reactions. 

Fluorescent dye Tail Tail sequence 

FAM T1 5´ - CTCTTCGCTATTACGCCAGC - 3´ 

VIC T2 5´ - GCTGCAAGGCGATTAAGTTG - 3´ 

NED T3 5´ - CGGCCAGTGAATTGGATTTA - 3´ 

PET T4 5´ - TAGAGTCGACCTGCAGGCAT - 3´ 

 

2.5.3.2 Genotyping 

Then these PCR products were pooled together according to fluorescent tag used and 

product size (Table 2.4 and Table 2.5) before running on an Applied Biosystems 3130 

Genetic Analyser following the manufacturer’s recommendations. Genotypes were 

visualised and scored using GENEMAPPER version 4.0 (Applied Biosystems).  

 

Table 2.4: Pooling of microsatellite loci in M. australis for running in Genetic Analyser 

Pool Pooled loci 

Pool1 1MA01, 1MA02, 1MA03, 1MA04, 1MA07, 1MA08 

Pool2 1MA05, 1MA09, 1MA22, 1MA31, 1MA40  

Pool3 1MA17, 1MA32, 1MA391MA42, 1MA43 
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Table 2.5: Pooling of microsatellite loci in C. stramineus for running in Genetic 

Analyser. 

Pool Pooled loci 

Pool1 CS09, CS34, CS36, CS96, CS98 

Pool2 CS03, CS44, CS93, CS94 

 

2.6 Statistical analysis 

2.6.1 Genetic diversity 

CREATE v.1.37 (Coombs et al., 2008) was used to convert the raw data set into the 

required input files compatible with different analysis programs. The scored data set 

was initially screened for null alleles, scoring error and allelic drop-out that may cause 

deviations from Hardy-Weinberg Equilibrium (HWE) using MICRO-CHECKER 

v.2.2.3 (Van Oosterhout et al., 2004). This can create artificial genetic structure and 

over-estimate the levels of genetic divergence (Van Oosterhout et al., 2004; Chapuis & 

Estoup, 2007; Falush et al., 2007). Hardy-Weinberg Equilibrium (HWE) tests for each 

locus-population combination to examine whether the observed genotypes resulted from 

random combination of gametes were performed separately using Arlequin v.3.5.1.2 

(Excoffier & Lischer, 2010). These tests were performed with default 1000000 MCMC 

and 100000 dememorisation steps. Observed heterozygosity (Ho) and expected 

heterozygosity (He) were also calculated from same version of Arlequin with default 

settings. Observed heterozygosity and expected heterozygosity were averaged from 

individual loci by population. A sequential Bonferroni correction technique (Rice, 
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1989) was used to adjust critical significance levels in HWE tests performed 

simultaneously among loci within populations and among populations within loci.  

 

The same program, Arlequin, was used to estimate the inbreeding coefficient (FIS) 

across loci for each population and to evaluate its significance based on 10000 

permutations. Measures of genetic diversity, allelic richness (AR) and private allelic 

richness (ARPRIV) per population averaged over all loci were calculated using a 

rarefaction technique implemented in HP-Rare program (Kalinowski, 2005). Population 

specific-FST was estimated using the program GESTE v.2.0 (Foll & Gaggiotti, 2006) 

 

For mitochondrial data, DnaSP v.5.0 (Librado & Rozas, 2009) was used to convert 

processed sequences of CR for further analysis. Haplotype diversity (h) and nucleotide 

diversity (π; Nei, 1987) per sampled population were estimated using Arlequin v.3.5.1.2 

(Excoffier & Lischer, 2010). Pairwise estimate of fixation indices (FST and ΦST) were 

calculated and tested using the same version of Arlequin. Genealogical relationships 

between the sampled control region haplotypes of C. stramineus were calculated by 

statistical parsimony using TCS version1.21 (Clement et al., 2000) with 95% 

confidence limit for connections.  

 

The degree of relationship between genetic diversity and different landscape variables 

was statistically tested using Spearman’s rank correlation implemented in the statistical 

package SPSS v.22.0. Distance from river mouth was derived from ArcGIS v.10 (see 

Appendix 8.4). The data for mean elevation (m), hydrology (monthly and annual 

covariance) and stream order (see Appendix 8.4) were collected from Fenner School of 

Environment and Society, Australian National University, and Geoscience Australia 

(2008). Strahler stream order refers relative size of the streams where the smallest 
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tributaries were labelled as first order and the main channel of the Daly River was 

designated as seven-order. Coefficients of variation of the monthly and annual flow 

(average from monthly runoff only available for the period of 1970-2008) for each 

location were compared with genetic diversity from microsatellite and mtDNA to 

estimate the effect of flow variability on gene diversity in C. stramineus. The population 

from Oolloo Xing upstream (DOU, Daly R) was excluded for both data sets (hydrology 

data is not available) and Cook’s Fantasy (DCF, Daly R) was excluded for the mtDNA 

data set (samples did not work). Genetic diversity was also compared between main-

channel and sub-catchment populations using student t-test implemented in the same 

program to test whether populations from main-channel were significantly different 

from sub-catchments in levels of diversity.  

 

2.6.2 Analysis of Molecular Variance (AMOVA) 

Analysis of Molecular Variance (AMOVA) is a method of hierarchical partitioning of 

genetic variation according to user-defined groupings to quantify the amount of 

population structure at each level of the hierarchy (Cockerham, 1973; Weir & 

Cockerham, 1984; Excoffier et al., 1992). AMOVA analysis assists in the relative 

partitioning of genetic differentiation among groups, among sites within groups, and 

within sites and the significance is tested using permutations of the observed genotypes 

(Excoffier et al., 1992).  Fixation indices analogous to Wright's F-statistics can be 

estimated for each hierarchical level as among groups or FCT, among sites within groups 

or FSC and among all sites or FST. For potential hierarchical population structure, the 

level of differentiation between groups (FCT) should be maximized.  
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For mtDNA data, population structure (ΦST and FST) was computed from divergence in 

haplotypes as well as haplotype frequency alone (Excoffier et al., 1992). FST is 

frequently used for quantifying genetic differentiation between populations (Slatkin, 

1995; Frankham et al., 2002). The conventional pair-wise FST or ΦST between all 

sampled sites and Analysis of Molecular Variance (AMOVA, Excoffier et al. 1992) 

were calculated using Arlequin v.3.5.1.2 (Excoffier and Lischer, 2010) and the 

significance was tested using 10000 permutations of the observed genotypes or 

haplotypes. AMOVA analysis subdivided genetic differentiation among major 

watersheds, for example among sub-catchments (i.e., FCT or ΦCT), populations within 

sub-catchments (i.e., FSC or ΦSC), and within locations (Excoffier et al., 1992). Then the 

Stream Hierarchy Model (SHM) (Meffe & Vrijenhoek, 1988) was tested using 

AMOVA to examine whether spatial genetic variation was explained by hierarchical 

arrangement of streams along the Daly River catchment area.  

 

2.6.3 Assignment tests 

The assignment test, first proposed by Paetkau et al. (1995) is widely used to examine 

contemporary migration between different populations, based on the allele frequency of 

sample populations, by estimating the likelihood of each genotype in each predefined 

population (Paetkau et al., 1995; Paetkau et al., 1998). Then each individual is assigned 

to the population based on the highest likelihood of the genotype. A partial Bayesian 

assignment test was also developed by Rannala and Mountain (1997) which calculates 

the probability densities of allele frequencies in each of the sampled populations using a 

Bayesian approach and the statistical significance of individual assignments is drawn 

from a frequentist approach.  
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Pritchard et al. (2000) proposed a fully Bayesian based assignment test where this 

program gives an unbiased estimate  (i.e. minimize deviation from Hardy-Weinberg and 

gametic disequilibrium in the population) of genetic structure with respect to sampled 

populations and no prior reference to sample site information is used for assignment of 

each individual to the most likely population. Assignment tests combined with highly 

variable genetic markers such as microsatellite loci provides key information about 

genetic structure and gene flow among populations (Paetkau et al., 1995; Pritchard et 

al., 2000). This test also provides real-time direct estimates of dispersal through 

identifying potential immigrant individuals in a population (Rannala & Mountain, 1997; 

Paetkau et al., 2004).  

 

For identification of distinct genetic clusters in the set of individual multi-locus 

genotypes from main stem and sub-catchments, two Bayesian-based analyses were used 

so that various inferences could be resolved from different clustering methods 

(Corander et al., 2004; Waples & Gaggiotti, 2006; Frantz et al., 2009; Cheng et al., 

2013). These clustering methods can identify the number of groups, even in the 

presence of low levels of genetic divergence among them (Latch et al., 2006). Using the 

admixture ancestry model and correlated allele frequency model in the program 

STRUCTURE version 2.3.4 (Pritchard et al., 2000), the analysis performed for 100000 

Markov Chain Monte Carlo (MCMC) replicates and a burn-in of 50000 replicates with 

10 independent runs for each of 1 to 15 clusters for M. australis and 1 to 10 clusters for 

C. stramineus (K, the putative number of biological populations). The most likely 

number of putative populations (K) was determined following the Evanno method 

(Evanno et al., 2005) using the online application STRUCTURE HARVESTER (Earl & 

vonHoldt, 2012). A “hierarchical STRUCTURE analysis” approach was used where 

STRUCUTURE was subsequently carried out for further subdivision in inferred clusters 
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separately (Vähä et al., 2007). In addition to analysis involving main channel and all 

sub-catchments, samples were compared by sections in the main channel and sub-

catchments to increase resolution. 

 

To further identify possible spatial patterns of genetic data in the microsatellite data 

sets, another group-level Bayesian analysis based program, BAPS v.6.0 (Corander et al., 

2004) was used to cluster genetically similar populations that have high gene flow 

between them. The difference between these two clustering approaches is that BAPS 

can identify substructure among populations with contemporary gene flow whereas 

STRUCTURE is conservative in detection of number of clusters and considers 

historical ancestry of analysed populations (François & Durand, 2010). A stochastic 

optimization algorithm approach was used in this method for identifying the posterior 

mode of the genetic structure and this method runs much faster than MCMC methods. 

Putative population substructures are identified by grouping individuals based on allele 

frequencies and linkage disequilibrium. The maximum number of groups (K) was set to 

the same as for STRUCTURE and run independently 10 times to examine spatial 

clustering of groups of individuals (collected from the same locality). All independent 

runs always gave the same result.  

 

GENECLASS2 software (Piry et al., 2004) with the Bayesian based method of Rannala 

and Mountain (1997) was used to estimate the number of individuals correctly assigned 

to their sampled populations. In this method, a reference genotype for each population 

was generated from sampled populations and individuals collected from a location are 

assigned to the most likely sampling locations. Assignment computations were 

performed with probability of 10000 simulated individuals and exclusion threshold was 

fixed at 95% for individuals to be considered to be assigned to that population.  
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2.6.4 Isolation by distance 

Mantel tests (Mantel, 1967) were performed to examine whether genetic structure 

conformed to an Isolation by Distance (IBD) pattern i.e. genetic differentiation 

increases with the increasing geographical distance between populations (Slatkin, 1993; 

Manel et al., 2003; Guillot et al., 2009).  A significant positive correlation between 

genetic distance and geographical distance can be indicative of isolation by distance. 

Slatkin's linearized genetic distance FST (FST/1- FST) for microsatellite data and ΦST 

(ΦST/1- ΦST) for mtDNA data was used for computing this correlation (Slatkin, 1993; 

Rousset, 1997). The Partial Mantel test is a modified form of Mantel test that is often 

used in landscape study where genetic differentiations are analysed with multiple 

landscape feature matrices to elucidate role of these factors on genetic distance (Manel 

et al., 2003; Guillot et al., 2009; Cook et al., 2011; Landguth et al., 2012). Mantel tests 

were performed for both species and Partial Mantel tests were only used for M. 

australis.  
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Abstract  

The western rainbowfish (Melanotaenia australis) is one of the most common and 

highly abundant freshwater fish endemic to north-western Australia. It shows extensive 

geographic variation in their colour pattern. Genetic study revealed spatial population 

structure in this species that could be a possible threat to its existence. Therefore we 

designed and isolated 15 highly polymorphic microsatellite markers for M. australis for 

use in population studies across its distribution. We screened these primers across 32 

individuals from the Daly River and found between 4 to 22 alleles per locus. The 

observed heterozygosities ranged from 0.345 to 1.000.  These markers will be now 

available for future studies of population structure across its natural range and to assist 

in management as well as future conservation.   

 

Keywords  

Melanotaenia australis; genetic structure; Ion Torrent platform; microsatellite marker. 

 

The western rainbowfish, Melanotaenia australis is one of the most abundant and 

widespread endemic freshwater fish in most river systems of north-western Australia. 

This species displays extensive variation in morphology, especially in colour pattern 

across its known distribution and these variations are appear to be related to 

geographical locality (Allen et al. 2002). Genetic studies suggest two distinct lineages in 

this species complex that are geographically restricted to Western Australia and the 

Northern Territory. More recent molecular studies on this species across their western 

distribution showed increasing genetic divergence with spatial scale (Phillips et al. 

2009) that could be a potential risk for long-term viability of this species. However, 

more variable loci are required for detailed population study of M. australis for 

successful management and possible conservation across their natural distribution. 



71 | P a g e  

 

Microsatellite markers are widely used in population studies due to high levels of 

intraspecific variability. Therefore, microsatellites markers were isolated using the Ion 

Torrent platform for M. australis, and provide summary statistics for these loci.  

 

A microsatellite library was constructed from M. australis genomic DNA (collected 

from Bamboo Ck, Daly River) by using Ion Torrent second generation sequencing 

technology (ION PGMTM sequencer with 318 chip, Life Technologies Corporation) 

following the manufacturers recommended procedures. A total of 865,329 sequence 

reads of a length of 8 to 618 bp were obtained with a mean read length of 350 bp. The 

QDD bioinformatics pipeline (version 2.1, (Meglécz et al., 2010)) was used to select 

reads containing microsatellites from the genomic library. This program selected 11,769 

reads that contained at least one microsatellite (minimum of 5 repeats) of which 8336 

unique loci were identified with a minimum PCR product size 100 bp. Using the 

Primer3 ((Rozen & Skaletsky, 2000)) program, microsatellite primers were designed for 

8336 unique sequences. We ordered 48 primer sets from the available 8336 sequences, 

keeping an eye on the best available primer set and category A primers (see QDD 

manual). Four unique 20-mer oligonucleotide tails were added to 5’ end of the forward 

primers according to Real et al. (2009). Initially we screened these described primers 

across 8 individuals. The samples were amplified in 10 μL PCR reactions containing 0.5 

μL of template DNA, 0.2 mM reverse primer, 0.06 mM tailed forward primer, 0.2 mM 

tailed fluorescent tag (FAM, VIC, NED, PET), 0.2 mM dNTPs (Astral Scientific), 0.3 

μL of 50 mM MgCl2 (Astral Scientific), 2 μL of 5x Buffer (Astral Scientific) and 0.1 

units of mango taq polymerase (Astral Scientific). The PCR thermocycler conditions 

are as follows; 94°C for 5 minutes, followed by 35 cycles of 94°C for 30 seconds, 55°C 

for 30 seconds and 72°C for 45 seconds. The reaction was then exposed to 72°C for 7 

minutes and held at 4°C until required for further analysis. Fluorescently labelled tagged 
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PCR products were run on an Applied Biosystems 3130 Genetic Analyser following the 

manufacturer’s recommendations. Genotypes were scored using GENEMAPPER 

version 3.1 (Applied Biosystems). For some loci, annealing temperatures were varied to 

improve amplification, resulting in the annealing temperatures in Table 1.  

 

We found 42 polymorphic loci. Then we selected 15 polymorphic loci on the basis of 

number of alleles per locus and variability and these polymorphic loci were genotyped 

in 32 individuals from another population (Chilling Creek, Daly River). PCR conditions 

were identical to those described above. From these data, the total number of alleles 

(Na), allelic range, observed heterozygosity (Ho), expected heterozygosity (He) and 

probability of Hardy-Weinberg equilibrium (PHW) was calculated using Arlequin 

v.3.5.1.2 (Excoffier and Lischer 2010). Number of alleles per locus ranged from 4 to 22 

and observed heterozygosities from 0.345 to 1.000. The present polymorphic 

microsatellite markers can reveal in depth genetic structure across its distribution (See 

Table 3.1). This would need to be further tested with more individuals from more sites.  
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Table 3.1: Details of microsatellite loci for Melanotaenia australis 

Locus 
Repeat 
motif 

Ta 
(°C) 

Primer Sequence (5'-3') 
Size 
range 
(bp) 

Na Ho He PHW 

1MA01 (AAAAT)20 55 
F: GCACCCTTTGCTGATGCT 

151-236 15 0.968 0.914 0.659 
R: GACACGTGGTCTGTGGTCAG 

1MA02 (AAATT)18 55 
F: CTGAGGCTCAAACCAGCTTC 

265-326 13 0.875 0.914 0.870 
R: AACTGCAACAGCTGGAGGAA 

1MA03 (ACCT)17 58 
F: TTCCCTGCAACCCTTAATTG 

102-192 18 0.875 0.919 0.137 
R: CATGAGCTTGTTGGGTCTGA 

1MA04 (AATAG)17 55 
F: CGCTGGCTGTAAGACAAGAG 

148-203 12 0.968 0.900 0.764 
R: GCTCCATTCTGTTCCACCTC 

1MA05 (AATG)16 55 
F: TCCCACGATCCTTAATTGGA 

144-220 15 0.906 0.880 0.860 
R: CATCCCTTGCACATTCACAC 

1MA06 (ACCT)16 55 
F: GGACTTCCCTGTTAGAGCTGC 

117-191 16 0.714 0.890 0.010 
R: AGTTATGCCATCCATCCGTC 

1MA07 (AACT)15 58 
F: ATGGCTGGGAAGATCTGATG 

322-408 13 0.844 0.843 0.248 
R: CAGGCTGGAAACCTTCTCTG 

1MA08 (AAGT)14 58 
F: ATGTGCTGCTTTGCAATGTT 

275-335 14 0.719 0.805 0.650 
R: ATCATTTCTGGCTGCTTGCT 

1MA09 (AAAT)12 58 
F: TCAGGGTCGCATACTGTTCA 

243-311 22 0.813 0.923 0.031 
R: AAAGCATTGAGCAAGGAGGA 

1MA17 (AAGTT)10 58 
F: GCAAAGGTAAGGGTCTCAAA 

193-228 8 0.806 0.842 0.072 
R: CGCCCACTTGAGGTGTAGTT 

1MA22 (AACAC)8 58 
F: GGTCCCTGGATTGTGATGTC 

180-285 18 0.969 0.927 0.135 
R: TGTGACTGCAGACTTGTGTTG 

1MA40 (AAGTT)6 58 
F: TGGACAACTGAATCAGCCAA 

162-292 15 0.844 0.895 0.101 
R: GGGAGCCCAGATGTTACAGA 

1MA42 (AAT)14 55 
F: TTAGTCAGGGCGTGTCAGTG 

238-290 15 1.000 0.928 0.536 
R: TCAGGTGGCAGGATGATGTA 

1MA43* (AAC)12 55 
F: AAGACTGATGGCCTCACAAA 

171-189 8 0.750 0.744 0.738 
R: AATTCAGGTATGGCACTGGC 

1MA44 (AGT)12 55 
F: ACTCTCGCAGCCACTGTACC 

150-162 4 0.345 0.359 0.761 
R: AATTGCACCTGGATTCCAAA 

F forward primer, R reverse primer; *requires optimisation 
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Chapter 4.0   The Effects of Hierarchical Arrangement and Landscape 

Features on Patterns of Genetic Diversity and Population Structure of 

Western Rainbowfish in a Tropical River Network 

 

4.1 Introduction 

The study of spatial patterns of population structure and genetic diversity is an 

important component of management and conservation planning in riverine networks. It 

is well established that the dendritic arrangement of streams fit into a spatial hierarchy 

of reaches, streams, sub-catchments and catchments and performs an important role in 

structuring populations of animals inhabiting them (Meffe & Vrijenhoek, 1988; 

Campbell Grant et al., 2007; Hughes et al., 2009). Tributaries or headwaters can 

contribute to population structure resulting from restricted movement between 

neighbouring populations due to habitat preferences, philopatry and spatial isolation 

(Carlsson et al., 1999; Hughes et al., 2009; Finn et al., 2011; Kanno et al., 2011). They 

often display reduced levels of genetic diversity within them (Yamamoto et al., 2004; 

Raeymaekers et al., 2009; Junker et al., 2012) and greater levels of divergence among 

them than larger streams (Lowe & Likens, 2005; Meyer et al., 2007; Clarke et al., 2008; 

Hughes et al., 2009). This reduction in genetic diversity could result from spatial range 

expansions (Excoffier et al., 2009) of the inhabitant species where colonisation events 

may produce allele frequency gradients with the lowest diversity in headwater habitats 

and greater gene flow in downstream habitats (Junker et al., 2012).  

 

The position (headwater or downstream), range (wider or narrow) or proximity (distant 

or nearby) of stream-dwelling fauna populations in the stream network can also have an 

impact on connectivity among populations (Hughes et al. 2009). Several studies on 
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stream-dwelling species suggest significant connection between geographical distance 

and genetic structure, even just over a few kilometres (Hughes et al. 1998; Hughes et al. 

2003; Cook et al. 2007a; Coleman et al. 2010). Stream-dwelling species have been 

shown to exhibit greater genetic divergence among locations with a higher stream slope 

separating them (Wofford et al., 2005; Boizard et al., 2009; Cook et al., 2011). River 

slope may obstruct upstream dispersal and result in isolation of headwater habitats, even 

if there is no barrier present (Junker et al., 2012). The scale at which individual 

landscape characteristics affect gene flow at the highest level may provide insight into 

the species’ biology (Storfer et al., 2007). 

 

The presence of physical barriers may restrict gene flow by preventing upstream 

dispersal completely or partially, while downstream dispersal may be unaffected 

(Kanno et al., 2011; Junker et al., 2012). This restriction in gene flow may lead to 

genetic differentiation and result in isolated populations in upstream (Junker et al., 

2012). For example, waterfalls in Trinidadian guppies Poecilia reticulata (Crispo et al., 

2006) and brook trout (Salvelinus fontinals) (Kanno et al., 2011) and dams in yellow 

perch (Perca flavescens) from the Canadian River (Leclerc et al., 2008) have been 

shown to increase population genetic structure. These genetic divergences often 

increase with number of barriers between populations (Meldgaard et al., 2003; Junker et 

al., 2012).   

 

Artificial structures such as dams, roads, culverts, weirs etc. may act as barriers that can 

restrict gene flow resulting in population divergence through genetic drift (Ruzzante et 

al., 2001; Meldgaard et al., 2003; Yamamoto et al., 2004; Heggenes & Røed, 2006). 

Meeuwig et al. (2010) reported restriction of upstream movements by barriers of at least 

180 cm height. Study on the effects of riverscape in isolating lotic population units is 
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very important to identify units in which to target conservation and habitat restoration 

measures (Meffe & Vrijenhoek, 1988; Bond & Lake, 2003). The use of geographical 

landscape data coupled with hypervariable genetic markers is a common and effective 

means of explaining spatial patterns of population connectivity. Genetic data are 

analysed by several statistical tools (Manel et al., 2003; Storfer et al., 2007) to identify 

the effects of matrix resistance on gene flow and population genetic structure, including: 

stream distance (Meeuwig et al., 2010; Huey et al., 2011), historical landscape 

arrangement (Orsini et al., 2008; Landguth et al., 2010) and water flow rates (Michels et 

al., 2001). 

 

The western rainbowfish (Melanotaenia australis) is one of the most common 

freshwater fish in north-western Australia (Allen et al., 2002). Although species in the 

genus Melanotaenia are known for exhibiting local endemism (Allen & Cross, 1982; 

Allen, 1991), they have several traits that indicate strong dispersal abilities (Ivantsoff et 

al., 1988; Pusey et al., 2004). Both males and females attain maturity rapidly (Bishop et 

al., 2001) and females have high fecundity (Ivantsoff et al., 1988; Pusey et al., 2001). 

They may spawn throughout the year with a peak activity early in the wet season in the 

lowland areas of Northern Australia (Larson & Martin, 1990; Bishop et al., 2001; 

Doidge, 2014) so that they may take advantage of floodplain and backwater habitats for 

extensive lateral and upstream migrations (Larson & Martin, 1990; Bishop et al., 2001). 

Recent studies have revealed active dry season spawning for M. australis (Doidge, 

2014) that may facilitate relatively stable conditions for juveniles (Pusey et al., 2001).  

 

Several genetic studies on M. australis in its Western distribution (Pilbara and Kimberly 

region) revealed moderate to high levels of genetic subdivision among populations 

within a river system (Phillips et al., 2009; Young et al., 2011a). Morphological patterns 
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were also found to follow a hierarchical pattern of genetic differentiation in this species 

(Young et al., 2011a) and to correlate with environmental factors, especially water flow 

and aquatic vegetation (Young et al., 2011b). The species also displayed significant 

divergence in morphology at the sub-catchment level (Lostrom et al., 2015).  

Although ecology of Melanotaenia species from the Alligator River region of Northern 

Australia has been studied, no detailed population genetic studies have been published 

on this species in its northern distribution. An unpublished population genetics study 

was conducted used microsatellite and mtDNA markers (Mills, 2012) but used 

microsatellite loci developed from other rainbowfish species, which displayed very low 

genetic diversity with many Hardy-Weinberg deviations due to null alleles. Sample 

sizes were also mostly very small.  

 

The present study was conducted to determine the genetic structure of this widespread 

freshwater species at multiple spatial scales subject to heterogeneous habitats and a 

variety of potential geographic barriers in the large Daly River catchment. It is well-

established that both habitat structure and the existing matrix affect population structure 

in a species in a varied landscape (Manel et al., 2003; Holderegger & Wagner, 2008). 

Detection of influences of landscape features on a widespread fish species in the Daly 

River catchment area could be useful, if similar riverscape effects occur in other stream-

dwelling species sharing the same habitat.    

 

Aims of this study are 

1. To estimate levels and patterns of genetic diversity and population structure in 

western rainbowfish populations across the Daly river catchment area 

2. To determine the role of landscape features (e.g. riverine architecture, elevation, 

slope, annual flow etc.) on genetic patterns of rainbow populations. 
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To answer the questions above, the following hypotheses were tested 

 As this species can live in all habitat types within its range and tolerate wide 

fluctuations in water parameters, populations will display high levels of genetic 

diversity within populations across the catchment. 

 Patterns of genetic diversity will follow the hierarchical arrangement of the Daly 

River network i.e. unidirectional gene flow is likely and higher levels of genetic 

diversity at downstream sites is expected. 

 There will be significant differences between main channel and sub-catchment 

populations in genetic diversity and genetic structure due to difference in 

hydrology between them. It is hypothesized that main channel populations will 

show higher levels of genetic diversity and lower levels of population structure 

than sub-catchment populations. 

 As this species displays sub-catchment levels of morphological divergence in 

other parts of its distribution, it is also expected to reflect the underlying pattern 

of genetic divergence at neutral loci.  

 The pattern of genetic structure will fit to the Stream Hierarchy Model (SHM) 

reflecting importance of arrangement of river network and hydrography  

 Landscape features relating to connectivity (i.e. flow regimes, stream distance, 

maximum gradient, elevation, presence of barriers etc.) will have an effect on 

spatial genetic structure of western rainbowfish populations.  
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4.2 Detailed methods 

The following methods are specific to this chapter and are additional to the general 

methods outlined in Chapter 2.0. 

 

4.2.1 Variance to Mean Ratio 

A Variance to Mean Ratio test statistic can be used to measure the dispersion pattern of 

a set of observations. For a Poisson distribution, the mean is equal to the variance. So, 

in a random pattern variance: mean ratio=1. In ecology, this method is often used to 

estimate the dispersion pattern of individuals in space. However, here it was used to 

determine whether or not deviations from HWE were randomly dispersed or were 

clumped in particular sites or loci? Deviations across the populations did not show any 

significant pattern (p>0.05) in distribution suggesting that deviations were not 

aggregated in particular sites, but results from across the loci displayed an aggregated 

pattern (p<0.05) (Appendix 8.3). 1MA40 was identified as a possible cause as it 

deviated significantly in 11 populations (Table 4.1).  After removing this locus from the 

analysis, the Variance to Mean Ratio was no longer significantly greater than 1. So, 

locus 1MA40 was removed from further genetic analysis (Appendix 8.3). 

 

4.2.2 Classification of watersheds  

Populations from the Daly River catchment area were grouped according to 

hydrological watershed (Figure 4.8), i.e. main channel (Figure 4.13) and sub-catchments 

(Figure 4.14): 1) Main channel 2) Green Ant Creek 3) Fergusson River 4) Katherine 

River and 5) Flora River. Main channel populations were further subdivided into 1) 

Downstream, <165 Km from river mouth, 2) Middle reach, that is 165 to 265 km from 
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the river mouth and 3) upstream, that is >265 km distant from the river mouth. Tributary 

populations were included in respective sub-catchments. Hierarchical partitioning of 

genetic variation among the major watersheds was estimated using Analysis of 

Molecular Variance (AMOVA). Due to the complicated riverscape of the Daly River 

catchment, each group from main channel was considered as a sub-catchment. Another 

AMOVA was performed across all populations of M. australis on the basis of distance 

of sampled sites from river mouth. All sampled populations were subdivided into 1) 

Group 1, <165 km from river mouth 2) Group 2, >165 km to <265 km from the river 

mouth 3) Group 3, >265 km to <365 km from the river mouth and 4) Group 4, >365 km 

from the river mouth (Table 4.6).  

 

4.2.3 Testing effects of landscape features 

Landscape heterogeneity variables (e.g. waterway distance, elevation, slope), presence 

of barriers (waterfalls, cliff, damwall, road crossings) that could affect connectivity of 

fish populations were extracted from the database of the Fenner School of Environment 

and Society, Australian National University, and Geoscience Australia (2008) and 

analysed in ArcGIS v.10. Measurements were taken on waterway distance (km) 

between each pair sampling sites. Data on maximum slope in downstream direction (%) 

of sampled locations were recorded except sites in DPX and DOU (see Appendix 8.4). 

Stream orders in the Daly River network were ranked from the smallest order 1 to the 

maximum order 7 (Appendix 8.4). Mean annual flow was averaged from monthly flow 

data for a period of 1970 to 2008 (Appendix 8.4). The presence of a single barrier or 

groups of barriers can promote genetic differentiation. Three barriers located on the 

main stem were added in the analysis although they were not listed in Geoscience 
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Australia. The total number of barriers was 30. Then barriers were categorized into two 

groups, natural (nb) and artificial barriers (ab).  

 

The influences of stream distance and presence of physical barriers were assessed using 

Mantel (Mantel, 1967) and Partial Mantel (Legendre, 2000) tests carried out in 

PASSaGE v.2 (Rosenberg & Anderson, 2011) and statistical significance was tested 

with 1000 permutations. The relative importance of these landscape factors in shaping 

population structure could be differentiated from the strength of any relationships 

between them. Matrices of stream distance and physical barriers were developed from 

differences between every possible pair of locations (Appendix 8.9, Appendix 8.10, 

Appendix 8.11 and Appendix 8.12). Pairwise FST values for all possible pairs of 

populations were calculated in Arlequin v.3.5.1.2 (Excoffier & Lischer, 2010) 

(Appendix 8.7).   

 

The effects of other environmental metrics related to connectivity (distance from river 

mouth, mean elevation, downstream maximum slope, stream order and mean annual 

flow) were estimated using both Spearman’s rank correlation, implemented in the 

statistical package SPSS v.22.0 and spatial analysis method implemented in GESTE 

v.2.0 (Foll & Gaggiotti, 2006). GESTE v.2.0 (Foll & Gaggiotti, 2006) is based on an 

hierarchical Bayesian method to examine how much of the genetic structure of M. 

australis populations could be explained by variation in local landscape factors. This 

program calculates FST values for each local population and relates them to local 

environmental factors using a generalized linear model. Population specific FST values 

measure the mean FST between that population and all others and so represent a measure 

of the level of isolation. The model with the highest posterior probabilities indicates 

which landscape variable or variables are most important in determining of spatial 
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genetic structure. Default values for sample size (10000), thinning interval (20), pilot 

runs (10 runs with length of 5000) and burn in (50000) were set to perform these 

analyses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



84 | P a g e  

 

4.3 Results 

4.3.1 Genetic diversity 

A total of 759 individuals from the Daly River catchment area were genotyped 

successfully with 15 microsatellite loci and included in the following analysis. Sample 

sizes varied from 8 to 32 at 29 sampling locations (Figure 4.1). Significant deviations 

from Hardy Weinberg Equilibrium (HWE) were identified in 66 tests (15%) of which 

13 departures (2.99%) were significant after sequential Bonferroni correction where 

appropriate (Table 4.1) (Rice, 1989). In most cases, large deviations from Hardy–

Weinberg prediction were generated from the presence of null alleles at some loci 

detected by MICRO-CHECKER v.2.2.3 (Van Oosterhout et al. 2004) which result in 

apparent homozygotes at the expense of heterozygotes. After 1MA40 was removed, 

there were still null alleles detected at some loci, but these were included in further 

analysis because similar levels of genetic divergence were produced whether analysis 

was performed with or without those loci.  
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Figure 4.1: Twenty nine sampling sites for M. australis across the Daly River 

catchment. Green circles designate locations from main channel and other circles with 

different colours designate locations from different sub-catchments.  

 

 

 

Normal Tidal limit 



86 | P a g e  

 

Table 4.1: Genetic diversity indices in the Daly River catchment area. Deviations from 

HWE are denoted by *, after Bonferroni correction. Monomorphic loci are indicated by -.  

Segments/sub

-catchments 
Sampling site 

Site 

Code 
N 

Locus 1MA01 

HO HE P 

Downstream 

Bamboo Ck DBC 32 0.813 0.919 0.021 

Chilling Ck DCC 32 0.938 0.914 0.566 

Policeman Xing DPX 8 0.875 0.833 0.764 

Mt Nancar DMN 32 0.906 0.927 0.100 

Green Ant 

Ck 

Main Channel 

@Tipperary 
DGT 11 1.000 0.922 0.827 

Main channel @Dorat DGD 26 0.885 0.920 0.318 

Tributary 2 DGT2 32 0.774 0.894 0.336 

Tributary 1 DGT1 32 0.719 0.890 0.007 

Douglas R Middle Ck DMC 16 0.438 0.742 0.001* 

Middle 

stream 

Beeboom Xing DBX 15 0.733 0.945 0.003 

Cook's Fantasy DCF 32 0.813 0.926 0.015 

Promise Ck DPC 21 0.895 0.879 0.359 

Oolloo Xing DOX 32 0.903 0.897 0.599 

Oolloo upstream DOU 12 0.917 0.942 0.301 

Stray Ck DSC 28 0.893 0.928 0.683 

Upstream 

Bradshaw Ck DBS 27 0.926 0.899 0.979 

Claravale/Sawmill DRS 30 0.933 0.911 0.773 

Dead Horse Ck DDH 25 0.958 0.886 0.693 

Fergusson R 

Edith R ERM 32 0.875 0.907 0.071 

Fingerpost Ck FRF 16 0.938 0.905 0.913 

Fergusson R FRM 17 0.882 0.904 0.020 

Copperfield Ck FCC 32 0.719 0.908 0.081 

Cullen R CRM 32 0.875 0.892 0.436 

Katherine R 

Scott’s Ck KRS 32 0.875 0.858 0.290 

King R KRK 30 0.967 0.911 0.179 

Chainman Ck KRC 32 0.844 0.896 0.375 

Galloping Jacks KRG 29 0.862 0.909 <0.002* 

Flora R 
Mathison Ck FMC 32 0.875 0.857 0.250 

Brandy Bottle Ck FBB 32 0.938 0.875 0.997 
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(Table 4.1 cont’d) 

Site 

Code 

Locus 1MA02 Locus 1MA03 Locus 1MA04 Locus 1MA05 

HO HE P HO HE P HO HE P HO HE P 

DBC 0.793 0.864 0.516 0.563 0.821 0.002 0.871 0.866 0.735 0.935 0.840 0.803 

DCC 0.871 0.912 0.873 0.742 0.914 0.015 0.968 0.900 0.770 0.875 0.868 0.931 

DPX 0.750 0.858 0.649 0.375 0.667 0.032 0.750 0.867 0.242 0.750 0.850 0.317 

DMN 0.933 0.898 0.249 0.625 0.852 0.005 0.938 0.896 0.415 0.969 0.897 0.842 

DGT 1.000 0.861 0.633 0.909 0.900 0.666 1.000 0.848 0.343 1.000 0.900 0.669 

DGD 0.923 0.908 0.037 0.846 0.883 0.789 0.880 0.836 0.642 0.880 0.862 0.392 

DGT2 0.968 0.891 0.707 0.806 0.869 0.602 0.903 0.863 0.518 0.871 0.852 0.804 

DGT1 0.806 0.887 0.448 0.719 0.879 0.023 0.844 0.897 0.278 0.967 0.871 0.925 

DMC 0.938 0.831 0.416 0.938 0.883 0.776 0.813 0.796 0.703 0.813 0.827 0.893 

DBX 0.857 0.929 0.586 0.714 0.878 0.115 0.867 0.853 0.911 0.800 0.915 0.233 

DCF 0.968 0.915 0.904 0.813 0.901 0.323 0.875 0.898 0.744 0.833 0.928 0.013 

DPC 0.952 0.873 0.817 0.714 0.901 0.209 0.800 0.892 0.764 0.905 0.936 0.569 

DOX 0.969 0.883 0.521 0.742 0.893 0.048 0.938 0.871 0.620 0.839 0.916 0.011 

DOU 1.000 0.888 0.860 0.727 0.896 0.010 1.000 0.870 0.270 0.917 0.902 0.115 

DSC 0.857 0.879 0.660 0.857 0.844 0.530 0.815 0.883 0.222 0.964 0.926 0.848 

DBS 0.926 0.855 0.967 0.852 0.816 0.799 0.808 0.863 0.135 0.741 0.864 0.079 

DRS 0.933 0.893 0.591 0.867 0.886 0.168 0.833 0.853 0.284 1.000 0.924 0.931 

DDH 0.880 0.909 0.300 0.870 0.874 0.272 0.958 0.871 0.935 0.960 0.934 0.950 

ERM 0.813 0.882 0.942 0.813 0.890 0.029 0.906 0.876 0.460 0.867 0.854 0.970 

FRF 0.875 0.907 0.698 0.938 0.835 0.970 0.813 0.821 0.567 0.625 0.813 0.112 

FRM 0.875 0.915 0.055 0.938 0.893 0.821 0.882 0.856 0.821 0.529 0.626 0.660 

FCC 0.839 0.886 0.381 0.862 0.884 0.826 0.839 0.834 0.975 0.813 0.761 0.541 

CRM 0.968 0.900 0.110 0.906 0.854 0.473 0.781 0.826 0.757 0.781 0.843 0.332 

KRS 0.813 0.888 0.467 0.813 0.863 0.118 0.875 0.873 0.412 0.875 0.915 0.639 

KRK 0.793 0.865 0.534 0.926 0.823 0.677 0.963 0.880 0.067 0.900 0.907 0.816 

KRC 0.903 0.821 0.332 0.750 0.838 0.543 0.906 0.887 0.366 0.935 0.905 0.947 

KRG 0.893 0.864 0.946 0.897 0.828 0.798 0.759 0.854 0.737 1.000 0.924 0.793 

FMC 0.938 0.827 0.104 0.781 0.906 0.199 0.875 0.889 0.083 0.875 0.936 0.038 

FBB 0.875 0.860 0.636 0.844 0.912 0.894 0.844 0.854 0.719 0.871 0.912 0.709 
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Table 4.1 cont’d) 

Site 

Code 

Locus 1MA07 Locus 1MA08 Locus 1MA09 Locus 1MA22 

HO HE P HO HE P HO HE P HO HE P 

DBC 0.813 0.805 0.680 0.750 0.797 0.659 0.875 0.944 0.150 0.875 0.907 0.066 

DCC 0.844 0.843 0.262 0.719 0.813 0.567 0.813 0.913 0.102 0.933 0.931 0.261 

DPX 1.000 0.858 0.728 0.875 0.883 0.884 1.000 0.925 1.000 1.000 0.933 1.000 

DMN 0.700 0.801 0.126 0.774 0.823 0.903 0.871 0.878 0.847 0.969 0.922 0.587 

DGT 0.818 0.710 0.738 0.818 0.810 0.861 0.909 0.935 0.297 1.000 0.918 0.857 

DGD 0.731 0.605 0.829 0.692 0.778 0.074 0.885 0.915 0.252 0.885 0.898 0.640 

DGT2 0.677 0.628 1.000 0.742 0.774 0.329 0.750 0.876 0.036 0.806 0.843 0.275 

DGT1 0.581 0.614 0.263 0.833 0.801 0.063 0.806 0.901 0.036 0.969 0.895 0.544 

DMC 0.875 0.752 0.705 0.875 0.760 0.654 0.875 0.855 0.616 0.875 0.875 0.818 

DBX 0.929 0.889 0.926 0.733 0.791 0.148 1.000 0.926 0.910 0.933 0.871 0.573 

DCF 0.844 0.899 0.004 0.677 0.807 0.005 0.857 0.932 0.351 0.774 0.909 0.108 

DPC 0.750 0.836 0.331 0.950 0.838 0.301 0.900 0.929 0.883 0.952 0.928 0.714 

DOX 0.839 0.868 0.133 0.600 0.668 0.225 0.903 0.925 0.031 0.967 0.894 0.088 

DOU 0.667 0.819 0.364 0.583 0.656 0.160 1.000 0.949 0.641 0.750 0.909 0.019 

DSC 0.852 0.849 0.215 0.643 0.688 0.577 0.963 0.936 0.014 0.929 0.916 0.745 

DBS 0.778 0.870 0.466 0.667 0.656 0.832 0.852 0.861 0.508 0.769 0.851 0.366 

DRS 0.800 0.885 0.437 0.467 0.454 1.000 0.862 0.919 0.546 0.933 0.876 0.941 

DDH 0.640 0.905 0.003 0.680 0.660 0.933 0.960 0.933 0.579 0.880 0.860 0.756 

ERM 0.806 0.856 0.225 0.531 0.469 0.083 0.935 0.878 0.124 0.844 0.818 0.746 

FRF 0.813 0.841 0.776 0.063 0.175 0.097 1.000 0.893 0.960 0.813 0.810 0.554 

FRM 0.882 0.781 0.259 0.118 0.114 1.000 1.000 0.909 0.671 0.882 0.786 0.719 

FCC 0.806 0.873 0.280 0.161 0.180 0.086 0.906 0.933 0.610 0.938 0.874 0.825 

CRM 0.867 0.857 0.570 0.194 0.178 1.000 0.867 0.911 0.648 0.844 0.844 0.299 

KRS 0.656 0.878 <0.001* 0.469 0.445 0.686 0.875 0.912 0.267 0.767 0.884 0.006 

KRK 0.828 0.825 0.139 0.567 0.482 0.316 0.897 0.835 0.868 0.800 0.817 0.283 

KRC 0.903 0.897 0.889 0.548 0.607 0.058 0.906 0.932 0.622 0.933 0.856 0.865 

KRG 0.793 0.913 0.055 0.357 0.451 0.009 0.759 0.904 0.248 0.857 0.871 0.267 

FMC 0.594 0.708 0.230 0.094 0.092 1.000 0.774 0.883 0.005 0.813 0.839 0.354 

FBB 0.719 0.776 0.208 0.344 0.325 0.720 0.839 0.886 0.438 0.742 0.879 0.083 

 

 



89 | P a g e  

 

(Table 4.1 cont’d) 

Site 

Code 

Locus 1MA31 Locus 1MA32 Locus 1MA39 

HO HE P HO HE P HO HE P 

DBC 0.710 0.868 0.032 0.719 0.846 0.009 0.844 0.888 0.027 

DCC 0.933 0.856 0.016 0.467 0.831 <0.001* 0.750 0.871 0.180 

DPX 0.250 0.608 0.021 0.625 0.858 0.202 1.000 0.942 1.000 

DMN 0.828 0.799 0.899 0.677 0.824 0.013 1.000 0.895 0.947 

DGT 0.727 0.701 0.924 0.364 0.749 <0.002* 0.909 0.900 0.942 

DGD 0.640 0.718 0.356 0.538 0.684 0.051 0.769 0.781 0.768 

DGT2 0.531 0.716 0.002 0.656 0.719 0.358 0.800 0.805 0.565 

DGT1 0.500 0.587 0.138 0.750 0.740 0.627 0.800 0.793 0.814 

DMC 0.625 0.778 0.603 0.688 0.718 0.337 0.600 0.775 0.227 

DBX 0.867 0.807 0.972 0.500 0.754 0.027 0.800 0.834 0.047 

DCF 0.688 0.845 <0.002* 0.719 0.804 0.520 0.833 0.906 0.333 

DPC 0.600 0.695 0.138 0.650 0.840 0.059 0.810 0.887 0.202 

DOX 0.806 0.760 0.865 0.742 0.811 0.062 0.625 0.887 <0.002* 

DOU 0.833 0.779 0.612 0.667 0.790 0.676 0.750 0.870 0.358 

DSC 0.714 0.773 0.503 0.714 0.794 0.185 0.821 0.860 0.426 

DBS 0.654 0.558 0.627 0.741 0.780 0.623 0.808 0.830 0.178 

DRS 0.714 0.640 0.924 0.679 0.864 0.074 0.821 0.856 0.677 

DDH 0.478 0.660 0.053 0.667 0.830 0.146 0.875 0.876 0.838 

ERM 0.645 0.686 0.257 0.938 0.870 0.696 0.742 0.747 0.863 

FRF 0.688 0.486 0.153 0.625 0.804 0.021 0.438 0.514 0.182 

FRM 0.294 0.508 0.099 0.765 0.784 0.935 0.588 0.597 0.797 

FCC 0.516 0.497 0.039 0.813 0.762 0.900 0.484 0.440 0.526 

CRM 0.452 0.444 1.000 0.813 0.769 0.878 0.531 0.493 0.711 

KRS 0.844 0.728 0.550 0.813 0.815 0.550 0.719 0.649 0.634 

KRK 0.533 0.636 0.196 0.690 0.820 0.233 0.867 0.862 0.316 

KRC 0.258 0.667 <0.001* 0.875 0.852 0.823 0.750 0.761 0.650 

KRG 0.690 0.716 0.997 0.821 0.869 0.681 0.724 0.778 0.222 

FMC 0.875 0.777 0.419 0.548 0.795 0.030 0.903 0.880 0.364 

FBB 0.871 0.834 0.405 0.516 0.777 0.042 0.844 0.890 0.160 
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(Table 4.1 cont’d) 

Site 

Code 

Locus 1MA40 Locus 1MA42 Locus 1MA43 

HO HE P HO HE P HO HE P 

DBC 0.906 0.878 0.892 0.969 0.915 0.024 0.645 0.713 0.266 

DCC 0.844 0.897 0.265 1.000 0.928 0.505 0.750 0.742 0.737 

DPX 0.875 0.908 0.760 0.875 0.950 0.427 0.875 0.875 0.922 

DMN 0.813 0.878 0.153 0.935 0.916 0.877 0.813 0.704 0.995 

DGT 0.818 0.922 0.128 0.909 0.922 0.821 0.545 0.571 0.799 

DGD 0.885 0.892 0.869 0.840 0.925 0.163 0.615 0.629 0.575 

DGT2 0.813 0.841 0.475 0.900 0.908 0.849 0.594 0.708 0.204 

DGT1 0.800 0.868 0.475 0.906 0.905 0.912 0.625 0.613 0.050 

DMC 0.750 0.798 0.671 0.667 0.878 0.061 0.813 0.665 0.751 

DBX 0.643 0.807 0.098 0.867 0.922 0.166 0.733 0.784 0.062 

DCF 0.750 0.890 0.035 0.839 0.931 0.048 0.625 0.793 <0.002* 

DPC 0.857 0.897 0.259 0.905 0.938 0.112 0.524 0.697 0.034 

DOX 0.733 0.888 0.007 0.781 0.924 0.010 0.700 0.772 0.010 

DOU 0.833 0.815 0.695 0.917 0.935 0.392 0.667 0.591 1.000 

DSC 0.800 0.868 0.011 0.926 0.918 0.942 0.667 0.723 0.179 

DBS 0.538 0.660 0.210 0.840 0.904 0.892 0.778 0.672 0.813 

DRS 0.393 0.788 0* 0.967 0.911 0.891 0.633 0.581 0.057 

DDH 0.680 0.889 0.013 0.913 0.916 0.818 0.520 0.451 0.047 

ERM 0.844 0.893 0.319 0.871 0.868 0.721 0.484 0.428 0.464 

FRF 0.667 0.940 <0.002* 0.875 0.849 0.531 - - - 

FRM 0.688 0.917 0.039 0.647 0.889 0.003 0.059 0.059 1.000 

FCC 0.656 0.894 <0.002* 0.774 0.831 0.438 0.094 0.092 1.000 

CRM 0.677 0.893 0.026 0.839 0.851 0.333 0.156 0.148 1.000 

KRS 0.750 0.811 0.356 0.875 0.861 0.387 0.484 0.535 0.914 

KRK 0.821 0.891 0.012 0.900 0.895 0.856 0.345 0.503 0.133 

KRC 0.710 0.831 0.161 1.000 0.919 0.939 0.613 0.555 0.411 

KRG 0.414 0.692 0* 0.786 0.902 0.096 0.345 0.492 0.102 

FMC 0.656 0.751 0.252 0.906 0.882 0.612 0.594 0.658 0.109 

FBB 0.719 0.703 0.426 0.906 0.881 0.299 0.645 0.623 0.192 

 



91 | P a g e  

 

All western rainbowfish populations displayed high genetic diversity across the 

sampling area. Loci were highly polymorphic ranging from 14 (1MA04 and 1MA22) to 

28 (1MA03) alleles per locus across populations. Expected heterozygosity averaged 

across loci ranged from 0.687 (FRM, Fergusson R) to 0.885 (DCF, Daly R), observed 

heterozygosity ranged from 0.667 (FRM, Fergusson R) to 0.853 (DMN, Daly R) and the 

average allelic richness within samples ranged from 5.57 (DMC, Douglas R) to 8.03 

(DCF, Daly R) (Table 4.2). Though private alleles were observed in all locations, the 

population from DCF (Daly R) displayed the highest private allelic richness (Appendix 

8.6). Locus 1MA43 showed relatively low gene diversity (3.68) and Locus 1MA09 

(8.49) displayed high gene diversity across populations (Appendix 8.5). Only four FIS 

values were significantly positive i.e. these populations all had a heterozygote 

deficiency (Table 4.2).  
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Table 4.2: Summary of genetic diversity in M. australis based on microsatellite loci. 

Observed heterozygosity (HO), expected heterozygosity (HE) and inbreeding coefficients (FIS) 

were averaged across loci. Significant heterozygote deficiency is represented by asterisk (*). 

Allelic richness (AR) and private allelic richness (ARPRIV) was rarefied to the minimum sample 

size of 32 alleles. Population level FST values were estimated from GESTE. Effective 

population size (Ne) is represented with 95% confidence interval.  

Site 

Code 
N HO HE AR ARPRIV FIS 

Population 

level FST 
Ne 

DBC 32 0.798 0.857 7.31 0.15 0.055* 0.028 196 (92, ∞) 

DCC 32 0.829 0.874 7.60 0.17 0.030 0.019 229 (107, ∞) 

DPX 8 0.786 0.851 7.28 0.05 0.081* 0.038 ∞ (∞, ∞) 

DMN 32 0.853 0.859 7.47 0.15 -0.021 0.020 281 (115, ∞) 

DGT 11 0.851 0.832 6.90 0.07 0.041 0.028 40 (18 , 5404) 

DGD 26 0.786 0.810 6.49 0.09 0.077* 0.053 248 (88, ∞) 

DGT2 32 0.770 0.811 6.16 0.05 0.039 0.078 490 (124, ∞) 

DGT1 32 0.773 0.805 6.38 0.01 0.025 0.069 672 (145, ∞) 

DMC 16 0.774 0.795 5.57 0.13 0.028 0.133 ∞ (86, ∞) 

DBX 15 0.810 0.864 7.36 0.14 0.013 0.021 ∞ (419, ∞) 

DCF 32 0.797 0.885 8.03 0.42 -0.004 0.013 56 (42, 79) 

DPC 21 0.808 0.862 7.49 0.08 -0.019 0.007 150 (64, ∞) 

DOX 32 0.811 0.855 7.29 0.1 -0.001 0.012 26 (21, 31) 

DOU 12 0.814 0.842 7.22 0.04 -0.023 0.013 9 (6, 13) 

DSC 28 0.830 0.851 7.13 0.09 0.019 0.014  348 (110, ∞) 

DBS 27 0.796 0.806 6.33 0.04 0.025 0.051 619 (113, ∞) 

DRS 30 0.817 0.818 6.82 0.09 0.022 0.025 265 (103, ∞ 

DDH 25 0.803 0.826 6.91 0.09 0.017 0.019 756 (105, ∞) 

ERM 32 0.791 0.788 6.45 0.11 -0.022 0.044 ∞ (315, ∞) 

FRF 16 0.731 0.690 5.58 0.01 0.016 0.092 ∞ (68, ∞) 

FRM 17 0.667 0.687 5.44 0.05 0.014 0.097 ∞ (107, ∞) 

FRC 32 0.683 0.697 5.61 0.03 -0.003 0.090  1805 (142, ∞) 

CRM 32 0.705 0.701 5.54 0.04 -0.026 0.103 ∞ (182, ∞) 

KRS 32 0.768 0.793 6.34 0.06 0.026 0.056 84 (54, 162) 

KKR 30 0.784 0.790 6.05 0.03 -0.018 0.054 362 (105, ∞) 

KRC 32 0.795 0.814 6.51 0.1 0.002 0.043 9533 (174, ∞) 

KRG 29 0.753 0.805 6.53 0.06 0.055* 0.041 ∞ (296, ∞) 

FMC 32 0.746 0.781 6.27 0.16 0.037 0.070 146 (74, 1032) 

FBB 32 0.771 0.806 6.55 0.18 0.030 0.062 1367 (150, ∞) 
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4.3.2 Patterns of genetic diversity 

As predicted, a tendency of increasing heterozygosity and allelic richness was observed 

from upstream sites to downstream sites (Figure 4.2 and Figure 4.3). There was a 

significant negative correlation between elevation and genetic diversity (Figure 4.4 and 

Figure 4.5) and a positive one between stream order and genetic diversity (Figure 4.6 

and Figure 4.7). Observed heterozygosity and allelic richness were significantly higher 

in main channel than sub-catchment populations as expected (Table 4.3). 

 

 

  

Figure 4.2: Scatter plots showing Spearman’s rank correlation between observed 

heterozygosity (HO) and distance from river mouth in M. australis from the Daly River 

catchment. 

 

 

 

 

rho= -0.596, P<0.01 
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Figure 4.3: Scatter plots showing Spearman’s rank correlation between allelic richness 

(AR) and distance from river mouth in M. australis from the Daly River catchment. 

 

 

  

Figure 4.4: Scatter plots showing Spearman’s rank correlation between observed 

heterozygosity (HO) and elevation in M. australis from the Daly River catchment. 

rho= -0.743, P<0.01 

rho= -0.603, P<0.01 
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 Figure 4.5: Scatter plots showing Spearman’s rank correlation between allelic richness 

(AR) and elevation in M. australis from the Daly River catchment. 

 

 

 

  

Figure 4.6: Scatter plots showing Spearman’s rank correlation between observed 

heterozygosity (HO) and stream order in M. australis from the Daly River catchment. 

rho= 0.402, P<0.05 

rho= -0.721, P<0.01 
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Figure 4.7: Scatter plots showing Spearman’s rank correlation between allelic richness 

(AR) and stream order in M. australis from the Daly River catchment. 

 

 

Table 4.3: Differences in observed heterozygosity, allelic richness and population level 

FST between groups of populations from main channel sub-catchments. 

 
Mean ± SE 

t-stat P-value 
Main channel Sub-catchments 

Observed heterozygosity 0.81±0.005 0.76±0.011 4.23 <0.001 

Allelic richness 7.25±0.114 6.15±0.114 6.82 <0.001 

Population level FST 0.02±0.003 0.069±0.007 -6.25 <0.001 

 

 

    rho= 0.395, P<0.05 
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4.3.3 Gene flow 

As the data set had a number of null alleles, the program FREENA (Chapuis & Estoup, 

2007) was used to quantify genetic structure by estimating unbiased global FST values 

and to determine whether they had influenced the significance of the results. There was 

significant genetic structure among all sites, regardless of whether or not null alleles 

were accounted for (FST = 0.0533, 95% CI= 0.037 to 0.0733; FREENA null corrected 

FST = 0.0527, 95% CI=0.0368 to 0.0728). Population-specific FST values ranged from 

0.007 (DPC, Daly R) to 0.133 (DMC, Douglas R) (Table 4.2). Moreover, the population 

level FST value was significantly higher for populations from sub-catchments than for 

those from main channel (Table 4.3).  

 

For pairwise genetic comparisons among locations, most population pairs showed low 

to moderate levels of genetic differentiation from each other (P<0.05; 5.67%, only 23 

out of 406 comparisons were insignificant) (Appendix 8.7). Pairwise FST values 

between populations ranged from <0.0014 to 0.163 (Appendix 8.7). The lowest value of 

<0.0014 was observed between DCC (Daly R) and DMN (Daly R). Population from 

DMC (Middle Ck, Douglas R) was consistently divergent from all other locations (FST 

ranged from 0.056 to 0.163). The highest genetic divergence was between population 

DMC (Douglas R) and FRM (Fergusson R) (FST= 0.163). In most cases, there was 

minor differentiation among neighbouring populations, usually not significantly 

different from zero.  
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GENECLASS2 reported that about 53.36% of all individuals were correctly assigned 

back to their sampled locations. M. australis also displayed medium to high levels of 

assignment rates within segment or sub-catchments (downstream 38.28%; middle 

stream 33.52%; upstream 52.07%; Green Ant Ck 52.38%; Douglas R 37.5%;  

Fergusson R 57.68%, Katherine R 59.96% and Flora R 62.5% ) (Table 4.4). It was also 

evident that individuals from populations from each sub-catchment were mostly 

assigned back to populations from the same sub-catchment. No or few individuals were 

assigned to populations from different sub-catchments. In addition, they were assigned 

to main channel populations that were located in the downstream direction, which 

indicated possible admixture in these populations (Table 4.4). Populations from the 

same segments or sub-catchments along the catchment area tended to have similar 

assignment rates.  
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Table 4.4: Assignment of individuals of M. australis to populations from the Daly River Catchment area. ˅ designates downstream locations, °designates 
middle stream, ˄ designates upstream and  ⃰ designates sub-catchment locations. Bold highlighted colour designates within groups of populations. 

 

 

 Assigned populations from M. australis 
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DBC 17 22   22           1 14 2 4                                 53.1 

DCC 10 15   18             16 1 4                                 46.9 

DPX 5 6 0 7 1           3 2 1 1 1 1 1                 1       0.0 

DMN 16 24   17             13 2 5   1       1                     53.1 

DGT 3 6   2 2 3   1     9 2 3                                 18.2 

DGD 3 8   8 4 14 6 7   2 22 9 9   8   2                         53.8 

DGT2 4 11   10 2 11 20 17   4 25 11 11   8 1 1 1                       62.5 

DGT1 3 10   6 1 17 20 24   3 20 14 13   9   1                       2 75.0 

DMC         
6 

 
3 

 
1 

 
1 

              
37.5 

DBX 2 2   4   1   1   3 8 4 2 1 2                             20.0 

DCF 8 9 1 9           1 14 4 9 1 8   1 1                     1 43.8 

DPC 5 9   7   1       1 14 5 9 1 8   1                   3   1 23.8 

DOX 4 12   7           1 21 10 15   9   4 3 1             2 1   1 46.9 

DOU 4 5   3             11 5 8 2 4   5 1 4             1       16.7 

DSC 2 3   4             21 12 14 1 14   6 4       1     1 3 2     50.0 

DBS 3 12   4     1     2 23 9 13 3 14 15 9 10           3 2 5 8     55.6 

DRS 4 3   2       1     20 6 12   14 3 17 12 6         2 4 5 7     56.7 

DDH 7 7   7 1           17 9 15 2 12 2 13 11 3         4 1 6 3   1 44.0 

ERM 12 12   14           2 21 8 16 7 9 1 12 11 20             4 7     62.5 

FRF 8 14   4           1 13 7 6 3 10   4 4 6 7 3 13 10             43.8 

FRM 11 11   5   1         15 10 6 1 13   9 7 6 7 6 12 13 1   2 2     35.3 

FCC 20 23   15     1 1   1 28 15 17 6 22   16 14 14 16 15 24 22 1   2 3     75.0 

CRM 16 22 1 14             25 13 11 4 18 2 14 11 11 16 13 25 23     3 3   1 71.9 

KRS 7 6   2       1     23 11 10 2 17 3 14 8           20 6 16 14   1 62.5 

KRK 6 9   8   2       2 25 16 20 8 27 9 28 18 2         17 18 14 15     60.0 

KRC 5 3   2   1   1   1 16 13 14 2 14 3 14 11 5         7 4 21 13   1 65.6 

KRG 4 7   2       1     15 10 8   11 4 14 8           5 2 14 15     51.7 

FMC   2   3       1     13 1 4 1 3 2 2 3           1       23 24 71.9 

FBB 2 2                 5 1 7   3     1                   9 17 53.1 
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4.3.4 Population structure  

Hierarchical AMOVA analyses indicated highly significant genetic divergence at all 

levels of stream arrangement (Table 4.5 and Figure 4.8). About 5% of the genetic 

variation was between groups of populations from main stem versus sub-catchment 

(FCT=0.045, P<0.001), and there was also significant differentiation among locations 

within these groupings (FSC=0.013, P<0.001) with the global FST being 0.057 

(P<0.001). Distance from river mouth had less impact on genetic structure of M. 

australis (FCT=0.016, P<0.001) (Table 4.6 and Table 4.7).  

 

 

 

Figure 4.8: Grouping of populations of M. australis from the Daly River catchment for 

performing AMOVA based on hierarchical stream arrangement. 
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Table 4.5: Analysis of Molecular Variance (AMOVA) results for microsatellite loci in 

M. australis for models based on hierarchical stream arrangement  

Source % of variation F-value P-value 

Among  groups (FCT) 4.46 0.045 <0.001 

Among populations within groups (FSC) 1.23 0.013 <0.001 

Within populations (FST) 94.31 0.057 <0.001 

 

Table 4.6: Grouping of populations of M. australis from the Daly River catchment for 

performing AMOVA based on distance from river mouth. 

Group 
Distance from river 

mouth 
Site code 

Group 1 <165 km DBC, DCC, DPX, DMN, DBX 

Group 2 >166 km to <265 km 
DGT, DGD, DGT2, DGT1, DMC, DCF, DPC, 

DOX, DOU, DSC 

Group 3 >265 km to <365 km DBS, DRS, DDH, ERM, FRF, FRM 

Group 4 >365 km FCC, CRM, KRS, KRK, KRC, KRG, FMC, FBB 

 

Table 4.7: Analysis of Molecular Variance (AMOVA) results for microsatellite loci in 

M. australis for models based on distance from river mouth 

Source % of variation F-value P-value 

Among  groups (FCT) 1.63 0.016 <0.001 

Among populations within groups (FSC) 4.15 0.042 <0.001 

Within populations (FST) 94.22 0.058 <0.001 
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The STRUCTURE v.3.2.4 analysis of the entire data set suggested K = 5 as the most 

likely number of genetic clusters based on the Evanno’s method (Evanno et al., 2005) 

(Appendix 8.8). Log probability of data L(K) was not large at K for 5 but there was a 

noticeable change afterwards in variance of replicate runs of K (Figure 4.9), and second 

order rate of change in log probability between consecutive K values was highest at the 

same K value (ΔK) (Figure 4.10). A second round of analysis was carried out separately 

on each of the clusters. The Green Ant Ck-Douglas R cluster was further subdivided 

into Green Ant Ck and Douglas R. No further clustering was found among populations 

of Green Ant Ck although the pairwise FST value between main channel (Tipperary St) 

and Trib2 was significant. The hierarchical STRUCTURE could not identify further 

clustering in admixture populations from main channel and ERM (Edith R).  

 

After two rounds of STRUCTURE analysis, a total of 6 clusters were identified (Figure 

4.11). There was a notable concordance between the clustering of individuals and the 

location of sampling sites with some exceptions. The most obvious was that the Edith R 

site, which is a headwater of the Fergusson sub-catchment, showed admixture of several 

groups. Middle-stream populations from the main channel showed admixture of 

individuals from different clusters. Although admixture was observed in upstream 

locations in the main channel, this was dominated by individuals from the Katherine R 

sub-catchment.  
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Figure 4.9: Mean likelihood L(K) for possible K value from 1-15 in M. australis. 

 

 
 
 

 

 

Figure 4.10: Number of possible clusters K from Evanno’s method that best fit to the 

data from M. australis. 
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Figure 4.11: STRUCTURE plot for 6 clusters of populations in M. australis across the Daly River catchment area. Individuals from middle reach and 

upstream populations showed admixture.

Tidal limit 
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The alternative clustering method BAPS also suggested 6 clusters from 759 individuals 

of M. australis and the inferred groups corresponded with the five sub-catchment 

populations and one downstream population in the main channel (Figure 4.12). 

Admixture analysis also revealed admixture in the middle and upstream of the main 

channel where upstream populations were dominated by individuals from the Katherine 

River and middle stream groups were dominated by individuals from downstream 

populations. The population from ERM appeared similar to downstream populations as 

seen in STRUCTURE (Figure 4.11).  

 

 
 

Figure 4.12: Clustering plots for 759 individuals of M. australis derived from BAPS 

v.6.0.  
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4.3.5 Isolation by distance 

The results of Mantel tests supported a highly significant positive correlation between 

genetic structure and waterway distance (r=0.626, P<0.001) (Table 4.8). For instance, 

downstream populations had an average FST of 0.025 (<165 km from river mouth), 

middle stream and upstream group of populations (>165 to <365 km) had a twofold 

greater pairwise FST value (0.055) while more distant populations from the Katherine R 

and the Flora R sub-catchments had an average FST of 0.065 (>365 km from river 

mouth). The correlation was much stronger when analysis included only main stem 

populations (r=0.836, P<0.001) (Table 4.8, Figure 4.13 and Figure 4.15).  

 

 

 

Figure 4.13: Sampling locations of M. australis from main-channel of the Daly River 

catchment. The sampling locations from DCF, DPC, DSC, DBS and DDH were also 

included in main channel group as they are small stream connected directly to the main 

channel.  
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Figure 4.14: Sampling locations for M. australis from sub-catchments of the Daly 

River catchment.  

 

Table 4.8: Simple Mantel test showing the relationships between genetic distance in M. 

australis sample and stream distance and presence of physical barriers. 

Landscape features 
All sites Main channel Sub-catchment 

r P  r P r P 

Stream distance 0.626 <0.001 0.836 <0.001 0.706 <<0.001 

Physical barriers 0.347 <0.001 0.693 <0.001 0.465 <0.001 

          a) Artificial barriers 0.305 <0.001 - - - - 

          b) Natural barriers 0.353 <0.002 - - - - 
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Figure 4.15: Scatter plots showing correlation between genetic distance (Slatkin’s 

Linearized FST) and stream distance from main channel populations from the Daly River 

catchment.  

 

 

Figure 4.16: Scatter plots showing correlation between genetic distance (Slatkin’s 

Linearized FST) and stream distance from sub-catchment populations from the Daly 

River catchment.  
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Figure 4.17: Scatter plots showing correlation between genetic distance (Slatkin’s 

Linearized FST) and physical barriers from main channel populations from the Daly 

River catchment.  

 

 

Figure 4.18: Scatter plots showing correlation between genetic distance (Slatkin’s 

Linearized FST) and physical barriers from main channel populations from the Daly 

River catchment.  

 



 

  

 

110 | P a g e  

 

 

4.3.6 Effects of landscape features 

There was a highly significant positive correlation (r=0.347, P<0.001) between genetic 

distance and the number of physical barriers along migration or dispersal routes (Table 

4.8). Landscape features in locations from the main stem generally showed stronger 

correlations with genetic structure than from sub-catchment areas (Table 4.8, Figure 

4.15, Figure 4.16, Figure 4.17 and Figure 4.18). Isolation-by-distance was confirmed by 

Partial Mantel tests which still showed highly significant effects, even when effects of 

number of barriers were removed (Table 4.9). Alternatively, the effects of physical 

barriers were reversed when effects from stream distance was removed (Table 4.9). So, 

stream distance is a major determinant of population structure in Western rainbowfish 

across the Daly River catchment area. 

 

Table 4.9: Results of Partial Mantel tests showing the relationship between genetic 

distance (Slatkin’s Linearized FST) and stream distance and presence of physical 

barriers.  

Landscape features Constant landscape features r P-value 

Stream distance Physical barriers 0.676 <0.001 

Physical barriers Stream distance -0.463 <0.001 

 

In addition, the Spearman’s rank correlation demonstrated significantly positive 

relationships between population level FST and some site-specific landscape factors, for 

example distance from river mouth, mean elevation and downstream maximum slope 

(Figure 4.19, Figure 4.20 and Figure 4.22). There was also a significant negative 

correlation between population level FST and stream order indicating genetic isolation 
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decreases with stream order (Figure 4.21). Annual flow did not show any significant 

effect on genetic structure of M. australis (Figure 4.23). Results from regression 

analysis performed in GESTE revealed several landscape factors that produced high 

probability models in the presence of other factors.  

 

In both single and pairwise factor analysis, elevation and stream distance displayed 

relatively higher posterior probabilities (Table 4.10). These results indicated these 

factors as potential barriers to dispersal of M. australis across the Daly River catchment. 

Although stream order and slope had significant correlations with local level of FST 

(Figure 4.21 and Figure 4.22), the GESTE analyses showed very low posterior 

probability values (Table 4.10). The landscape analysis did not show any effect from 

mean annual runoff on genetic structure of M. australis (Table 4.10 and Figure 4.23). 

The above results suggest landscape analyses revealed complex relationships between 

genetic structure and landscape features from the Daly River catchment. For example, 

population divergences were identified over very short stream distances of 3 km. 

 

Figure 4.19: Scatter plots showing Spearman’s rank correlation between population 

level FST and distance from river mouth in M. australis from the Daly River catchment. 

rho= 0.450, P<0.05 
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Figure 4.20: Scatter plots showing Spearman’s rank correlation between population 

level FST and elevation (m) in M. australis from the Daly River catchment. 

 

 

 

  

Figure 4.21: Scatter plots showing Spearman’s rank correlation between population 

level FST and stream order in M. australis from the Daly River catchment. 

 

rho= 0.693, P<0.01 

rho= -0.412, P<0.05 
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Figure 4.22: Scatter plots showing Spearman’s rank correlation between population 

level FST and donwstream maximum slope in M. australis from the Daly River 

catchment. 

 

 

 

 

Figure 4.23: Scatter plots showing Spearman’s rank correlation between population 

level FST and mean annual runoff in M. australis from the Daly River catchment. 

rho= 0.493, P<0.01 

rho= -0.334, P>0.05 
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Table 4.10: Summary of regression analysis for individual and pairwise landscape 

factors performed in GESTE. The first two columns are showing the best model for 

each analysis which explains the effects of these landscape factors effectively with its 

posterior probability. The remaining columns describe probability of individual factors 

in the highest probability model. G1 labels first factor and G2 second factor from first 

column and G1*G2 refers the interaction between factors G1 and G2.  

Analysis 
Highest probability 

model 
P(model) P(G1) P(G2) P(G1*G2) 

Distance Constant, distance 0.898 0.898 

  

Elevation Constant, elevation 1.000 1.00   

  

Stream order Constant 0.795 0.205   

Annual runoff Constant 0.678 0.322   

Slope Constant 0.903 0.097 

  

Distance vs elevation Constant, elevation 0.944 0.053 0.996 0.002 

Distance vs stream order Constant, distance 0.684 0.769 0.132 0.004 

Distance vs annual runoff Constant 0.306 0.560 0.169 0.006 

Distance vs slope Constant, distance 0.730 0.873 0.152 0.018 

Elevation vs stream order Constant, elevation 0.995 0.995 0.132 0.005 

Elevation vs annual runoff Constant, elevation 0.931 0.990 0.06 0.0061 

Elevation vs slope constant, elevation 0.877 0.979 0.102 0.021 

Stream order vs slope Constant 0.730 0.183 0.098 0.001 

Stream order vs Annual 

flow 
Constant 0.633 0.165 0.219 0.002 

Annual runoff vs slope Constant 0.676 0.244 0.086 0.007 
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4.4 Discussion 

4.4.1 Genetic diversity 

Due to the broad habitat range and tolerance to a wide range of water quality 

parameters, it was hypothesized that M. australis would display high genetic diversity 

within populations across the catchment area. Compared with other freshwater fishes, 

overall genetic diversity was high in most of the populations (mean 0.783±0.04), 

McCusker and Bentzen (2010) reported the average heterozygosity in freshwater fishes 

so far studied to be 0.68. Low genetic diversity observed in some sites could be 

explained by selection, population bottlenecks or founder effects and or low effective 

population size etc. (Nei et al., 1975; Huey et al., 2008).  

 

4.4.2 Gene flow 

As melanotaeniids are reported to be strong dispersers (Ivantsoff et al., 1988; Pusey et 

al., 2004), dispersal across the catchment was expected to lead to high population 

connectivity. However, the present investigation revealed a low to moderate level of 

genetic differentiation among populations. Many populations were isolated as the global 

and most pairwise FST comparisons (about 95%) were significant. This result indicated 

that this species is not a frequent disperser and showed restrictions to gene flow among 

populations. Most of the insignificant pairwise genetic comparisons were observed 

between neighbouring locations. These results suggested that dispersal events were 

frequent between populations within sub-catchments but low or absent between sub-

catchments. Greater levels of gene flow and limited genetic divergence among 

populations within several sub-catchments also indicated high sub-catchment level 

philopatry except for the population from ERM.  
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Medium to high self-assignment rates in M. australis in most of the populations as well 

as sub-catchments across the catchment also support local and sub-catchment level 

philopatry within this species. The high genetic divergences between populations from 

different sub-catchments could be clearly explained by geographical distance between 

them. But population divergences were also identified over very short stream distances 

of 3 km, even populations from the same sub-catchment. This result indicates that other 

landscape features could also affect within sub-catchment dispersal ability. Intrinsic 

biological behaviour (e.g. philopatry, competition, predation etc.) in rainbowfish may 

also act as a barrier to gene flow to neighbouring populations within or outside of sub-

catchment (Thuesen et al., 2008).  

 

Levels of genetic divergence were significantly higher among populations from 

different sub-catchments than from samples collected from main stem. This may imply 

that gene flow is a regular event between populations in the main stem whereas it is less 

common among sub-catchments. This result also suggested populations of western 

rainbowfish diverged genetically and small tributary populations can contribute 

significantly to overall genetic structure and diversity across its northern distribution. 

Several other studies on populations of western rainbowfish from its western 

distribution also showed genetic divergence on small spatial scales as well as medium 

and broad scales (Phillips et al., 2009; Young et al., 2011a). A global-scale analysis of 

population genetic structure also revealed higher levels of genetic divergence among 

populations from headwaters than in higher order streams (Finn et al., 2011).  

 

Although this species appeared to show a tendency to remain in a particular area/region, 

GENECLASS analysis also assigned individuals to certain upstream as well as 

downstream locations within the main channel. In addition, many individuals were 
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assigned to populations that were long distances away from their collection sites. For 

example, several individuals from Brandy Bottle Ck (FBB) were assigned back to the 

population of Bamboo Creek (site DBC), 360 km long distance from collection sites. A 

possible explanation of this evident dispersal could be a high flooding event that 

happens frequently along this river (involuntary dispersal) (Mills, 2012). However, the 

long distance dispersers are less likely to mate with the residents and therefore will not 

contribute much to long-term genetic structure. In this case, upstream populations 

would be expected to be more divergent than downstream populations (Allendorf, 1983; 

Bohonak, 1999; Chaput-Bardy et al., 2009; Junker et al., 2012).  

 

4.4.3 Direction of gene flow 

Levels of observed heterozygosity increased from sub-catchments or more elevated 

locations in the direction of more downstream sites which suggests dispersal tends to be 

higher in the downstream direction. Allelic diversity was consistently lower in sub-

catchment locations, which also would be expected with downstream-biased gene flow 

and some isolation of these populations. This type of asymmetric gene flow is common 

in hierarchically and dendritically arranged river networks where two or more 

headwater populations congregate together and form a single downstream population 

(Gomez‐Uchida et al., 2009; Morrissey & de Kerckhove, 2009; Kanno et al., 2011; 

Junker et al., 2012; Gomez‐Uchida et al., 2013). So, the pattern of genetic structure of 

inhabitants can be significantly affected by this asymmetric gene flow resulting in lower 

genetic structure in downstream populations (Morrissey & de Kerckhove, 2009; Junker 

et al., 2012; Bracken et al., 2015). As asymmetric gene flow (biased to downstream) is 

more likely to happen in higher elevated upstream locations (Shaw et al., 1994; Castric 
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et al., 2001; Kanno et al., 2011), similar result from the Daly River catchment indicated 

spatial heterogeneity in elevation or slope across this catchment area. 

 

The presence of physical barriers like waterfalls, road crossings or gradient structures 

with high drops may amplify this asymmetric gene flow in downstream populations 

through permitting passive downstream dispersal and impeding active migration in the 

upstream direction (Yamamoto et al., 2004; Caldera & Bolnick, 2008; Neville et al., 

2009; Raeymaekers et al., 2009). Several studies on fish in dendritic river systems with 

the presence of a number of anthropogenic barriers showed similar patterns of lower 

genetic diversity in upstream populations (Yamamoto et al., 2004; Caldera & Bolnick, 

2008; Raeymaekers et al., 2009; Junker et al., 2012). Sometimes, stream populations 

may also become isolated due to the presence of deep water habitats along migratory 

routes (Matthews et al., 2004).   

 

Alternatively, the presence of biased gene flow in the downstream direction could be 

from wet season dispersal rather than restriction of gene flow during dry season (Mills, 

2012; Huey et al., 2013a). Wet-season flows connect river sections separated by barriers 

or pools that are used as refugia during the dry season. Dispersal during the wet season 

and isolation in the dry-season are very common in freshwater fishes (Huey et al., 2008; 

Faulks et al., 2010). Comparatively higher levels of gene flow were observed in M. 

australis from the Kimberly region during the rainy season (Phillips et al., 2009; Young 

et al., 2011a) and higher genetic subdivision in the Pilbara region was suggested to be 

due to lack of rainfall (Young et al. 2011a). Though flooding helps dispersal through 

establishing permanent connectivity in main stem populations, it could have limited 

effect on upstream dispersal to sub-catchment populations, if fast -flowing runoff during 

the wet season impedes upstream dispersal.  
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4.4.4 Population structure 

As hypothesized, the spatial genetic structure of M. australis did conform to the 

hierarchical arrangement of the Stream Hierarchy Model. These results partially 

indicated the importance of the hierarchical arrangement of streams on structuring 

populations of stream-dwelling fish species from tropical region (Huey et al., 2008; 

Cook et al., 2011; Hughes et al., 2012) as well as from temperate region (Castric et al., 

2001). Previous studies on the western distribution of M. australis showed a 

hierarchical pattern of genetic differentiation at broad, medium and small spatial scales 

(Phillips et al., 2009; Young et al., 2011a). In contrast, other rainbowfishes from the 

wet-dry tropics of Australia, Melanotaenia splendida splendida and Cairnsichthys 

rhombosomoides showed quite different patterns of genetic subdivision where genetic 

divergence among populations within catchments was greater than among catchments 

(Hurwood & Hughes, 2001a; Thuesen et al., 2008). Another AMOVA based on 

distance from river mouth revealed a low level of genetic divergence among groups. 

Further investigation revealed several key landscape factors that could affect gene flow 

at variable levels. 

 

There was evidence of at least 6 distinct populations of M. australis from 29 locations 

in the Daly River catchment area based on all clustering analyses. These were highly 

correlated with geographical locations of sampling sites. Populations of western 

rainbowfish seemed to be clustered into sub-catchments with the exception of the Edith 

River (ERM) site. In an unpublished investigation on western rainbowfish from the 

same catchment, only one distinct population was identified and this was from the 

Fergusson River sub-catchment (Mills, 2012). This is obviously predicted for those 

populations from sub-catchments as they are from headwaters and headwater 

populations often display high levels of endemism (Clarke et al., 2008). The likely 
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explanations for ERM differing from other populations from the Fergusson River sub-

catchment is a lack of permanent hydrological connection between it and the other 

tributaries of the sub-catchment (Schult & Townsend, 2012) and this population may 

not have a significant landscape boundary between it and the upstream region of the 

Daly River. 

 

Though populations from this catchment area are hydrologically connected perennially 

or temporarily during the wet season, physical or biological barriers may limit dispersal 

outside the resident sub-catchment. It should be noted that main stem populations were 

genetically more admixed than those of sub-catchment populations. Contrary to 

expectations, the furthest downstream populations were not the most homogeneous, as 

populations from mid-reach took that place. The upstream locations were also 

dominated by individuals from the Katherine River sub-catchment. Results from BAPS 

also supported these findings, also indicating the dominance of Katherine River 

individuals in the upper middle reaches.  

 

The genetic structure observed in downstream populations was unexpected as those 

locations were hydrologically more connected and so higher gene flow was expected. 

Tidal flow reaches up to 99 km upstream of the Daly River from the river mouth 

(Faulks, 1998a) and the sampled locations were from this area. This divergent habitat 

could be the best explanation for the distinct populations in this region. Another 

explanation could be asymmetrical dispersal that can also lead to population divergence, 

even in the presence of high hydrological connectivity (Knight et al., 1999; Fraser et al., 

2004). GENECLASS2 results also supported this clustering as the majority of 

individuals were assigned back to populations within the five distinct sub-catchments 

and one in the most downstream locations.  
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4.4.5 Effects of landscape features 

As the Daly River displayed variable landscape features, these were expected to impact 

on population structure in M. australis. Several analyses were applied to estimate the 

portion of population structure regulated by each of the factors. The pattern of isolation 

by distance in M. australis from Daly River catchment area supports the expectation of 

a relationship between genetic structure and stream distance which was also detected in 

this species from both its western and northern distribution (Phillips et al., 2009; Young 

et al., 2011a; Mills, 2012). Population structure in another geographically restricted 

rainbowfish C. rhombosomoides did not conform to this model (Thuesen et al., 2008). 

As main stem populations are spatially and hydrologically more connected, weaker 

isolation-by-distance correlations between sites than that of sites from sub-catchments 

was expected due to their dendritic nature of their arrangement (Kanno et al., 2011; 

Stelkens et al., 2012). However, completely the opposite result was observed in this 

study.  

 

The effects of stream distance were greater in main stem populations. It may be the case 

that most of the major barriers were present along the main channel. Presence of these 

barriers could intensify genetic divergence between populations by impeding upstream 

movement and subsequently preventing gene flow among different populations. The 

significantly positive effects from physical barriers also supported this expectation. 

However, partial mantel tests suggested barriers had negative correlations with genetic 

distance when stream distance was kept constant, so this explanation is unlikely. 

Another possible explanation for this difference could be heterogeneous landscape 

features because there is more variation in the other landscape factors in the headwaters 

than main stem (Lowe & Likens, 2005; Meyer et al., 2007). So, the correlation was 

weaker, even though the FST values were greater. Nevertheless, stream distance appears 
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to explain most of the spatial genetic structure in M. australis. Moreover, landscape 

analyses using Spearman’s rank correlation and regression models implemented in 

GESTE also indicated stream distance as one of the most important determinants of 

contemporary population structure in western rainbowfish, as has been found for many 

other freshwater species living in stream habitat (Bunn & Hughes, 1997; Coleman et al., 

2010). 

 

It was suggested that factors such as elevation (Körner, 2007), stream gradient/slope 

(Lowe et al., 2006; Burridge & Versace, 2007) would affect genetic structure in stream 

populations. Stream order was also expected to be an important factor in shaping 

population structure as it affects community structure in stream fishes (Platts, 1979; 

Schlosser, 1990). Results from this study reported significant impacts of elevation and 

stream distance on populations of western rainbowfish. Although stream order and 

downstream maximum slope displayed significant correlations with local population 

structure, the regression model rejected their effects.  

 

Among the landscape features, elevation was determined as the most important factor in 

determining the level of population isolation in M. australis across the Daly River 

catchment. Both correlation and GESTE regression analyses strengthen this result. Mills 

(2012) also suggested that elevation was a determinant of population structure in M. 

australis. In single and paired factor analyses, elevation had a stronger effect on 

population isolation than stream distance. Similar studies on M. mogurnda in the same 

catchment area showed quite mixed results (Cook et al., 2011) with elevation and 

stream gradient the main drivers of population structure and stream distance having no 

effect. These differences could be due to differing biology of these two species- M. 

mogurnda has limited dispersal ability (Pusey et al., 2004) whereas rainbowfish has a 
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reputation for a relatively higher dispersal ability (Ivantsoff et al., 1988; Larson & 

Martin, 1990; Bishop et al., 2001). Flow-related environmental factors like mean annual 

flow showed no relationship with spatial genetic patterns in M. australis in the Daly 

River catchment area. Similarly mean annual discharge did not have any effect on 

population structure of M. mogurnda from the same catchment area (Cook et al., 2011).  

 

Both IBD correlations and the clustering analysis revealed local gene flow in the Daly 

river catchment area, especially between neighbouring populations. Reduced genetic 

structure as a result of isolation was boosted in populations that were exposed to further 

in-stream landscape variables. The effects of hierarchical arrangement of stream 

network and different landscape factors (elevation and stream distance) on genetic 

divergence in M. australis could not be disentangled as both affect population structure 

in the presence of other riverine architecture. Several studies also revealed signature of 

IBD in the presence of effects from other landscape features on genetic structure of fish 

(Dionne et al., 2008; Leclerc et al., 2008).  
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4.5 Conclusions  

The use of highly variable genetic markers and extensive field sampling of a widespread 

freshwater fish species allowed the analysis of population structure and connectivity at 

broad and medium spatial scales. The effects of landscape factors on genetic 

differentiation were also assessed at this same scale. Results highlight the importance of 

contemporary riverine structure in structuring genetic variability and differentiation 

among populations, which is frequently seen in freshwater organisms inhabiting stream 

networks (Meffe & Vrijenhoek, 1988; Huey et al., 2008; Hughes et al., 2009; Cook et 

al., 2011). This study also revealed the role of different landscape features in shaping 

population structure with elevation being the most important followed by stream 

distance. These results indicate that individuals of M. australis in this river system are 

not frequent long distance dispersers and also have restricted upstream dispersal. 

Although M. australis is widely distributed, it may be affected quite differently by 

heterogeneous landscapes features. Finer-scale study also needs to be included in future 

genetic research to detect effects of natural and man-made artificial barriers.  

 

This investigation revealed greater genetic structure in M. australis (six distinct 

clusters) across the Daly River catchment than had been identified in an earlier study 

conducted by Mills (2012) across the same catchment area. That study detected only a 

single genetically distinct population from others. These results emphasize the need to 

use highly variable genetic markers and extensive sampling across the study area. The 

clustered populations should be considered as separate management units (Moritz, 

1994) to maintain regional levels of genetic structure. The investigation from 

Stewart‐Koster et al. (2011) also indicated M. australis from sub-catchments is more 

vulnerable to hydrological variability prevailing in this catchment. Though results 

revealed that population connectivity was locally high, neighbouring populations from 
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different sub-catchments and segments, even from the same sub-catchment, did not 

necessarily show panmixia. Sub-catchment level population structure may allow local 

adaptation, through diversifying selection processes, although further research with 

genomics approaches is needed to examine this suggestion.  

 

With future changes in climate and increases in water extraction for human use, local 

extinctions are likely. The results of this study suggest that recolonization of extirpated 

sites may be limited, due to lack of immigrants from remaining source populations as 

they are isolated by distance and have geographical or artificial boundaries. In 

particular, extinctions at the sub-catchment level are unlikely to be replenished, which 

could result in substantial loss of adaptive genetic diversity.  
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Abstract  

Strawman or blackmast (Craterocephalus stramineus, Whitley 1950) have a patchy 

distribution in coastal drainages of northern Australia. The species is a habitat specialist 

and has a narrow range of tolerance to changes in water quality. Previous studies have 

revealed dry season water extraction could be a possible threat to existence of this 

species. No genetic study has been conducted on this species across its distribution. 

Therefore we designed and isolated 9 polymorphic microsatellite markers from a 

shotgun genomic DNA library of C. stramineus using Ion Torrent Next-Generation 

sequencing Technology. These primers were screened across 32 individuals from the 

Daly River and we identified 2-15 alleles per locus. The observed heterozygosities 

ranged from 0.067-0.759. All loci were in Hardy-Weinberg Equilibrium and no null 

alleles were detected. These high levels of polymorphism suggest suitability for genetic 

diversity and population structure study for this species across its natural range, which 

can assist in management as well as future conservation.   

 

Keywords  

Craterocephalus stramineus; genetic diversity; Ion Torrent platform; microsatellite 

marker. 

 

The Australian Atherinid, Strawman or Blackmast (Craterocephalus stramineus, 

Whitley 1950) is patchily distributed in coastal drainages of northern Australia and has 

recently also reported from the Ord River (WA), Victoria, Daly, Finniss and Katherine 

Rivers (Northern Territory) and the Gregory Rivers, in the Gulf of Carpentaria (QLD) 

(Allen et al., 2002). They are also locally abundant in lacustrine habitats like Lake 

Kununurra (Allen et al., 2002). The ancestor of the ‘Craterocephalus’ group was 

thought to be of marine origin (Crowley, 1990; Unmack & Dowling, 2010). It can dwell 
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in a variety of environments and seems to prefer shallow, clear, still or flowing water 

with a high pH and hardness (Tappin, 2008). This species is a habitat specialist and is 

usually very sensitive to changes in water parameters (Larson & Martin, 1990; Tappin, 

2008). It is hypothesized that these rivers and lakes produce more algae and have higher 

dissolved oxygen levels than billabongs and still water. They often occur in moderate-

sized shoals swimming just below the sub-surface areas (Allen, 1982; Midgley, 1983). 

Populations show fluctuation in abundance both within a year and between years. The 

species is abundant during the wet season when conditions are favourable. It is 

hypothesized that the populations seem to decline rapidly with reduced water levels and 

less favourable conditions during the dry season (Tappin, 2008). However, adequate 

numbers of fish survive during the dry season to support persistence of the species at 

many locations (Tappin, 2008). Recent study revealed no or low water level during the 

dry season could be a possible threat to existence of this species (Land and Water 

Taskforce, 2009). However, knowledge of population diversity and structure is vital for 

the effective management and conservation of this species. Genetic diversity gives 

species the ability to cope with environmental change and promotes long-term 

evolutionary potential (Frankham et al., 2002). Microsatellites are polymorphic 

markers, useful for population genetics studies. We here isolated and characterized 9 

polymorphic loci for Craterocephalus stramineus sampled from the Daly River, NT, 

Australia. Each microsatellite locus was analysed in samples from two sites of the Daly 

River Catchment area.  

 

Total genomic DNA was extracted from fin clips (source) using QIAGEN DNeasy 

blood and tissue extraction kits, following the manufacturers recommended procedures. 

Two Ion Torrent sequencing runs were performed on an ION PGM system using 314 

chips, following the manufacturer's specifications. The resulting runs in Ion Torrent 
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provided 133,238 sequence reads. We used the QDD bioinformatics pipeline (version 2 

beta, (Meglécz et al., 2010)) to pick microsatellites from the genomic library. QDD 

selected 5465 sequence reads that were longer than 80 bp and contained at least one 

microsatellite. From these, 3,768 unique loci were identified. Using Primer3 (Rozen & 

Skaletsky, 2000), microsatellite primers were developed for 2,288 unique sequences. 

From them, we ordered 144 primer sets from the available 5465 sequences, focusing on 

the best available primer set and category A and B primers (see QDD manual). Fin 

samples from each site were collected and preserved in 70% alcohol. Primarily we 

screened these primers across 8 individuals from the Fergusson River. Monomorphic 

loci were also screened across another 8 individuals sampled from the Bamboo Ck, 

Daly River catchment.  

 

The samples were amplified in 10 μL PCR reactions, including; 0.5 μL of template 

DNA, 0.2 mM reverse primer, 0.06 mM tailed forward primer, 0.2 mM tailed 

fluorescent tag (FAM, VIC, NED, PET) (see (Real et al., 2009), 0.2 mM dNTPs (Astral 

Scientific), 1.5 mM MgCl2 (Astral Scientific), 20 μL of 5x Buffer (Astral Scientific) and 

0.1 units of mango taq polymerase (Astral Scientific). Loci were initially screened using 

the following protocol; 94°C for 5 minutes, followed by 35 cycles of 94°C for 30 

seconds, 55°C for 30 seconds and 72°C for 45 seconds. The reaction was then exposed 

to 72°C for 7 minutes and held at 4°C until required for further analysis. Loci were 

scored using Genemapper (version 3.1, Applied Biosystems). For some loci, annealing 

temperatures were varied to improve amplification, resulting in the annealing 

temperatures in Table 1. 

 

Altogether, 11 polymorphic loci were identified and 9 loci were selected on the basis of 

number of alleles per locus, variability and reproducibility. These polymorphic loci 
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were then genotyped in 32 individuals from another population (Oolloo Crossing, Daly 

River). PCR conditions for individual loci were described above (Table 5.1). All scored 

genotypes were analysed in MICRO-CHECKER v.2.2.3 (Van Oosterhout et al., 2004) 

for detecting null alleles and other discrepancies. The total number of alleles (NA), 

allelic range, observed heterozygosity (HO), expected heterozygosity (HE) and 

conformity to Hardy-Weinberg equilibrium (PHW) was computed with Arlequin v.3.51.2 

(Excoffier & Lischer, 2010). The number of alleles per locus ranged from 2 to 15 and 

observed heterozygosities from 0.067 to 0.759. All conformed with Hardy-Weinberg 

predictions. The present polymorphic microsatellite markers can be used to estimate 

gene flow, population structure, effective population size, and assist in management and 

conservation planning for this species.  
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Table 5.1: Details of microsatellite loci for C. stramineus genotyped for 32 individuals from Oolloo Crossing, Daly River. 

Locus 
Repeat 
motif 

Ta 
(°C) 

Primer Sequence (5'-3') 
Size range 

(bp) 
Sample 
size (n) 

Na Ho He PHW 

CS03 (AAGTT)5 55 
F: TCTCCTGCTGCAATTGTTTG 

107-117 31 3 0.276 0.246 1.000 
R: AGCGCCTTGAGATGACTTTG 

CS19 (AC)17 55 
F: GGCCCTAATTCTTCCCTTCA 

158-166 32 4 0.600 0.506 0.608 
R: TGTGCATGTGGAACCTTGTC 

CS34 (AC)18 58 
F: CCAGACTCCGAAGCCAATAC 

186-190 31 3 0.138 0.194 0.110 
R: CATGCGTGAAGTCTCAGCAC 

CS36 (AGC)8 55 
F: AAGCTGAGCAAGTGAATTTAAAGC 

169-175 32 3 0.067 0.066 1.000 
R: TGAAGGCTCAAGTGCAGACA 

CS44 (AAAT)10 55 
F: ATTCAACAGCATGCATCCAC 

143-231 31 13 0.586 0.546 0.734 
R: CAGCCATCTATACCCACAAGTCA 

CS93 (AGGT)10 55 
F: GTTTCACTCCATGTCCCACC 

179-207 32 4 0.633 0.613 0.837 
R: CCCACAAGATCCTGTTCAGC 

CS94 (AAGG)10 58 
F: AAACGTGAGGAATCCAGCG 

177-193 31 4 0.759 0.643 0.838 
R: TGGTTGACATCAGCATGACC 

CS96 (AACTT)6 58 
F: AGCGCCTTGAGATGACTTTG 

175-180 31 2 0.138 0.242 0.061 
R: GCACCAGAGCAAATGAACAA 

CS98 (AAT)6 58 
F: AAAGCTCATGCCAACTTGAT 

174-177 32 2 0.133 0.183 0.241 
R: CTGAAACATCCGTAGAGCGG 

F forward primer, R reverse primer;  
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Chapter 6.0   Patterns of Genetic Diversity and Population Structure in 

an Australian Freshwater Fish, Strawman (Craterocephalus 

stramineus, Whitely 1950) across the Daly River Catchment Area 

 

6.1 Introduction 

River structure and arrangement, hydrology and species biology affect genetic diversity 

within populations and genetic divergence between populations in stream-dwelling 

species (Meffe & Vrijenhoek, 1988; Cook et al., 2007a; Huey et al., 2008; Hughes et 

al., 2009). Both in-stream habitat variables and catchment-related variables are 

important in determining availability and abundance of a species (Pusey et al., 2000). 

So, heterogeneous and complex habitat is the key factor in determining fish diversity 

(Pearson & Penridge, 1992). Stream distance can be an important factor where distant 

populations display greater genetic divergence than populations located close to each 

other (Wright, 1943; Hughes et al., 1998; Hughes et al., 2003; Hughes et al., 2009; 

Coleman et al., 2010). Investigations into population structure in several taxa emphasize 

the significance of hydrological regime in governing gene flow in aquatic organisms 

(Cook, Bunn, et al., 2002; Huey et al., 2006; Faulks et al., 2010). In contrast more stable 

hydrological regimes may lead to high levels of gene flow among sub-populations 

(Cook et al. 2002). Drought can create barriers by isolating parts of rivers and restricting 

movement between populations (Matthews & Marsh‐Matthews, 2003; Huey et al., 

2006; Faulks et al., 2010). It also favours formation of small populations and reduction 

in genetic variation resulting from genetic bottlenecks (Maruyama & Fuerst, 1985; 

Huey et al., 2006). 
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The long term persistence of a population is dependent on the equilibrium between the 

evolutionary processes of gene flow and genetic drift and how long it takes to reach this 

equilibrium is largely influenced by the effective population size (Frankham, 1995). 

Small populations reach this equilibrium faster than larger ones (Crow & Aoki, 1984).  

A fluctuation in this effective population size occurs when populations experience 

variable hydrology as well as natural disasters and will result in reduced effective 

population sizes (Magoulick & Kobza, 2003; Boizard et al., 2009; Pujolar et al., 2011). 

Finally over time, low genetic diversity is expected to result from frequent bottleneck 

events. Fish species living in this variable hydrology are expected to be regular 

dispersers and frequently encounter demographic changes such as extinction and 

colonization events, population expansions and bottlenecks (Matthews & 

Marsh‐Matthews, 2003). Due to this strong dispersal ability, allele frequency 

homogenizes and populations display low genetic structure (Huey et al., 2006; Hughes 

& Hillyer, 2006).  

 

Strawman (Craterocephalus stramineus) is a habitat specialist (Larson & Martin, 1990) 

and patchily distributed freshwater fish from coastal drainages of northern Australia 

(Allen et al., 2002). Populations of C. stramineus show fluctuations in abundance both 

within a year and between years (Tappin, 2008). The species is abundant during the wet 

season when conditions are more favourable. It is thought that populations decline 

rapidly with reduced water levels and less favourable environmental conditions during 

the dry season (Tappin, 2008). However, adequate numbers of fish survive during the 

dry season in refuge areas to recolonise locations, where the species has become locally 

extirpated (Tappin, 2008).  
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There are a number of gaps in knowledge about the biology, dispersal, reproductive 

abilities and ecology of this species in their natural environment. Most information is 

based on aquarium observations and personal communications with biologists. Like 

other hardyheads, it was assumed that breeding in their natural habitats is generally 

synchronized with flood and rainy season conditions (Tappin, 2008). However, a recent 

study in the Daly River catchment revealed that it is an opportunistic breeder and can 

breed during the dry season and so can use stable conditions related to flow, 

temperature and habitat (Doidge, 2014). If suitable water conditions are provided, they 

can breed under captive conditions at any time of the year (Tappin, 2008). Fecundity is 

very low and ranges from 40 to 60 eggs (Tappin, 2008). Normally females release 4 

eggs every day and this continues for several days (Larson & Martin, 1990). Like other 

hardyheads, they are egg depositors and eggs with adhesive filaments are released 

directly among the plants or spawning medium (Allen et al., 2002).  

 

The Daly River is one of the largest tropical river systems in the wet-dry topics of 

Northern Territory (Erskine et al. 2003; Blanch et al. 2005). It shows pronounced 

seasonality in rainfall (Hamilton & Gehrke, 2005) and hydrology (Chappell & Ward, 

1985). Hydrological conditions in this river also display high variability within and 

between years, which can lead to unpredictable environmental conditions in the region 

(Figure 6.1) (Petheram et al., 2008; Warfe et al., 2011). Flood events occur frequently 

every year and connect large water pools across the catchment area. The wet-season 

hydrological connectivity facilitates annual longitudinal and lateral movement of fish 

throughout the catchment area (Jardine et al., 2012). The dry season is a period of low 

flows and these flows can cease for several months, with entire rivers reduced to a few 

refugial disconnected pools during drought periods (Perna & Pearson, 2008; Kennard et 

al., 2010) and consumptive use during this season can further reduce this flow (Price et 
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al., 2003). Sometimes dissolved oxygen levels can be severely reduced due to water 

extraction for prolonged periods and this can kill fish (Townsend, 1994; King et al., 

2015). Most of the fish killing occurs from the first flush events of extremely poor water 

quality during the early Wet season (Townsend, 1994; Warfe et al., 2011). The 

frequency and magnitude of this mass killing is likely to be intensified by the 

agricultural development in this area (Erskine et al., 2003). 

 

 

 

Figure 6.1: Within year key flow features of of the Daly River from the wet-dry tropics 

of northern Australia (Source: Warfe et al. 2011). 

  

This dry-season feature has been assumed to force fish to disperse, seek suitable refugial 

locations and then recolonize once wet season flows begin (Bishop, 1995). There are 

several road crossings which are only evident during the dry season and hinder fish 

movement (Schult & Townsend, 2012). These crossings can generate shallower and 

higher velocity areas that could restrict movement of fish (King et al., 2015). Also 

sometimes assemblages of upstream migrating fish just below the barrier could expose 
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themselves to higher levels of predation and competition for resources (King et al., 

2015). Thus habitat loss and fragmentation may obstruct sufficient dispersal and 

subsequent gene flow among small, patchy populations resulting in reduced level of 

genetic diversity (Frankham et al., 2002). Nevertheless, the ecological impacts of these 

artificial structures in river connectivity are poorly understood (Hart, 2004). 

 

Several threatened or rare species are supported by this exclusive freshwater ecosystem 

and strawman is one of these rare species (Blanch et al., 2005). There are some possible 

threats in the catchment through increased nutrient pollution and reduction in flow due 

to consumptive use during the dry season (Price et al., 2003; Blanch et al., 2005) and a 

document from NT government (Land and Water Taskforce, 2009) reported that several 

fish species from the Daly River catchment are possibly under threat of extinction from 

dry season water extraction. Though this system has the largest and most secure 

population of strawman in Australia (Blanch et al., 2005), C. stramineus is ranked under 

the higher risk category for dry season water extraction (Kennard et al. unpublished). 

So, we need information on genetic variation within populations and levels of genetic 

differentiation between populations that is essential for successful management 

planning. These may assist in revealing management/ conservation boundaries or 

identifying contemporary barriers that can interrupt gene flow resulting in genetic drift 

or inbreeding and make these populations vulnerable to localized extinction. 

 

There was no genetic data available on C. stramineus in the literature. A closely related 

Atherinid fish species, the flyspecked hardyhead (C. stercusmuscarum) displayed strong 

genetic divergences among most of the studied populations from the wet tropics 

(McGlashan & Hughes, 2000, 2001). The present study was undertaken to examine 

geographical patterns in genetic diversity and population structure of C. stramineus in 
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the Daly River catchment area to establish a spatial genetic framework. Aims of the 

study were 

1. To estimate levels of genetic diversity in C. stramineus populations across the Daly 

River catchment area 

2. To determine the level of connectivity among C. stramineus populations 

3. To determine the role of biology (e.g. movement, reproduction) on patterns of 

genetic structure of C. stramineus populations. 

4. To determine the role of landscape processes (e.g. stream distance, hydrology) on 

genetic patterns of C. stramineus populations. 

 

To address these questions, the following hypotheses were tested: 

 Due to the fact that this species has a patchy distribution and is a habitat 

specialist, populations will display significant genetic differentiation across the 

catchment. 

 As C. stramineus is very sensitive to changes in water parameters and 

populations are assumed to decline in size during dry seasons every year, this 

species will experience severe bottleneck events, which will result in low genetic 

diversity within populations.  

 As C. stramineus is living in the Daly River catchment which shows varied 

riverine architecture, population structure of this species will be affected these 

variable landscapes.  

 Main channel populations will show higher genetic diversity and lower 

population structure than sub-catchment populations due to differences in 

hydrological connectivity between them.  
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6.2 Detailed Methods 

The following methods provide details of methodology particular to this study in 

addition to the general methods section outlined in Chapter 2.0. 

 

6.2.1 Study design 

Partitioning of genetic variation among the major watersheds was analysed using 

analysis of molecular variance (AMOVA). Due to the complex riverscape of the Daly 

River catchment and availability of C. stramineus, it was difficult to make appropriate 

groupings of populations to test the Stream Hierarchy Model (SHM). However, 

populations from the Daly River catchment area were grouped according to 

hydrological watershed 1) main channel 2) sub-catchment/Tributaries. Main channel 

populations were further subdivided into 1) Downstream, about 165 Km from river 

mouth, and 2) upstream, >165 km distant from the river mouth and each of those was 

considered as separate sub-catchment. All sampled populations were also subdivided 

into 1) Group 1, <165 km from river mouth 2) Group 2, >165 km to <265 km from the 

river mouth 3) Group 3, >265 km to <365 km from the river mouth and 4) Group 4, 

>365 km from the river mouth to perform AMOVA based on distance from river mouth 

(Table 6.7).  

 

6.2.2 Population bottlenecks 

Evidence for recent deviations of gene diversity from mutation-drift equilibrium was 

examined using microsatellite allele frequency data at the local scale using the software 

BOTTLENECK v.1.2.02 (Piry et al., 1999). BOTTLENECK (Piry et al., 1999) 

compares observed and expected heterozygosity estimated from the total number of 
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alleles based upon each of three mutation models with an expectation of mutation-drift 

equilibrium: the infinite alleles model (IAM), the two-phase model (TPM) and the 

stepwise mutation model (SMM). The two-phased (TPM) mutation model was run with 

variance of multiple-step changes set to 15%. Statistical significance was evaluated 

from 5000 permutations to detect the relationship between observed and expected 

heterozygosity using the Wilcoxon sign-rank test as recommended from Piry et al. 

(1999). The Wilcoxon sign-rank test was recommended over the Sign test or 

Standardized Difference Test because it offers higher power than the other tests and 

only few polymorphic loci (minimum 4) and individuals (n>15) need be used (Cornuet 

& Luikart, 1996; Piry et al., 1999). The number of loci that had deficiency of 

heterozygosity and excess of heterozygosity were also derived from this program. 

 

Arlequin v.3.5.1.2 (Excoffier & Lischer, 2010) was also used to estimate Garza and 

Williamson’s (Garza & Williamson, 2001) M-ratio for each of the populations. This 

ratio is the mean ratio of number of alleles at a given locus to the range of allelic sizes. 

This statistic is very sensitive to population bottlenecks because the number of alleles 

reduces faster than that of a given allelic range due to genetic drift (Garza & 

Williamson, 2001).   

 

6.2.3 Tests of neutrality 

Based on mtDNA data, the demographic pattern in C. stramineus populations along the 

Daly river catchment was examined using five neutrality test statistics Tajima's D, Fu's 

FS, Fu and Li’s F* and D*, and R2 statistic to test whether the diversity was a product of 

selection or demographic change of populations (Tajima, 1989a, 1989b; Fu, 1997; 

Ramos-Onsins & Rozas, 2002). Non-significant neutrality tests suggest that genetic 
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variation in populations is as expected under a neutral model of evolution and that most 

of the genetic variation could be explained by genetic drift and mutation (Tajima, 

1989b; Fu, 1997).  

 

Tajima’s D is a common test used for neutrality where the mtDNA sequences are 

examined for evidence of having evolved by random processes (i.e. neutral) or non-

random processes including selection (maintenance of high levels of genetic diversity). 

Tajima's D compares different measures of genetic diversity; average number of 

pairwise nucleotide differences and the number of segregating sites in the population 

(Tajima, 1989b). A negative Tajima's D value is generated if there is an excess number 

of recent mutations relative to the mean number of pairwise nucleotide differences 

(Tajima, 1989b). A Significant negative Tajima's D value indicates genetic signal of 

population expansion or selection (Aris-Brosou & Excoffier, 1996). Alternatively, 

different haplotypes with similar frequencies are maintained in balancing selection and 

generates a positive D value (Tajima, 1989b). When the Tajima's D value is 

significantly positive, it can also suggest a population contraction or bottleneck (Mead 

et al., 2003).  

 

Fu's Fs (Fu, 1997) test estimates the observed and expected haplotype frequencies and 

compares these in a population of constant size against populations that have 

experienced a recent expansion (Ramírez-Soriano et al., 2008). This is the most 

powerful and sensitive test for identifying demographic expansion (Fu, 1997; Ramos-

Onsins & Rozas, 2002). A significantly negative Fu's FS value is indicative of an excess 

of rare mutations and suggests a recent population expansion event (Fu, 1997; Ramírez-

Soriano et al., 2008). The R2 statistic proposed by Ramos-Onsins and Rozas (2002) 

compares the difference between the number of rare mutations and average number of 
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pairwise nucleotide differences (Ramírez-Soriano et al., 2008). It performs better with 

small sample sizes (Ramos-Onsins & Rozas, 2002; Ramírez-Soriano et al., 2008).    

 

The distributions of the number of pair-wise mutational differences among individuals 

can be modelled under situations of a sudden expansion or constant population size 

(Rogers & Harpending, 1992). Populations with historically constant size for long 

periods of time display a multi-modal distribution whereas populations with recent 

demographic expansion generally show uni-modal and smooth distributions (Rogers & 

Harpending, 1992; Excoffier, 2004). Raggedness statistics r (Harpending, 1994) are 

used to estimate smoothness of an observed pairwise differences distribution. However, 

this statistic has low power to detect population expansion. A low value of the 

Raggedness index (r) reveals population expansion whereas larger values suggest a 

population with constant size. Both neutrality tests and mismatch distributions were 

performed in DnaSP v.5.10.1 (Librado & Rozas, 2009). Mismatch distributions were 

tested against models of both constant size of population and expansion of population. 

 

A star shaped haplotype network with one or two very common internal haplotypes 

surrounded by several low frequency newly derived haplotypes can be indicative of 

recent population expansions and longer internal branches will be observed in the 

haplotype network (Slatkin & Hudson, 1991; Ramírez-Soriano et al., 2008; Xiao et al., 

2010; Varela et al., 2012). If populations experience a bottleneck event, these low 

frequency haplotypes have a greater chance of being lost from the population resulting 

in a pattern with several common haplotypes connected by extinct haplotypes and 

displaying longer internal branches (Aris-Brosou & Excoffier, 1996; Harpending et al., 

1998; Ramírez-Soriano et al., 2008; Lane et al., 2016).   
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6.2.4 Barrier analysis 

To identify the existence of boundaries to gene flow among populations at nuclear loci, 

Monmonier’s maximum difference algorithm (Monmonier, 1973) implemented in the 

program BARRIER v.2.2 (Manni et al., 2004) was used. Barriers were computed by 

inputting geographical coordinates for each sampling location and the multilocus FST 

matrix to detect genetic boundaries from the edge associated with genetic 

differentiation. This program also supports graphical representation of these barriers in a 

geographical context. However, there is no specific criterion to select the number of 

barriers in this program. As there are four major road crossings along the Daly River 

catchment that can make dry season disconnection, they were selected as putative 

barriers to gene flow of C. stramineus. For realistic presentation of each barrier, FST 

matrices for each microsatellite locus were then used separately to verify the robustness 

of the barriers identified using multilocus FST values.  
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6.3 Results 

Null alleles were detected in some populations at some loci using MICRO-CHECKER 

(Van Oosterhout et al., 2004). However, null alleles were only identified in three 

populations (DGT, DMC and DBS) at loci CS94 and CS96, respectively. This result 

indicated very low frequencies of null alleles in the microsatellite dataset. Null alleles 

resulted from increased numbers of homozygotes at the expense of heterozygotes (Van 

Oosterhout et al., 2004). Only 4 out of 144 tests deviated significantly from H-W 

expectations across all loci and populations (Table 6.3). All HWE tests that deviated 

from expectations suffered from heterozygote deficiency except for population of DMC. 

This population showed a slight heterozygote excess at locus CS94. As these departures 

from HWE were random across loci and populations, all loci were kept for further 

analyses. Furthermore, P values would have been non-significant if corrected for 

multiple testing (Rice, 1989).   
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Figure 6.2: Sampling locations with number of individuals of C. stramineus sampled 

from the Daly Catchment area. Presence of major road crossings along the Daly River 

Catchment is showing in the map.  
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6.3.1 Genetic diversity 

6.3.1.1 Mitochondrial DNA 

Analysis of 421 base of control region resulted in 19 polymorphic sites and 26 different 

haplotypes (Table 6.1). None of the haplotypes were shared among all populations 

across the catchment area. Haplotype CS-2 was the most common and widespread and 

identified in 38 individuals from 13 out of 15 analysed populations. The most common 

haplotype originated from the ancestral haplotype (CS-5) and differed by a single 

mutation. The second most common haplotype (CS-8) was observed in 27 individuals 

from 11 populations. A total of 11 private haplotypes were identified, 7 of which were 

singletons. Most of the private haplotypes (7) were identified from downstream 

populations. Populations from downstream shared several haplotypes. The remaining 15 

haplotypes were shared with populations from downstream except CS-5 and CS-14. 

Several haplotypes were restricted to a particular region. 

 

The control region haplotype network displayed a complex pattern of haplotype and 

nucleotide diversity (Figure 6.3). The TCS genealogy showed four main haplotypes 

separated by five mutational steps. This network suggested that CS-5 might be the most 

ancestral haplotype by its internal position in the network. Downstream populations of 

the Daly River and a population from the Douglas River shared haplotype CS-3, CS-6, 

CS-7, and CS-19 and all haplotypes radiated from haplotype CS-4.   
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Figure 6.3: Haplotype network and geographical distribution of control region mtDNA 

for C. stramineus. In the top diagram, pies on the map represent sampled populations 

with corresponding representation of different haplotypes. In the bottom diagram, each 

circle represents a unique haplotype with its evolutionary relationship to other haplotypes 

represented by lines. Sizes of the circles correspond to frequency of each haplotype. 

Black circle (   ) in the network represents an un-sampled or extinct haplotype.  
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Table 6.1: Haplotype distribution of C. stramineus across the Daly River catchment. Sample size, haplotype frequency and mtDNA diversity for all 

locations were presented in this table.  

Haplotype DCC DMN DBX DGT DGT1 DMC DPC DOX DOU DSC DBS DRS KRS KRC KRG Total 

CS_1 1         
 

1             1   3 

CS_2 1 2 1 5   2   1 2 5 1 5 3 4 6 38 

CS_3     1     3                   4 

CS_4 1   1     4         2         8 

CS_5           1 1     3 1 3       9 

CS_6     3     1                   4 

CS_7   1 2     4                   7 

CS_8 2   2 2 1   1 8 2 1 4 3     1 27 

CS_9 3     1   
 

  3 4 4 2 1       18 

CS_10 3   1 5       3 5 1 3 2       23 

CS_11     1     
 

      1 1         3 

CS_12                     1         1 

CS_13 1         
 

    2   1 2 1 2 3 12 

CS_14                       1   9 5 15 

CS_15 1         
 

                  1 

CS_16                         2     2 

CS_17   1       
 

                  1 

CS_18                             2 2 

CS_19 1         2                   3 

CS_20     1                         1 

CS_21     2 3 2 
 

  1               8 

CS_22     1                         1 

CS_23 
 

   1     
 

                  1 

CS_24 1                             1 

CS_25 1          
 

    
 

            1 

CS_26     
 

    
 

    1              1 

N 16 4 16 16 3 17 3 16 16 15 16 17 6 16 17 195 

Haplotype diversity 0.942 0.833 0.956 0.800 0.667 0.875 1.000 0.717 0.842 0.819 0.908 0.868 0.733 0.642 0.787  

Nucleotide diversity 0.008 0.008 0.009 0.005 0.003 0.007 0.005 0.003 0.005 0.004 0.005 0.004 0.005 0.005 0.005  
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All tests of neutrality were not significantly different from neutral expectation (Table 

6.2). Although mismatch distribution was slightly bi-modal, the raggedness index (r) 

was small and not significant. 

 

Table 6.2: Neutrality tests for C. stramineus across the Daly River catchment.  

Tests Test statistics Significance 

Tajima's D -0.437 NS 

Fu's FS -8.385 NS 

Fu and Li's D* -0.794 NS 

Fu and Li's F* -0.785 NS 

R2 0.075 NS 

Raggedness index (r) 0.178 NS 

 

As predicted, haplotype diversity was significantly greater in main-channel populations 

than in sub-catchment populations (p<0.01) (Table 6.5). Haplotype diversity (h) ranged 

from 0.642 to 1.00 (Table 6.1). The highest value for haplotype diversity was observed 

in DPC (Daly R) and KRC (Katherine R) showed the lowest haplotype diversity. 

Nucleotide diversity (π) ranged from 0.003 to 0.009. The highest nucleotide diversity 

was found in DBX (Daly R) and the lowest in DGT1 (Green Ant Ck).  
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6.3.1.2 Microsatellites 

Microsatellite analyses revealed low levels of genetic diversity within populations as 

well as across loci (Table 6.3 and Table 6.4). Overall observed genetic diversity was 

0.43. Observed genetic diversities (n>16) ranged from 0.322 in DSC (Daly R) to 0.415 

in KRG (Katherine R). Expected heterozygosity over the loci was 0.343 when averaged 

across the sampled populations. Like genetic diversity, allelic richness (AR) was also 

very low (ranged from 2.63 to 3.75) when rarefication of all populations was performed 

with minimum sample sizes of 16 individuals (Table 6.4; see Appendix 8.13 for 

details). The average number of alleles per locus was 3.1. Overall allelic richness was 

2.77. 

 

Contrary to predictions, no significant differentiation was observed between main 

channel and sub-catchment populations in heterozygosity or allelic richness (P>0.05) 

(Table 6.5). Half of the populations showed positive FIS values but of these, only DCC 

from main-channel was significant (Table 6.4).  
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Table 6.3: Genetic diversity indices of C. stramineus from Daly River catchment area. Deviations from HWE are marked with an asterisk 

(α=0.05). Monomorphic loci are denoted by -. 

Locus CS03 CS19 CS34 

Catchment/Sub-

catchment 
Site Site code n HO HE P HO HE P HO HE P 

Daly R downstream 

 

Chilling Creek DCC 32 0.156 0.198 0.306 0.407 0.465 0.675 0.290 0.318 0.333 

@Mount Nancar DMN 7 0.429 0.363 1.000 0.429 0.473 0.442 0.143 0.143 1.000 

@Beeboom Xing DBX 32 0.219 0.289 0.201 0.313 0.381 0.355 0.129 0.124 1.000 

Green Ant Creek 
Main channel DGT 32 0.194 0.228 0.402 0.310 0.313 1.000 0.156 0.148 1.000 

Tributary 1 DGT1 3 - - - - - - - - - 

Douglas R Middle Creek DMC 32 0.032 0.032 1.000 0.290 0.256 1.000 0.125 0.122 1.000 

 

Daly R upstream 

 

Cook’s Fantasy DCF 3 - - - 1.000 0.600 0.399 0.500 0.500 1.000 

Promise Creek DPC 3 - - - - - - 0.333 0.333 1.000 

@Oolloo Xing DOX 30 0.276 0.246 1.000 0.600 0.506 0.608 0.138 0.194 0.110 

@Oolloo Xing Up DOU 32 0.406 0.365 0.652 0.500 0.444 1.000 0.258 0.263 0.192 

Stray Creek DSC 17 0.235 0.214 1.000 0.235 0.371 0.176 - - - 

Bradshaw Creek DBS 32 0.219 0.198 1.000 0.633 0.481 0.123 0.250 0.276 0.562 

@Claravale DRS 32 0.344 0.289 0.556 0.438 0.458 0.462 0.250 0.231 1.000 

Katherine R 

Scott’s Creek KRS 6 0.167 0.409 0.273 0.500 0.530 1.000 0.167 0.167 1.000 

Chainman Creek KRC 20 0.100 0.097 1.000 0.474 0.514 1.000 0.150 0.142 1.000 

@Galloping Jacks KRG 30 0.233 0.259 0.504 0.483 0.508 1.000 0.200 0.183 1.000 
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Table 6.3 cont’d 

 CS36 CS44 CS93 CS94 CS96 CS98 

 HO HE P HO HE P HO HE P HO HE P HO HE P HO HE P 

DCC - - - 0.563 0.635 0.177 0.548 0.615 0.677 0.581 0.685 0.248 0.031 0.031 1.000 0.129 0.123 1.000 

DMN 0.000 0.264 0.077 0.429 0.505 0.436 0.714 0.758 0.807 0.714 0.538 1.000 - - - 0.143 0.143 1.000 

DBX 0.031 0.031 1.000 0.531 0.521 0.605 0.548 0.609 0.478 0.567 0.698 0.573 - - - 0.258 0.228 1.000 

  DGT - - - 0.414 0.511 0.089 0.750 0.614 0.230 0.781 0.708 0.650 0.031 0.146 0.004* 0.250 0.310 0.275 

DGT1 - - - 1.000 0.733 1.000 0.667 0.533 1.000 0.667 0.733 1.000 - - - 0.667 0.533 1.000 

DMC 0.094 0.092 1.000 0.750 0.818 0.055 0.677 0.699 0.747 0.563 0.552 0.020* 0.063 0.062 1.000 0.375 0.381 1.000 

DCF - - - 1.000 1.000 1.000 1.000 0.733 1.000 1.000 0.800 1.000 - - - - - - 

DPC - - - 0.667 0.600 1.000 1.000 0.867 1.000 0.667 0.733 1.000 - - - 0.667 0.533 1.000 

DOX 0.067 0.066 1.000 0.586 0.546 0.734 0.633 0.613 0.837 0.759 0.643 0.838 0.138 0.242 0.061 0.133 0.183 0.241 

DOU 0.065 0.063 1.000 0.500 0.608 0.260 0.645 0.661 0.691 0.767 0.689 0.257 0.063 0.062 1.000 0.094 0.091 1.000 

DSC 0.059 0.059 1.000 0.471 0.460 0.761 0.588 0.626 0.259 0.750 0.744 0.805 0.059 0.059 1.000 0.176 0.166 1.000 

DBS 0.129 0.178 0.234 0.621 0.667 0.088 0.719 0.661 0.432 0.613 0.702 0.565 0.000 0.062 0.016* 0.125 0.173 0.226 

DRS 0.063 0.062 1.000 0.594 0.519 0.710 0.567 0.650 0.028* 0.719 0.696 0.598 0.031 0.031 1.000 0.032 0.032 1.000 

KRS - - - 0.167 0.439 0.093 0.833 0.591 0.636 0.500 0.667 0.724 - - - 0.500 0.409 1.000 

KRC 0.150 0.142 1.000 0.500 0.656 0.048 0.550 0.614 0.471 0.600 0.581 0.687 0.150 0.142 1.000 0.250 0.224 1.000 

KRG 0.067 0.066 1.000 0.567 0.546 0.731 0.833 0.651 0.110 0.733 0.705 0.565   - 0.200 0.183 1.000 
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Table 6.4: Summary of genetic diversity in C. stramineus based on microsatellite loci. 

Observed heterozygosity (Ho), expected heterozygosity (He) and inbreeding coefficients 

(FIS) were averaged across loci. Significant heterozygote deficiency was represented by 

asterisk (*). Allelic richness (AR) was rarefied to the minimum sample size of 32 alleles. 

Population level FST for microsatellites and mtDNA were derived from Arlequin. 

Site 

code 
n Ho He AR FIS 

Population level FST 

Microsatellites mtDNA 

DCC 32 0.338 0.384 3.01 0.100* 0.026 0.103 

DMN 7 0.375 0.398 2.67 0.057 0.036 0.095 

DBX 32 0.324 0.360 2.97 -0.025 0.026 0.179 

DGT 32 0.361 0.372 2.94 -0.024 0.035 0.153 

DGT1 3 0.750 0.633 1.67 -0.111 0.051 0.291 

DMC 32 0.330 0.335 3.75 -0.565 0.045 0.377 

DCF 3 0.900 0.727 2.00 0.059 0.036 - 

DPC 3 0.667 0.613 2.00 -0.022 0.038 0.131 

DOX 30 0.370 0.360 3.51 0.055 0.020 0.189 

DOU 32 0.366 0.360 2.95 -0.056 0.031 0.125 

DSC 17 0.322 0.337 2.95 -0.094 0.027 0.181 

DBS 32 0.368 0.377 3.14 0.030 0.037 0.114 

DRS 32 0.337 0.330 3.21 0.141 0.026 0.137 

KRS 6 0.405 0.459 2.11 0.011 0.049 0.178 

KRC 20 0.325 0.346 2.75 -0.241 0.094 0.366 

KRG 30 0.415 0.388 2.63 0.021 0.059 0.262 
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Three measures of genetic diversity (microsatellite heterozygosity, mtDNA haplotype 

diversity and mtDNA gene diversity) were compared with distance from river mouth, 

stream order and hydrological data (Table 6.5). MtDNA nucleotide diversity was 

negatively correlated with distance from river mouth (p<0.05) (Figure 6.4). There was 

no relationship between genetic diversity and CV of monthly and annual flow data. 

Also, mtDNA haplotype diversity was significantly greater in main channel sites than in 

sub-catchment sites (p<0.01) (Table 6.5). Populations from sub-catchments had 

significantly higher population FST values than main channel sites for both sets of 

markers (p<0.01) (Table 6.5). There was also a significant negative correlation between 

stream order and population FST for microsatellite data i.e. genetic structure is decreased 

with stream order (Table 6.5 and Figure 6.5). 

 

 

 

Figure 6.4: Scatter plots showing correlation between nucleotide diversity and distance 

from river mouth in C. stramineus from the Daly River catchment.  

 

rho= -0.508, P<0.05 
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Figure 6.5: Scatter plots showing correlation between population level FST from 

microsatellites and stream order in C. stramineus from the Daly River catchment.  

 

 

 

 

 

rho= 0.644, P<0.01 
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Table 6.5: Correlation indices between genetic diversity, population structure and distance from river mouth and hydrological data. 

 

Distance from river 

mouth 
Stream order Monthly flow CV Annual flow CV 

Main channel vs 

sub-catchments 

Rho P Rho P Rho P Rho P t Stat P 

MtDNA haplotype diversity -0.482 0.34 0.111 0.695 -0.231 0.214 -0.209 0.237 2.75 0.008 

MtDNA nucleotide diversity -0.508 0.03 0.127 0.653 0.06 0.42 0.101 0.366 0.88 0.197 

Microsatellite heterozygosity - 0.24 0.47 -0.271 0.309 -0.264 0.17 -0.246 0.19 0.063 0.475 

Allelic richness 0.123 0.34 0.418 0.107 -0.002 0.498 0.334 0.112 1.43 0.088 

Population level FST           

Microsatellites 0.449 0.08 -0.644 0.007 -0.005 0.985 0.285 0.303 -3.69 0.002 

mtDNA 0.371 0.173 -0.385 0.156 -0.029 0.919 0.100 0.723 -3.91 0.002 
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6.3.2 Gene flow 

Pairwise ΦST-tests based on mtDNA data revealed low to moderate levels of genetic 

differentiation among 15 sampled populations and 51 out of 105 tests (48.57%) were 

significant (see Appendix 8.15). The number of significant tests was increased to 

69.09% when populations with lower sample sizes (n<10) were removed from analysis. 

These pairwise ΦST values ranged from 0.002 to 0.588. Pairwise FST values based on 

microsatellite data between the 16 populations revealed genetic differentiation from 

0.001 to 0.112 (see Appendix 8.17). Most of the pairwise FST values were not 

significant (71.67%). If the populations with lower sample size (n<16) were removed 

from the analysis, the proportion of significant pairwise FST was increased to 50.9%. It 

was evident from both sets of data that populations from Middle creek (DMC, Douglas 

R) and Chainman Creek (KRC, Katherine R) were the most isolated.  

 

For mtDNA data, populations from Beeboom Xing (DBX, Daly R), Stray Ck (DSC, 

Daly R), and Galloping Jacks (KRG, Katherine R) appeared to be differentiated from 

every other population. In contrast, populations from Chilling creek (DCC), Oolloo 

Upstream (DOU) and Bradshaw Creek (DBS) from Daly River displayed lower levels 

of genetic divergence (see Appendix 8.15). In the case of microsatellites, populations 

from Green Ant Ck (main channel, DGT) and Oolloo Xing (DOX, Daly R) displayed 

some levels of significant divergence which most of the main-channel population pairs 

exhibited non-significant genetic differentiation (see Appendix 8.17).  
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6.3.3 Population structure 

The AMOVA based on mtDNA haplotype frequencies and divergence displayed no 

significant genetic divergence between main-channel and sub-catchment groups (ΦCT= -

0.001, P=0.43) but significant differentiation among populations within groups 

(ΦSC=0.243, P=0.000) (Table 6.6). However, the AMOVA based on haplotype 

frequencies alone showed significant genetic divergence among groups (FCT=0.031, 

P=0.013) but also significant differentiation among populations within groups 

(FSC=0.075, P=0.000) (Table 6.6). It is evident from these results that population 

structure in C. stramineus is better explained by genetic divergence between 

populations within groups rather than among groups. Φ-stats were higher than F-stats 

suggesting that closely related haplotypes tend to be shared in the same group.  

 

For microsatellite data, results from the AMOVA based on different watersheds 

revealed weak but significant genetic structure. About 2% of the total genetic variation 

(FCT=0.021, P=0.013) was among groups from main-channel and sub-catchments 

(Table 6.6). Like mitochondrial data, significant genetic differentiation was also found 

among populations within catchment positions (FSC=0.019, P=0.000) (Table 6.6). The 

results from AMOVA based on distance from river mouth for both mtDNA and 

microsatellite data indicated that distance from the mouth could not explain population 

structure in C. stramineus (Table 6.7 and Table 6.8). These AMOVA analyses also 

suggest that there was significant genetic differentiation within at least some groups of 

populations. 
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Table 6.6: AMOVA results for control region of mtDNA (based on both Φ-statistics 

and F-statistics) and microsatellite markers in C. stramineus for models based on types 

of watershed. Asterisk (*α=0.05, **α=0.01) indicated fixation indices that showed 

significant deviations.  

 
Control region Microsatellites 

Source 
%  

of variation 
ΦST 

%  

of variation 
FST 

%  

of variation 
FST 

Among  groups -0.1 -0.001 3.16 0.031* 2.15 0.021* 

Among populations 

within groups 
24.37 0.243** 7.24 0.075** 1.88 0.019** 

Within populations 75.73 0.243** 89.59 0.104** 95.98 0.04* 

 

 

Table 6.7: Grouping of populations of C. stramineus from the Daly River catchment for 

performing AMOVA based on distance from river mouth. 

Group 
Distance from river 

mouth 
Site code 

Group 1 <165 km DCC, DMN, DBX 

Group 2 >166 km to <265 km 
DGT, DGT1, DMC, DCF, DPC, DOX, 

DOU, DSC 

Group 3 >265 km to <365 km DBS, DRS 

Group 4 >365 km KRS, KRC, KRG 
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Table 6.8: AMOVA results for control region of mtDNA (based on both Φ-statistics 

and F-statistics) and microsatellite markers in C. stramineus for models based on 

distance from river mouth. Asterisk (*α=0.05, **α=0.01) indicated fixation indices that 

showed significant deviations.  

 
Control region Microsatellites 

Source 
% 

of variation 
ΦST 

%  

of variation 
FST 

%  

of variation 
FST 

Among  groups 8.64 0.086 2.97 0.03 -0.05 0.005 

Among populations 

within groups 
17.24 0.019** 6.68 0.069** 3.37 0.034** 

Within populations 74.13 0.259** 90.09 0.097** 97.13 0.023** 
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The likelihood scores produced by STRUCTURE showed that the number of putative 

clusters (K) was 1 according to the mean likelihood score (Ln(K)) whereas the result 

extracted from the Evanno method (Evanno et al., 2005) indicated K=6 although there 

was not strong support for the latter result. A different pattern of genetic substructure 

was observed in the spatial analysis of populations in BAPS v.6.0. The BAPS result 

indicated that K=3 was the most likely number of genetic clusters (Figure 6.6). 

Populations from Middle Ck (DMC, Douglas R) and Chainman Ck (KRC, Katherine R) 

formed two distinct clusters and the remaining populations comprised the third cluster. 

This clustering of populations was partially congruent with the pairwise FST values from 

microsatellite and mitochondrial data.  

 

 

 

Figure 6.6: Results of the Bayesian clustering analysis performed in the program 

BAPS. Assignments of populations of C. stramineus to different genetic clusters are 

represented by different colours.    

 

 

The Mantel tests revealed a strongly significant correlation between geographical 

distance and population divergence (IBD) calculated from the mtDNA data set 

(r=0.524, P<0.001) (Figure 6.7) whereas microsatellite data displayed insignificant 

correlation with stream distance (r=0.175, P>0.05) (Figure 6.8).  

DCC        DMN     DBX            DGT  DGT1    DMC  DCF DPC  DOX        DOU         DSC          DBS            DRS      KRS   KRC        KRG      
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Figure 6.7: Scatter plots showing correlation between genetic distance (Slatkin’s 

Linearized FST) and stream distance for mtDNA data of C. stramineus from the Daly 

River catchment. 

 

 

 

 

Figure 6.8: Scatter plots showing correlation between genetic distance (Slatkin’s 

Linearized FST) and stream distance for microsatellite data C. stramineus from the Daly 

River catchment. 
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6.3.4 Bottleneck tests 

According to the BOTTLNECK analyses on population clusters identified by BAPS, 

heterozygosity deficiency relative to mutation-drift equilibrium was observed using 

IAM, TPM and SMM model. The allele-shift model test reported some evidence of 

rapid reductions in population size in several populations (Table 6.9). BOTTLENECK 

results indicated significant deviations from mutation-drift equilibrium in C. stramineus 

populations from DMC (Douglas R) cluster and the third cluster under both TPM and 

SMM mutation models (P<0.05).  Population from third cluster also had more loci that 

showed heterozygosity excess than loci that showed heterozygote deficiency (Table 

6.9). In contrast, another bottleneck parameter M-ratio indicated significant bottlenecks 

occurred in all the populations of C. stramineus. The M-ratio values ranged from 0.199 

to 0.312 for each population sampled which were much lower than the critical value of 

M=0.68 that indicates evidence of a bottleneck (Garza & Williamson, 2001). Although 

the estimate of Ne was small for Chainman Ck (Katherine R), confidence intervals were 

very broad for all the studied populations (Table 6.9). 

 

 Table 6.9: Results for BOTTLENECK in C. stramineus. The ratio of loci with 

heterozygote deficiency to loci with heterozygote excess and the probability of getting 

excess of loci displaying a heterozygosity excess are shown for each mutation model. 

Effective population size (Ne) was represented with 95% confidence interval. M-ratio is 

the Garza-Williamson index (G-W index <0.68 indicates bottleneck). 

Site 

code 
n 

IAM 

Hdef/Hexc 
P 

TPM 

Hdef/Hexc 
P 

SMM 

Hdef/Hexc 
P 

M-

ratio 
Ne 

DMC 32 6/3 0.203 7/2 0.020 7/2 0.014 0.252 ∞ (∞, ∞) 

KRC 20 5/4 0.910 7/2 0.301 8/1 0.129 0.199 32 (7, ∞) 

Rest  291 4/5 0.734 7/2 0.027 8/1 0.001 0.312 ∞ (317, ∞) 
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6.3.5 Barrier analysis 

Barrier analysis based on all microsatellite loci identified four potential impediments to 

gene flow across the Daly catchment of which only two were road crossings predicted 

prior to analysis. These road crossings supported by the analysis were the Daly crossing 

(between DCC and DMN) (Figure 6.9d) and Beeboom crossing (between DBX and 

Daly upstream) (Figure 6.9b) within the main channel. The additional barriers identified 

were the ‘tufa’ dam between the Daly River and Douglas River (Figure 6.9a) and 

disconnected water flow in the Chainman Ck (KRC, Katherine R) between the 

Katherine River (KRG) and Chainman Ck (KRC) (Figure 6.9c). The presence of a 

barrier at Daly crossing and Chainman Ck were supported from four individual loci 

whereas Beeboom Crossing and tufa dam were supported by six individual loci (Table 

6.10).  

 

Table 6.10: The inferred presence of four physical barriers for C. stramineus across the 

Daly River catchment based on nine microsatellite markers.  

 Barriers 

Locus Daly Crossing Beeboom Crossing Tufa Dam Disconnected water flow 

Locus3 - √ √ √ 

locus19 - √ √ - 

Locus34 - √ - - 

locus36 √ √ - - 

locus44 √ - √ - 

locus93 √ √ √ √ 

locus94 - √ √ √ 

locus96 - - - √ 

locus98 √ - √ - 

All loci √ √ √ √ 
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Figure 6.9:  Presence of potential barriers predicted by BARRIER v.2.2 for C. 

stramineus across the Daly River catchment. These barriers are ordered by magnitude 

from most to least significant (a-d). Several barriers were also detected but were weakly 

supported.  
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6.4 Discussion 

Strawman (Craterocephalus stramineus) is a patchily distributed freshwater fish in 

northern drainages of Australia, with the Daly River having the largest and most secure 

populations of strawman in Australia (Blanch et al., 2005). The species is potentially 

very sensitive to dry season water extraction which is considered as high risk along the 

Daly River catchment area (Kennard et al. unpublished). This chapter will discuss 

patterns of genetic diversity and genetic structure in C. stramineus across the Daly 

River catchment and explain how species distribution pattern, biology, riverine 

architecture and hydrology affect these patterns.  

 

6.4.1 Genetic diversity  

As C. stramineus shows seasonal fluctuations in abundance and has limited ability to 

tolerate water quality change, limited levels of genetic diversity were expected. 

Although all the populations displayed comparatively high levels of haplotype diversity 

in Control Region (CR) of mtDNA (Ikeda et al., 2003; Huey et al., 2006; Huey et al., 

2008), microsatellite markers displayed the opposite levels of genetic diversity 

(DeWoody & Avise, 2000; McCusker & Bentzen, 2010) in populations from across the 

catchment. There was no significant difference in terms of genetic diversity between 

groups of populations from main-channel and sub-catchments (upstream) based on 

microsatellite data, although there was for mtDNA data. Higher genetic diversity in 

downstream populations is likely related to downstream gene flow during the flood 

events (Mills, 2012) combined with the hierarchical arrangement of the river network 

(Hänfling & Weetman, 2006; Morrissey & de Kerckhove, 2009; Finn et al., 2011; 

Kanno et al., 2011; Gomez‐Uchida et al., 2013). However, in this study mtDNA 
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variation was high and the pattern of downstream gene flow was only seen in this 

marker. 

 

This low genetic diversity in microsatellites could be derived from population processes 

such as historical bottlenecks or low effective population sizes (Ne) (Nei et al., 1975). 

Results from BOTTLENECK and M-ratio analyses suggested that population 

bottlenecks or founder events have occurred in the recent past and so could be the 

explanation of extremely low genetic diversity in C. stramineus populations. M-ratio of 

each of the populations also indicated bottleneck events as these values were far below 

the critical value of 0.68 proposed by Garza and Williamson (2001) for secure wild 

populations. Most other investigations where lower genetic diversity is revealed in 

populations of freshwater fishes have been explained as being the result of severe 

population bottlenecks due to natural or manmade causes (Schultz et al., 2009; Pujolar 

et al., 2011; Hughes et al., 2015). The lower genetic diversity in microsatellite data 

could also be derived from genetic drift due to reduction in effective population size 

(Ne) as there is positive correlation between Ne and level of genetic diversity (Frankham, 

1995; Frankham et al., 2002; Turner et al., 2006).  

 

However, bottleneck events will leave genetic signature in mtDNA genome which can 

be inferred by neutrality tests (Tajima, 1989a, 1989b; Fu, 1997; Ramos-Onsins & 

Rozas, 2002). All neutrality tests suggested no evidence of selection or demographic 

change in C. stramineus populations. As Ne is four-fold smaller in maternally inherited 

mtDNA marker (Birky et al., 1983; Zink & Barrowclough, 2008), they are more likely 

to show signal of bottleneck effect. This discordance between genetic markers is 

difficult to explain, but could possibly reflect the low power in the microsatellites due to 
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low allelic richness in most of the loci or due to male-biased dispersal as happens in 

other Australian freshwater hardyheads (Dobson, 1982). 

 

Ongoing fluctuations in hydrology across the Daly River catchment area affect habitat 

availability directly, possibly resulting in fluctuating abundance within a year and 

between years and also only small numbers of individuals are surviving during the dry 

season due to reduced water levels and less favourable conditions (Tappin, 2008). The 

Daly River can also dry up during drought periods and be transformed into a series of 

disconnected refugial pools (Perna & Pearson, 2008). Low levels of genetic diversity 

reduce the evolutionary potential of adaptation of a species in changing environments 

(Templeton et al., 2001). Individual fitness and long-term persistence of natural 

populations are also adversely affected by reduced levels of heterozygosity (Räikkönen 

et al., 2006; Luikart et al., 2008). However, adequate numbers of fish survive during the 

dry season to support persistence of the species at many sites (Tappin, 2008). So, 

immediate management planning should be undertaken for maintenance of minimum 

level of genetic diversity for persistence of C. stramineus in the wet-dry tropics of 

Australia.  

 

6.4.2 Dispersal and gene flow 

High levels of population divergence were predicted based on their patchy distribution 

and their being habitat specialists. Results from both microsatellite and mtDNA markers 

revealed less than half of the pairwise FST values were significant which indicated high 

levels of gene flow among populations of C. stramineus from the Daly River catchment. 

STRUCTURE analysis for microsatellite data also supported this level of gene flow. 

Contrary to my predictions, these results indicated that this species is a strong disperser. 



 

  

 

170 | P a g e  

High levels of gene flow between populations are rare in small-bodied freshwater fish 

species. For example, a different pattern of genetic structure was revealed in other 

freshwater fish living in stream networks, for example, Macleay’s glassfish (Ambassis 

macleayi), purple spotted gudgeon (Mogrunda adspersa) and eastern rainbowfish 

(Melanotaenia splendida splendida) (Hurwood & Hughes, 2001a; Huey et al., 2010; 

Hughes et al., 2012). An investigation in the same stream network revealed that M. 

mogurnda exhibited restricted dispersal due to hierarchical stream arrangement and 

heterogeneous landscape features prevailing in this river (Cook et al., 2011). This higher 

gene flow in C. stramineus could also result from inhabiting a highly variable river 

network (Quinn, 2005; Huey et al., 2006). 

 

Although  close relatives of this species, C. stercusmuscarum showed significant 

population subdivision among sites within drainages (McGlashan & Hughes, 2000), 

they still displayed upstream dispersal and recolonization movements from the dry 

season refugial habitats during the early wet season to recolonize all available habitats 

in floodplains (Bishop et al., 2001; Pusey et al., 2004). Similarly, opportunistic 

spawning strategies in C. stramineus (Doidge, 2014) help them to use more stable 

conditions during the dry-season low flow and prevent their eggs or fry being washed 

out to the sea during large flows. Finally, population booms occur during the wet season 

(Tappin, 2008) and the juveniles may utilize wet-season high hydrological connectivity 

for dispersal across this large catchment area. This species also has a reputation for its 

swimming capability in fast-flowing water (Allen, 1982; Midgley, 1983). They may use 

these behaviours to make long distance dispersals across the extensive area of this 

tropical river network.  
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Results from the effects of barrier analysis unexpectedly revealed some potential 

barriers in this largest dry-season water flow river network that can impede movement 

across the catchment and ultimately could lead to restriction in gene flow in C. 

stramineus. Among them, effects from several man-made barriers, Daly River crossing 

and Beeboom crossing that appeared during the dry-season low flow were significant. 

Small fish like C. stramineus may be expected to be unable to pass these 1-2 meter high 

crossings and heavy water current surrounding these structures. Nevertheless, high gene 

flow across the catchment indicates that this species can cross these in-stream barriers 

efficiently, presumably during high flow periods when these barriers disappear. This 

type of dispersal strategy to overcome in-stream impediments using higher seasonal 

water flow is followed by several taxa of freshwater fish such as creek chub (Semotilus 

atromaculatus), golden perch (Macquaria ambigua), Hyrtl’s catfish (Neosilurus hyrtlii) 

(Huey et al., 2006; Boizard et al., 2009; Faulks et al., 2010). The above results signify 

the importance of hydrology in maintaining population connectivity in freshwater fishes 

from wet-dry tropics. 

 

6.4.3 Population structure 

The spatial arrangement of a stream network and heterogeneous environmental factors 

are assumed to affect movement patterns of C. stramineus across the catchment and to 

cause population genetic structure. This population structure could also be shaped by 

species biology (e.g. species dispersal ability, reproductive strategies). The genetic 

structure of C. stramineus in the Daly River catchment appears to be not well explained 

by distance from river mouth. Results from both set of data indicated that individuals of 

C. stramineus were more likely to dwell in any populations whether it was from nearby 

locations or distant locations. Isolation by Distance (IBD) analysis from microsatellite 
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data also had support for this type population structure i.e. individuals are likely to 

disperse over whole catchment area, although Mantel test from mtDNA data revealed a 

strong IBD effect. One explanation for the strong mtDNA effect, but no microsatellite 

effect is that there is sex-biased dispersal. If males disperse more than females, which 

tend towards philopatry, this would lead to stronger population structure in mtDNA than 

in nuclear markers (Shaw et al., 2004; Durand et al., 2005; Lemaire et al., 2005; 

Burridge & Versace, 2007). It was also supported by breeding behaviour of this species. 

Australian freshwater hardyheads generally form pairs during spawning (Allen et al., 

2002) and females displays choice for partner (Semple, 1986) that could lead to male-

biased dispersal (Dobson, 1982).  

 

Another AMOVA analysis showed that genetic structure between main-channel and 

sub-catchment groups in C. stramineus could be well explained by FST from 

microsatellite data set but not ΦST from mtDNA data set. These results suggest that 

individuals of C. stramineus displayed frequent movement between populations from 

either main channel or sub-catchments. On the contrary, F-statistics based AMOVA 

from mtDNA revealed significant divergence between these two groups. These results 

may reflect the smaller Ne of mtDNA, making it more sensitive to genetic drift and 

hence more likely to exhibit frequency differences as a result. However, it is 

acknowledged that this study was not well suited for complete investigation of within-

segments/sub-catchments level genetic structure, because the species could not be 

captured from many of the intermediate sites. 

 

Bayesian based analysis BAPS identified two genetically distinct populations from the 

Daly River catchment area, DMC (Middle Ck, Douglas R) and KRC (Chainman Ck, 

Katherine R). Patterns of genetic divergence among populations also indicated these 
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populations as the most divergent from all others. These results were reinforced by the 

presence of physical barriers identified from BARRIER analysis. The isolated 

population in Middle Ck could be explained by formation of 'Tufa dams' in several 

reaches of the Douglas River that act as natural barriers and are characterized by distinct 

levels of dissolved carbon dioxide and pH  (Blanch et al., 2005). Chainman Ck displays 

temporary water flow and it becomes a chain of disconnected pools during the dry-

season (Faulks, 1998a) and fish may not be able to migrate across these normally 

disconnected areas, even between neighbouring populations. It was hypothesized that 

the distribution pattern and low tolerance limit of this fish species will restrict gene flow 

between populations. However, this identified pattern of gene flow in C. stramineus has 

provided insight of the processes by which this freshwater fish exhibited high dispersal 

ability across the most parts of the Daly River catchment. 

 

Population level FST values estimated from both data sets indicate higher levels of gene 

flow among main-channel populations than sub-catchment populations. It was also 

clearly evident from pairwise genetic differentiation that sub-catchment populations 

were the most divergent. These levels of divergence found from different sub-catchment 

populations suggested significant restrictions to gene flow among them. High gene flow 

in mainstream populations could be explained by perenniality of water flow in this part 

of the river network (Erskine et al., 2003; Blanch et al., 2005). These results suggest the 

importance of maintaining water flow in sub-catchment areas for management and 

conservation of this species.  
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6.5 Conclusion 

In conclusion, C. stramineus displayed higher levels of population connectivity than 

expected in heterogeneous Daly River catchment and this result highlighted the 

importance of species biology in maintaining metapopulation dynamics. Populations 

from sub-catchments showed evidence of more restricted dispersal than main channel 

populations and specifically two sub-catchment populations were isolated from others. 

Interruption in water flow in sub-catchment areas, during the dry season (Blanch et al., 

2005), could explain restriction to gene flow observed among sub-catchment 

populations. Biology or physiology of this species may also restrict dispersal in 

discontinuous water flow in sub-catchment areas. High water flow during the wet 

season re-establishes hydrological connection every year between neighbouring 

locations and so. Fish may able to disperse and recolonise in those areas. So, landscape 

features like flow regime can play an important role in shaping population structure. 

 

C. stramineus displayed low levels of microsatellite diversity across the Daly River 

catchment, possibly due to bottleneck events and low Ne. Although there is no empirical 

support for extinction risk resulting from long-term effect of loss of genetic diversity in 

a population or a species (Frankham, 2010), extremely low levels of genetic diversity 

associated with other factors could increase the chance of local extinction of C. 

stramineus due to dry season low flow or water extraction. However, populations of this 

species could manage to persist with these limited levels of genetic diversity due to high 

levels of gene flow (Allendorf, 1983; Neville et al., 2007).  

 

Though C. stramineus is abundant in several locations, low levels of genetic diversity in 

these non-coding nuclear markers could also reflect low diversity in coding regions 

related to survival, reproduction and fitness of populations. Results from this study have 
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significant implications for management and conservation planning of this species. This 

species is under risk of extinction from the absence of colonization from elsewhere 

during the dry season. So, the identified distinct sub-catchment populations as well as 

main-channel populations should be maintained in order to preserve maximum levels of 

genetic diversity, evolutionary resilience and evolutionary potential of the species.  
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Chapter 7.0   General Conclusion 

 

The aim of the present study was to explore the patterns of genetic diversity and 

population structure in resident freshwater fishes from northern Australia and to 

investigate the roles of riverine architecture and hydrology on it. Two freshwater taxa 

(M. australis and C. stramineus) were studied using genetic markers across the Daly 

River catchment area. Results revealed that species biology, hierarchical stream 

arrangement and landscape features all affect population structure in this large river 

network. To date, few attempts have been made to study ecology of freshwater fishes 

from this region. This project contributed to the ecological knowledge concerning 

freshwater fish populations in this catchment area.  

 

7.1 Distribution pattern and genetic structure 

Contrary to expectations based on distributions and assumed dispersal ability, 

populations of M. australis displayed strong genetic structure, whereas C. stramineus 

was only weakly structured. M. australis is widespread and common (Allen et al., 

2002), and was expected to exhibit strong dispersal ability (Ivantsoff et al., 1988; Pusey 

et al., 2004) across the hydrologically variable Daly River catchment area. On the other 

hand, C. stramineus is patchily distributed (Allen et al., 2002) and believed to have 

weaker dispersal ability (Pusey et al., 2004), which was expected to lead to strong 

population structure in this seasonally affected catchment. Even mtDNA analysis did 

not show any significant structure in haplotype distribution across the catchment area.  
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7.2 Species biology and genetic diversity 

In this project, although mtDNA data revealed medium to high levels of genetic 

diversity, microsatellite data revealed extremely low levels of genetic diversity in C. 

stramineus. As a habitat specialist, strawman show fluctuations in seasonal abundance 

and populations are reduced to small numbers during the dry season (Tappin, 2008), 

which was expected to result in low levels of genetic variation in the Daly River 

populations. This would result from genetic drift from bottleneck effects due to variable 

hydrology in this region (Huey et al., 2008; Pujolar et al., 2011). However, results from 

correlation of genetic diversity with monthly and annual flow variability did not show 

any significant relationship. M. australis displayed moderate to high levels of variability 

within populations, as was predicted from their assumed strong dispersal ability (Bishop 

et al., 2001) and tolerance to change in water parameters (Tappin, 2011). The above 

results signify the importance of genetic diversity for species adaptation to 

environmental variation.  

 

7.3 Species biology and gene flow 

Although the two species studied here shared the same environment, their genetic 

structure differed significantly. M. australis can live in a wide range of aquatic habitats 

(Allen et al., 2002) and can tolerate a wide-range of water parameters (Tappin, 2011). It 

was believed that this fish would show strong levels of population connectivity. In 

terms of reproductive biology, M. australis is assumed to have relatively higher 

fecundity and breed in groups throughout the year with a peak during the wet season so 

that they can use higher hydrological connectivity for dispersal, also expected to cause 

low levels of population structure (Ivantsoff et al., 1988; Larson & Martin, 1990; 

Bishop et al., 2001; Tappin, 2011). They have also been shown to engage in extensive 
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lateral and upstream movements (Larson & Martin, 1990; Bishop, 1995). Despite this, 

these small-bodied melanotaeniids demonstrated restricted movement ability and 

limited levels of gene flow in the large Daly catchment. Similar levels of genetic 

differentiation within a catchment were also revealed from its western distribution 

(Phillips et al., 2009; Young et al., 2011a). In contrast, C. stramineus is a habitat 

specialist and very sensitive to changes in water quality (Larson & Martin, 1990), so it 

was expected from this biology that this fish would be a weaker disperser. However, 

this species displayed high levels of gene flow across the catchment area. The above 

results supported the hypothesis of species biology being one of the drivers of 

population structure in this large catchment area.  

 

While the two species exhibited apparently different patterns of connectivity throughout 

the catchment, this could have reflected the relatively low number of sites in headwaters 

for C. stramineus. To test this, a subset of the M. australis data set including only sites 

common to both was compared with the C. stramineus data. In fact, the differences 

observed were much reduced. The global FST value for M. australis was reduced from 

0.058 to 0.035, whereas the level of gene flow and the correlation between genetic 

distance and stream distance did not differ much (Table 7.1). BAPS identified three 

genetic clusters in both species but they differed slightly in their composition (Figure 

7.1 and Figure 7.2). Populations from DMC (Middle Ck, Douglas R) in both species 

were clearly distinct from other populations. For M. australis, a second cluster consisted 

of populations from downstream and middle stream section of the main channel and 

Green Ant Ck sub-catchment, whereas populations from the upstream section of the 

main channel and Katherine River sub-catchment made the third cluster. For C. 

stramineus, the population from Chainman Ck (Katherine R) was evidently isolated 

from others (second cluster) and the rest of the populations formed the third cluster. 
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This suggests either that, if C. stramineus actually occurs in the headwater sites, similar 

levels of genetic isolation might be observed for this species at these sites. 

Alternatively, C. stramineus may not occur at all in most of these sites and so 

populations really are as well connected as this study suggests. In addition, increasing 

sample sizes and uses of highly variable microsatellite markers may change these 

inferences that were observed in a study on blue threadfin populations from Western 

Australia (Horne et al., 2013). 

 

Table 7.1: Comparison of population structure between C. stramineus and M. australis 

sampled from the same landscape. Data set from all 29 locations and subset data from 

16 locations of M. australis that matches with C. stramineus data set was used for 

comparison. Asterisk (*) denotes significance at P<0.05. 

Species 
Global level of 

FST 

Significant pairwise 

FST 

Isolation by 

distance 

M. australis    

           All sites (29 sites) 0.59 94.09% 0.63** 

           Subset (16 sites) 0.035 92.50 % 0.60** 

C. stramineus (16 sites) 0.04 28.33 % 0.18 
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Figure 7.1: Results of the Bayesian clustering analysis for subset data of M. australis, 

performed in program BAPS. 

 

 

Figure 7.2: Results of the Bayesian clustering analysis for C. stramineus, performed in 

program BAPS. 

 

7.4 Riverine architecture and genetic diversity 

The pattern of gene flow was also tested in both species. Although many microsatellite 

alleles were shared among populations and homogenized in C. stramineus, mtDNA 

analyses from C. stramineus and microsatellite analysis from M. australis displayed 

significant differences in genetic diversity between main-channel and sub-catchment 

populations. Nucleotide diversity was also significantly affected by distance from the 

river mouth with higher diversity in downstream populations. All these observations 

suggest that gene flow is biased in the downstream direction. Downstream-biased gene 

flow is a common phenomenon of dendritic river systems where downstream 

populations exhibit higher genetic diversity than upstream populations (Hänfling & 

DCC    DMN      DBX         DGT    DGT1  DMC  DCF DPC  DOX           DOU     DSC        DBS            DRS    KRS  KRC       KRG      
 

 DCC        DMN   DBX DGT  DGT1   DMC     DCF        DPC     DOX   DOU    DSC        DBS       DRS         KRS          KRC         KRG      
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Weetman, 2006; Morrissey & de Kerckhove, 2009; Kanno et al., 2011; Gomez‐Uchida 

et al., 2013). This asymmetric gene flow may increase genetic divergence among 

upstream (i.e. headwater) populations (Finn et al., 2011). 

 

7.5 Riverine architecture and population structure 

The results from the present study revealed that riverine architecture is one of the main 

drivers that can explain genetic structure among populations within this dendritic river 

network (Meffe & Vrijenhoek, 1988; Hughes et al., 2009). For instance, genetic 

structure of M. australis was greater among groups than within groups of populations, 

which supports the Stream Hierarchy Model (Meffe & Vrijenhoek, 1988). It illustrates 

frequent movement of individuals between populations within main-channel or sub-

catchment. Assignment tests also revealed six distinct populations which were 

geographically associated with sub-catchments and downstream segment of main 

channel. Further study on the phenotypic variation within this rainbowfish across the 

Daly Catchment may need to be undertaken to determine whether this divergence is 

reflected in phenotypic variation. In C. stramineus, several sub-catchment populations 

were identified as isolated from others. Results from this study strongly suggest that 

populations of either species in the headwaters of each sub-catchment should be 

regarded as separate management units for conservation. 

 

Stream distance is one of the main factors shaping population structure in this 

catchment area. However, no significant IBD effect was revealed from microsatellite 

data for C. stramineus. Among other landscape features like elevation had stronger and 

stream gradient had lesser effects on spatial genetic diversity and population structure in 

M. australis. These results suggest the importance of landscape features in dispersal and 
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gene flow among populations in a river network. Although population structure of C. 

stramineus could not be explained by distance from river mouth, there was still some 

restriction in movement within groups of populations and there was also significant 

divergence among groups of populations from main-channel and sub-catchments. Due 

to complicated groupings of sampled populations from these heterogeneous riverscapes 

and the distance between these groups as a result of failure to find the species at some 

intermediate locations, testing for adherence to the SHM was not realistic for C. 

stramineus.  

 

It is evident from these studies that there was a clear distinction between potential 

connectivity and realised connectivity (Calabrese & Fagan, 2004) of these two species. 

The assessed life history of M. australis was thought to imply high potential 

connectivity, but they actually showed low realised connectivity. They may disperse to 

downstream populations, especially during the high flow wet season but they may fail 

to move to other upstream populations due to their low dispersal ability. They might not 

breed in these populations to which they migrate. On the other hand, C. stramineus 

displayed high levels of realised connectivity. They may disperse over a wider area, 

although there was evidence of some limits to dispersal due to natural or artificial 

physical constraints. This discordance between potential connectivity and realised 

connectivity is very common in stream dwelling species (Hughes et al., 2013).  

 

However, this study has highlighted some of the issues related to conducting this type of 

research in these remote regions. For example access to suitable locations according to 

the design of the study. Many of the sampled locations were represented by relatively 

small sample sizes, although extensive sampling efforts were made. Further sampling 

was limited due to longer distance, logistic support and costs associated with field trips. 
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So, future population genetics research in this area should incorporate nearby locations 

for fine- scale studies.  

 

7.6 Future threats and management strategies 

In summary, this study revealed complexity in dispersal ability in freshwater fishes 

living in a hydrologically variable tropical river from the wet-dry tropics of Australia. 

M. australis displayed medium to high levels of genetic diversity, yet they showed 

restricted gene flow among populations and moderate population structure. In contrast, 

C. stramineus exhibited high population connectivity although genetic diversity was 

extremely low in most populations. Conversely, sub-catchment/headwater populations 

were genetically distinct in both species regardless of whether the cause of their 

isolation was natural or anthropogenic. This genetic differentiation in isolated 

populations is likely to increase over time. These isolated units may account for greater 

proportion of diversity at the broader scale of a river network and loss of each unit 

represents the loss of distinct diversity in this network (Finn et al., 2011). These 

headwater or sub-catchment populations may be more vulnerable to anthropogenic 

activities (e.g. land clearing, water extraction) or natural causes (e.g. climate change) 

than larger streams because recolonization events after local extinction would be 

difficult from upstream dispersal due to elevation or other in-stream barriers. Several 

landscape features (natural or artificial) have already been identified as potential 

barriers to dispersal. So, we should manage these unique habitats separately to conserve 

the evolutionary and ecological diversity. These studies already have identified spatial 

genetic discontinuities and furthermore, may assist in developing refugial habitats 

across the landscape to support recolonization of riverine biota from natural or 

manmade disturbance. 
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Results obtained from these projects cannot be explained by any single process/event. 

As an alternative, the complex pattern of population structure and genetic diversity 

could be derived from the combined effects of the interaction of species biology, 

riverine architecture, hydrology etc. So, differing dispersal capability, levels of gene 

flow and the effect of variable heterogeneous environments should be considered during 

the planning of any management or conservation program in this area. The ability of 

fish species to respond to future changes in the environment will depend, at least partly, 

on this dispersal capability, especially to natural or anthropogenic barriers.  

Land clearing and Agricultural development in this region are significant potential 

threats to the health of the Daly River. Further water extraction in this season could 

limit the transport of nutrients and organic matter and longitudinal movement of biota 

(King et al., 2015). Recent habitat fragmentation due to natural disasters (e.g. droughts) 

or manmade reasons (e.g. change in land use, water extraction, construction of physical 

barriers such as crossings, dam, weirs etc.) coupled with human population growth and 

climate change is assumed to significantly affect gene flow within and between river 

networks and ultimately place fish populations under pressure (Australian Tropical 

Rivers Group, 2004; Pusey, 2011; Stewart-Koster et al., 2011; Chan et al., 2012). As 

some the changes are quite recent, they may not yet have had detectable effects on 

genetic structure. Any change in natural hydrology in this region will reduce the 

availability of habitats and also population connectivity. So, the maintenance of this 

natural flow regime should be considered as one of the principal factors in management 

and conservation planning for sustainable existence of these species and other 

freshwater organisms living in the wet-dry tropics of Australia. Considering the 

importance of this area, a Conservation plan for the Daly Basin Bioregion is currently 

under consideration although the budget for any conservation program is limited. So, 

the cost for a conservation program could be minimized by identifying priority areas 
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derived from intraspecific genetic data (Hermoso et al. 2016). For effective monitoring 

of freshwater animals in this tropical river, genetic markers combined with other 

ecological tools should be utilized to inform managers about contemporary and future 

impacts of changing environments.  
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Chapter 8.0   Appendices 

Appendix 8.1: Locations of sampling sites for M. australis along the Daly River catchment area. 

Sub-
catchment 

Sampling site 
Site 
Code 

Latitude Longitude 
Sample 

Size 

Downstream 

Bamboo Ck DBC -13.6688417 130.6583028 32 

Mt Nancar DMN -13.8357700 130.7351000 32 

Policeman Xing DPX -13.7683000 130.7129500 8 

Chilling Ck DCC -13.8558800 130.6947800 32 

 
Main Channel 
@Tipperary 

DGT -13.7747500 131.0988500 11 

Green Ant Ck 
 

Main channel @Dorat  DGD -13.5441556 131.2236722 26 

Tributary 1 DGT1 -13.5190833 131.2007972 32 

Tributary 2 DGT2 -13.5255000 131.2095417 32 

Douglas R Middle Ck DMC -13.8092666 131.3411330 16 

Middle-
stream 
 

Beeboom Xing DBX -13.8616000 131.0744833 15 

Cook's Fantasy DCF -13.8843667 131.2769722 32 

Promise Ck DPC -14.0062056 131.2459917 21 

Oolloo Xing DOX -14.0725000 131.2540200 32 

Oolloo upstream DOU -14.1084000 131.2840000 12 

Stray Ck DSC -14.1175660 131.4138200 28 

Upstream 
 

Bradshaw Ck DBS -14.4967833 131.3448500 27 

Claravale/Sawmill DRC -14.3638000 131.5570000 32 

Dead Horse Ck DDH -14.2049111 131.7182861 25 

Fergusson R 
 

Edith R ERM -14.1832500 132.0327167 32 

Fingerpost Ck FRF -14.0767778 131.8150111 16 

Fergusson R FRM -14.0709500 131.9744333 17 

Cullen R CRM -14.0343500 131.9433833 32 

Copperfield Ck FRC -14.0107472 131.9174444 32 

Katherine R 
 

Scott’s Ck KRS -14.8603000 131.8411333 32 

King R KIR -14.7012306 132.0694000 30 

Chainman Ck KRC -14.5993556 132.1469778 32 

Galloping Jacks KRG -14.5410666 132.1389167 29 

Flora R 
 

Mathison Ck FMC -14.9496750 131.5761778 32 

 Brandy Bottle Ck FBB -15.3159500 131.5589833 32 
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Appendix 8.2: Locations of sampling sites for C. stramineus along the Daly River catchment area. 

Sub-
catchment 

Sampling site 
Site 

Code 
Latitude Longitude 

Sample 
Size 

Downstream 

Chilling Ck DCC -13.8558800 130.6947800 32 

Mt Nancar DMN -13.8357700 130.7351000 7 

Beeboom Xing DBX -13.8616000 131.0744833 3 

Green Ant Ck 

Main Channel  DGT -13.7747500 131.0988500 32 

Tributary 1 DGT1 -13.5190833 131.2007972 3 

Douglas R Middle Ck DMC -13.8092666 131.3411330 32 

Upstream 

 

Cook's Fantasy DCF -13.8843667 131.2769722 3 

Promise Ck DPC -14.0062056 131.2459917 30 

Oolloo Xing DOX -14.0725000 131.2540200 32 

Oolloo upstream DOU -14.1084000 131.2840000 32 

Stray Ck DSC -14.1175660 131.4138200 17 

Bradshaw Ck DBS -14.4967833 131.3448500 32 

Claravale/Sawmill DRC -14.3638000 131.5570000 32 

Katherine R 

Scott’s Ck KRS -14.8603000 131.8411333 6 

Chainman Ck KRC -14.5993556 132.1469778 20 

Galloping Jacks KRG -14.5410666 132.1389167 30 
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Appendix 8.3: Variance to mean ratio test for deviations from HWE pattern in M. australis 

for both microsatellite loci and populations. 

Site code 
Number of deviated 

loci from HWE 
 Loci 

No. of deviated 

populations from HWE 

DBC 5  
1MA01 6 6 

DCC 3  

DPX 2  
1MA02 1 1 

DMN 2  

DGT 1  
1MA03 8 8 

DGD 1  

DGT2 2  
1MA04 0 0 

DGT1 3  

DMC 1  
1MA05 3 3 

DBX 3  

DCF 8  
1MA07 3 3 

DPC 1  

DOX 7  
1MA08 1 1 

DOU 2  

DSC 2  
1MA09 5 5 

DBS 0  

DRS 1  
1MA22 2 2 

DDH 3  

ERM 1  
1MA31 7 7 

FRF 2  

FRM 3  
1MA32 8 8 

FCC 2  

CRM 1  
1MA39 3 3 

KRS 2  

KRK 1  
1MA40 11 - 

KRC 1  

KRG 2  
1MA42 4 4 

FMC 3  

FBB 1  1MA43 4 4 

Mean 3.14  Mean 4.4 3.93 

Variance 2.28  Variance 9.54 6.69 

Variance to 

mean ratio 
1.380  Variance to mean ratio 2.17 1.70 

Calculated t 

value 
1.4  Calculated t value 3.08 1.80 

df 28  df 14 13 

Critical limit 

(α=0.05) 
1.7  Critical limit (α=0.05) 1.76  1.77 
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Appendix 8.4: Heterogeneous landscape (distance from river mouth, stream order, 

elevation, slope and annual flow) data of each site along the Daly River catchment. 

Site Code 
Distance from 

river mouth (Km) 

Stream 

order 

Mean elevation 

(m) 

Downstream 

maximum slope (%) 

Mean annual flow 

(ML) 

DBC 65 7 4 0.024 10309619 

DCC 95 5 9 0.107 424214 

DPX 79 7 5 - - 

DMN 91 7 5 0.024 9548860 

DGT 169 5 33 0.287 332134 

DGD 204 1 153 0.854 5178 

DGT2 208 1 146 0.904 1391 

DGT1 208 2 134 0.854 6205 

DMC 193 3 59 0.697 90683 

DBX 156 7 21 0.183 8629031 

DCF 188 3 49 0.482 18389 

DPC 202 3 33 0.469 40122 

DOX 215 7 32 0.183 7379149 

DOU 222 7 32 - - 

DSC 255 5 52 0.261 322086 

DBS 304 4 102 0.372 41063 

DRS 280 7 45 0.183 6432212 

DDH 319 2 115 0.373 13544 

ERM 355 5 97 0.486 192413 

FRF 364 2 135 0.625 8247 

FRM 364 5 110 0.358 519541 

FCC 371 4 130 0.420 104972 

CRM 366 4 118 0.420 158580 

KRS 369 5 103 0.884 75157 

KRK 377 5 81 0.418 134547 

KRC 396 3 102 0.536 11875 

KRG 394 6 80 0.223 2672054 

FMC 377 5 104 0.260 222504 

FBB 424 3 164 0.458 17075 
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Appendix 8.5: Allelic richness (AR) in microsatellite locus in M. australis from the Daly River catchment. 

           1MA01 1MA02 1MA03 1MA04 1MA05 1MA07 1MA08 1MA09 1MA22 1MA31 1MA32 1MA39 1MA42 1MA43 Average 

DBC     8.70 7.17 6.95 7.01 6.47 6.56 6.14 9.82 8.74 6.75 6.82 8.08 8.86 4.28 7.31 

DCC     8.71 8.30 8.89 7.86 7.37 6.98 6.52 9.05 9.22 6.61 6.15 7.07 9.09 4.62 7.6 

DPX     6.61 7.37 4.74 6.73 6.50 5.86 8.24 8.48 9.23 4.73 7.37 9.34 10.10 6.63 7.28 

DMN     9.21 7.89 7.37 7.63 8.04 7.13 6.45 8.03 9.25 5.40 6.55 7.95 8.77 4.91 7.47 

DGT     9.14 7.26 7.98 5.73 7.98 5.03 5.46 9.71 9.08 4.48 4.80 7.74 8.90 3.27 6.9 

DGD     8.63 8.47 7.51 5.89 7.29 3.42 5.20 8.36 8.41 4.39 4.70 5.67 9.02 3.88 6.49 

DGT2    7.69 7.70 7.04 7.07 6.76 3.11 5.31 7.05 7.13 4.18 4.69 5.53 8.29 4.72 6.16 

DGT1    7.78 7.94 7.40 7.58 7.69 4.08 4.80 8.05 7.78 3.14 5.06 6.10 7.97 3.94 6.38 

DMC     5.43 5.96 7.09 5.38 6.84 4.56 4.51 6.58 7.23 4.78 4.30 4.42 7.57 3.39 5.57 

DBX     9.89 9.12 7.48 6.62 8.45 8.16 6.72 9.05 7.19 4.85 4.89 6.24 8.80 5.56 7.36 

DCF     9.00 8.57 8.25 7.85 9.46 8.47 6.93 9.35 8.43 6.51 5.91 8.16 9.31 6.21 8.03 

DPC     8.11 7.24 8.26 7.69 9.60 6.76 6.12 9.23 9.05 4.24 6.12 7.63 9.55 5.28 7.49 

DOX     8.07 7.69 7.86 7.05 8.90 7.09 5.10 8.92 8.17 4.74 6.13 7.59 8.89 5.81 7.29 

DOU     9.53 7.65 7.58 6.36 8.35 5.83 5.69 10.19 8.38 5.32 5.57 7.22 9.23 4.24 7.22 

DSC     9.07 7.39 6.68 7.21 9.30 6.60 4.74 9.47 8.82 4.60 5.39 7.00 8.67 4.80 7.13 

DBS     8.15 6.68 7.01 6.82 7.36 7.80 4.06 7.00 6.95 3.60 4.80 6.21 8.21 4.02 6.33 

DRS     8.50 7.93 7.66 6.51 9.07 7.52 2.69 8.71 7.51 3.85 6.91 6.99 8.54 3.12 6.82 

DDH     7.67 8.15 7.48 6.75 9.47 8.45 4.62 9.59 7.10 3.76 5.64 7.05 8.45 2.55 6.91 

ERM     8.42 7.17 7.74 7.20 7.27 6.65 3.20 7.56 7.12 3.91 7.68 5.96 7.32 3.10 6.45 

FRF     8.29 8.02 7.23 5.82 5.63 6.48 1.84 8.24 6.51 2.44 5.47 3.88 7.20 1.00 5.58 

FRM     8.06 8.26 7.93 6.05 3.73 5.13 1.66 8.13 6.09 2.41 5.48 4.49 7.33 1.41 5.44 

FCC     8.09 7.45 7.25 5.91 4.98 6.90 1.96 9.22 7.69 2.63 4.86 3.74 6.31 1.61 5.61 

CRM     7.54 7.86 6.76 6.07 6.18 6.66 1.80 8.28 7.01 2.00 4.62 3.97 6.93 1.86 5.54 

KRS     7.14 7.20 6.88 7.07 8.76 7.78 3.44 8.36 7.46 4.18 5.83 4.69 7.49 2.45 6.34 

KRK     8.18 6.81 6.26 7.08 8.60 6.22 2.88 7.01 5.51 3.52 5.69 6.95 7.99 2.00 6.05 

KRC     7.84 5.85 7.38 7.31 8.33 8.32 3.54 9.25 6.87 2.99 6.43 5.83 8.62 2.63 6.51 

KRG     8.59 6.77 6.45 6.36 9.09 8.69 2.49 8.42 7.06 3.98 7.08 5.88 8.34 2.24 6.53 

FMC     6.54 6.35 8.18 7.32 9.87 4.84 1.61 7.65 6.62 4.94 4.93 7.17 7.90 3.91 6.27 

FBB     6.84 6.99 8.35 6.89 9.11 5.78 2.52 7.57 7.92 6.05 4.79 7.48 8.04 3.43 6.55 

Average 8.12 7.49 7.37 6.79 7.81 6.44 4.35 8.49 7.71 4.31 5.68 6.41 8.33 3.68  
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Appendix 8.6: Private allelic richness (ARpriv) in microsatellite locus in M. australis from the Daly River catchment. 

           1MA01 1MA02 1MA03 1MA04 1MA05 1MA07 1MA08 1MA09 1MA22 1MA31 1MA32 1MA39 1MA42 1MA43 Average 

DBC     0.016 0.177 0.140 -8 0.226 0.023 0.023 -8 0.045 0.880 0.248 0.190 0.116 -0 0.15 

DCC     0.02 - 1.10 0.01 0.09 0.02 0.07 0.44 0.06 0.31 0.09 - 0.23 - 0.17 

DPX     - - - - - - 0.33 - 0.30 - - - 0.01 - 0.05 

DMN     0.01 - 0.24 0.05 - 0.45 0.05 - 0.27 - 0.20 0.52 0.24 - 0.15 

DGT     0.02 - 0.12 - - - - 0.68 0.17 - - - - - 0.07 

DGD     0.06 0.74 - - 0.01 - 0.04 - 0.01 0.11 - - 0.25 - 0.09 

DGT2    - 0.09 0.02 0.01 - - 0.03 - - - - - 0.34 0.17 0.05 

DGT1    0.01 0.01 0.05 - - - - - 0.01 - - - - - 0.01 

DMC     - 0.01 0.32 - - 0.01 - 1.00 0.19 - - - 0.27 - 0.13 

DBX     0.82 0.03 0.17 0.01 0.13 0.01 0.09 0.50 - - 0.06 0.01 0.14 - 0.14 

DCF     - 0.01 0.25 0.25 0.09 0.34 1.01 0.48 0.02 1.18 0.01 0.78 0.17 1.25 0.42 

DPC     0.02 0.27 0.12 0.05 - 0.05 0.22 - 0.03 - 0.05 0.12 0.15 - 0.08 

DOX     - 0.66 0.14 0.02 - 0.11 0.03 0.04 0.07 - 0.01 - 0.09 0.18 0.1 

DOU     0.32 - - 0.04 0.04 0.06 0.09 - - - 0.02 - - - 0.04 

DSC     - - 0.38 0.01 - 0.14 - 0.70 0.03 - - 0.01 - - 0.09 

DBS     0.01 - 0.17 - - 0.26 0.06 - - - - - - - 0.04 

DRS     - - 0.08 0.02 - 0.05 - 0.15 0.21 - 0.03 - - 0.65 0.09 

DDH     0.04 - 0.15 - 0.17 0.12 0.24 0.46 0.08 - 0.02 - - - 0.09 

ERM     0.29 - 0.06 0.04 - 0.05 0.39 0.33 0.11 - 0.26 - - 0.02 0.11 

FRF     0.05 - - - - - - - 0.04 - - - - - 0.01 

FRM     - 0.65 - - - - - - 0.03 - - - - - 0.05 

FCC     - - 0.05 - - 0.02 - 0.05 0.06 0.31 - - - - 0.03 

CRM     0.01 0.04 - 0.39 - 0.02 - - - - - - 0.09 - 0.04 

KRS     - - 0.06 0.04 - 0.65 0.01 - 0.06 - 0.04 - - - 0.06 

KRK     - - - 0.02 0.09 0.04 - - - - 0.24 - - - 0.03 

KRC     - 0.15 0.31 0.02 0.18 0.34 0.02 - 0.02 - 0.04 - 0.09 0.23 0.1 

KRG     0.25 - - - 0.06 0.31 - 0.14 - - 0.13 - 0.02 - 0.06 

FMC     0.04 0.26 0.10 0.02 1.18 0.01 - 0.18 0.28 0.05 - 0.16 - 0.02 0.16 

FBB     - 0.12 0.09 0.05 0.74 0.03 - 0.17 0.40 0.23 - 0.11 0.38 0.23 0.18 
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Appendix 8.7: Pair-wise FST indices for M. australis across the Daly River catchment.  

 DBC DCC DPX DMN DGT DGD DGT2 DGT1 DMC DBX DCF DPC DOX DOU DSC DBS DRS DDH ERM FRF FRM FCC CRM KRS KRK KRC KRG 
FM
C 

DBC 0                            

DCC 0.004 0                           

DPX 0.016 0.009 0                          

DMN 0.002 0.001 0.007 0                         

DGT 0.026 0.014 0.025 0.013 0                        

DGD 0.047 0.040 0.058 0.032 0.001 0                       

DGT2 0.060 0.047 0.075 0.045 0.018 0.010 0                      

DGT1 0.055 0.047 0.064 0.040 0.014 0.005 0.009 0                     

DMC 0.089 0.082 0.108 0.092 0.078 0.092 0.090 0.095 0                    

DBX 0.018 0.016 0.029 0.019 0.007 0.023 0.030 0.035 0.056 0                   

DCF 0.020 0.012 0.028 0.016 0.016 0.028 0.041 0.040 0.063 0.011 0                  

DPC 0.022 0.015 0.026 0.011 0.001 0.017 0.022 0.016 0.064 0.014 0.007 0                 

DOX 0.020 0.014 0.033 0.017 0.015 0.029 0.040 0.036 0.064 0.009 0.010 0.005 0                

DOU 0.026 0.019 0.044 0.021 0.024 0.040 0.052 0.052 0.074 0.017 0.007 0.014 0.006 0               

DSC 0.034 0.025 0.046 0.029 0.022 0.034 0.044 0.040 0.071 0.018 0.011 0.007 0.002 0.003 0              

DBS 0.058 0.047 0.077 0.052 0.060 0.072 0.076 0.077 0.089 0.049 0.032 0.037 0.031 0.011 0.023 0             

DRS 0.044 0.039 0.067 0.041 0.046 0.056 0.068 0.069 0.087 0.034 0.027 0.033 0.020 0.007 0.012 0.025 0            

DDH 0.037 0.030 0.055 0.028 0.025 0.044 0.056 0.051 0.083 0.021 0.017 0.015 0.010 0.007 0.006 0.023 0.009 0           

ERM 0.047 0.043 0.078 0.040 0.049 0.061 0.074 0.076 0.111 0.040 0.036 0.038 0.035 0.008 0.038 0.052 0.023 0.025 0          

FRF 0.093 0.086 0.125 0.091 0.100 0.120 0.135 0.130 0.154 0.097 0.078 0.084 0.080 0.049 0.071 0.078 0.064 0.062 0.051 0         

FRM 0.096 0.087 0.127 0.093 0.098 0.112 0.123 0.125 0.163 0.098 0.078 0.086 0.079 0.049 0.066 0.085 0.059 0.063 0.052 0.008 0        

FCC 0.088 0.081 0.125 0.084 0.096 0.111 0.122 0.123 0.158 0.092 0.075 0.083 0.075 0.043 0.064 0.076 0.058 0.060 0.043 0.001 0.002 0       

CRM 0.094 0.086 0.127 0.089 0.098 0.117 0.129 0.129 0.161 0.095 0.077 0.086 0.078 0.049 0.068 0.077 0.055 0.060 0.052 0.002 0.007 0.004 0      

KRS 0.066 0.059 0.077 0.062 0.052 0.056 0.064 0.064 0.106 0.040 0.038 0.037 0.032 0.025 0.016 0.044 0.029 0.020 0.059 0.097 0.090 0.092 0.095 0     

KRK 0.060 0.052 0.075 0.056 0.054 0.058 0.072 0.069 0.104 0.043 0.035 0.034 0.025 0.022 0.014 0.039 0.018 0.017 0.051 0.095 0.097 0.094 0.095 0.013 0    

KRC 0.047 0.046 0.063 0.046 0.049 0.056 0.068 0.059 0.101 0.041 0.033 0.028 0.025 0.027 0.016 0.039 0.018 0.018 0.046 0.100 0.100 0.097 0.100 0.014 0.019 0   

KRG 0.057 0.049 0.077 0.052 0.048 0.053 0.062 0.055 0.101 0.042 0.034 0.031 0.026 0.027 0.019 0.042 0.017 0.018 0.041 0.091 0.088 0.087 0.087 0.016 0.025 0.007 0  

FMC 0.077 0.065 0.103 0.066 0.064 0.072 0.080 0.088 0.118 0.052 0.049 0.065 0.046 0.047 0.053 0.073 0.060 0.054 0.062 0.122 0.113 0.115 0.115 0.072 0.076 0.077 0.070 0 

FBB 0.071 0.059 0.093 0.062 0.058 0.067 0.073 0.081 0.102 0.050 0.043 0.056 0.043 0.047 0.049 0.070 0.059 0.054 0.067 0.120 0.115 0.116 0.115 0.073 0.075 0.075 0.066 
0.0
05 
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Appendix 8.8: Output of Evanno’s method from STURCUTRE v2.3.4 results. The best 

probable number of K is highlighted in yellow colour.  

K Replications 
Mean 

LnP(K) 

Stdev 

LnP(K) 
Ln'(K) |Ln''(K)| Delta K 

1 10 -48826.74 0.16 — — — 

2 10 -47670.36 98.09 1156.38 389.91 3.98 

3 10 -46903.89 100.53 766.47 63.07 0.63 

4 10 -46200.49 27.92 703.4 69.82 2.50 

5 10 -45566.91 4.44 633.58 579.23 130.47 

6 10 -45512.56 43.16 54.35 285.93 6.62 

7 10 -45172.28 5.66 340.28 310.7 54.90 

8 10 -45142.7 92.68 29.58 361.79 3.90 

9 10 -45474.91 173.46 -332.21 522.9 3.01 

10 10 -45284.22 49.94 190.69 239.17 4.79 

11 10 -45332.7 104.77 -48.48 278.94 2.66 

12 10 -45660.12 906.70 -327.42 484.37 0.53 

13 10 -45503.17 127.11 156.95 264.55 2.08 

14 10 -45610.77 213.15 -107.6 337.39 1.58 

15 10 -46055.76 338.17 -444.99 — — 
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Appendix 8.9: Matrix of stream distance (water way distance that fish move) for Mantel test in M. australis across the Daly River catchment. Stream distance expressed in Km. 

 DBC DCC DPX DMN DGT DGD DGT2 DGT1 DMC DBX DCF DPC DOX DOU DSC DBS DRS DDH ERM FRF FRM FCC CRM KRS KRK KRC KRG FMC FBB 

DBC 0                             

DCC 30 0                            

DPX 15 15 0                           

DMN 26 9 11 0                          

DGT 104 88 90 78 0                         

DGD 139 123 125 113 35 0                        

DGT2 143 127 129 118 39 16 0                       

DGT1 144 127 129 118 39 17 3 0                      

DMC 128 112 114 102 39 74 78 78 0                     

DBX 91 75 76 65 13 48 52 52 37 0                    

DCF 123 106 108 97 33 68 73 73 48 32 0                   

DPC 137 121 123 111 48 83 87 87 63 46 30 0                  

DOX 150 134 135 124 61 96 100 100 76 59 42 14 0                 

DOU 158 141 143 132 68 103 107 107 83 67 50 22 8 0                

DSC 190 174 176 164 101 136 140 140 116 99 83 54 40 33 0               

DBS 240 223 225 214 150 185 189 190 165 149 132 104 90 82 65 0              

DRS 216 199 201 190 126 161 165 165 141 125 108 80 66 58 41 44 0             

DDH 255 238 240 229 165 200 205 205 180 164 147 119 105 97 80 83 39 0            

ERM 291 274 276 265 201 236 240 240 216 200 183 155 141 133 116 119 75 103 0           

FRF 299 282 284 273 209 244 249 249 224 208 191 163 149 141 124 127 83 111 51 0          

FRM 300 283 285 274 210 245 249 249 225 208 192 163 149 142 124 127 84 112 52 42 0         

FCC 306 290 292 280 217 252 256 256 232 215 199 170 156 149 131 134 90 118 59 48 16 0        

CRM 302 285 287 276 212 247 251 251 227 211 194 166 152 144 127 130 86 114 54 44 12 6 0       

KRS 305 288 290 279 215 250 254 255 230 214 197 169 155 147 130 133 89 117 130 138 139 146 141 0      

KRK 313 296 298 287 223 258 262 262 238 221 205 177 163 155 137 140 97 125 138 146 147 153 149 47 0     

KRC 331 315 317 306 242 277 281 281 257 240 224 195 181 174 156 159 116 144 157 165 166 172 168 66 40 0    

KRG 329 313 315 303 240 275 279 279 255 238 222 193 179 172 154 157 114 141 155 163 163 170 166 64 38 13 0   

FMC 313 296 298 287 223 258 263 263 238 222 205 177 163 155 138 141 97 125 138 146 147 154 149 87 95 114 112 0  

FBB 360 343 345 334 270 305 309 309 285 268 252 224 210 202 184 187 144 172 185 193 194 200 196 134 142 161 158 47 0 
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Appendix 8.10: Matrix of physical barriers for Mantel test in M. australis across the Daly River catchment. 

 DBC DCC DPX DMN DGT DGD DGT2 DGT1 DMC DBX DCF DPC DOX DOU DSC DBS DRS DDH ERM FRF FRM FCC CRM KRS KRK KRC KRG FMC FBB 

DBC 0                             

DCC 4 0                            

DPX 3 3 0                           

DMN 3 3 1 0                          

DGT 7 7 4 4 0                         

DGD 8 8 5 5 1 0                        

DGT2 8 8 5 5 1 0 0                       

DGT1 8 8 5 5 1 0 0 0                      

DMC 8 8 5 5 1 2 2 2 0                     

DBX 6 6 3 3 1 2 2 2 2 0                    

DCF 8 8 5 5 1 2 2 2 0 2 0                   

DPC 8 8 5 5 1 2 2 2 0 2 0 0                  

DOX 9 9 6 6 2 3 3 3 1 3 1 1 0                 

DOU 9 9 6 6 2 3 3 3 1 3 1 1 0 0                

DSC 11 11 8 8 4 5 5 5 3 5 3 3 2 2 0               

DBS 11 11 8 8 4 5 5 5 3 5 3 3 2 2 0 0              

DRS 12 12 9 9 5 6 6 6 4 6 4 4 3 3 1 1 0             

DDH 13 13 10 10 6 7 7 7 5 7 5 5 4 4 2 2 1 0            

ERM 14 14 10 10 7 8 8 8 6 8 6 6 5 5 3 3 2 1 0           

FRF 14 14 10 10 7 8 8 8 6 8 6 6 5 5 3 3 2 1 0 0          

FRM 14 14 10 10 7 8 8 8 6 8 6 6 5 5 3 3 2 1 0 0 0         

FCC 14 14 10 10 7 8 8 8 6 8 6 6 5 5 3 3 2 1 0 0 0 0        

CRM 14 14 10 10 7 8 8 8 6 8 6 6 5 5 3 3 2 1 0 0 0 0 0       

KRS 14 14 10 10 7 8 8 8 6 8 6 6 5 5 3 3 2 1 0 0 0 0 0 0      

KRK 15 15 11 11 8 9 9 9 7 9 7 7 6 6 4 4 3 2 1 1 1 1 1 1 0     

KRC 14 14 10 10 7 8 8 8 6 8 6 6 5 5 3 3 2 1 0 0 0 0 0 0 1 0    

KRG 14 14 10 10 7 8 8 8 6 8 6 6 5 5 3 3 2 1 0 0 0 0 0 0 1 0 0   

FMC 15 15 11 11 8 9 9 9 7 9 7 7 6 6 4 4 3 2 1 1 1 1 1 1 2 1 1 0  

FBB 17 17 13 13 10 11 11 11 9 11 9 9 8 8 6 6 5 4 3 3 3 3 3 3 4 3 3 2 0 
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Appendix 8.11: Matrix of natural barriers for Mantel test in M. australis across the Daly River catchment.  

 DBC DCC DPX DMN DGT DGD DGT2 DGT1 DMC DBX DCF DPC DOX DOU DSC DBS DRS DDH ERM FRF FRM FCC CRM KRS KRK KRC KRG FMC FBB

DBC 0                             

DCC 4 0                            

DPX 2 2 0                           

DMN 2 2 1 0                          

DGT 5 5 3 3 0                         

DGD 6 6 4 4 1 0                        

DGT2 6 6 4 4 1 0 0                       

DGT1 6 6 4 4 1 0 0 0                      

DMC 6 6 4 4 1 2 2 2 0                     

DBX 4 4 2 2 1 2 2 2 2 0                    

DCF 6 6 4 4 1 2 2 2 0 2 0                   

DPC 6 6 4 4 1 2 2 2 0 2 0 0                  

DOX 6 6 4 4 1 2 2 2 0 2 0 0 0                 

DOU 6 6 4 4 1 2 2 2 0 2 0 0 0 0                

DSC 8 8 6 6 3 4 4 4 2 4 2 2 2 2 0               

DBS 8 8 6 6 3 4 4 4 2 4 2 2 2 2 0 0              

DRS 8 8 6 6 3 4 4 4 2 4 2 2 2 2 0 0 0             

DDH 9 9 7 7 4 5 5 5 3 5 3 3 3 3 1 1 1 0            

ERM 10 10 7 7 5 6 6 6 4 6 4 4 4 4 2 2 2 1 0           

FRF 10 10 7 7 5 6 6 6 4 6 4 4 4 4 2 2 2 1 0 0          

FRM 10 10 7 7 5 6 6 6 4 6 4 4 4 4 2 2 2 1 0 0 0         

FCC 10 10 7 7 5 6 6 6 4 6 4 4 4 4 2 2 2 1 0 0 0 0        

CRM 10 10 7 7 5 6 6 6 4 6 4 4 4 4 2 2 2 1 0 0 0 0 0       

KRS 10 10 7 7 5 6 6 6 4 6 4 4 4 4 2 2 2 1 0 0 0 0 0 0      

KRK 10 10 7 7 5 6 6 6 4 6 4 4 4 4 2 2 2 1 0 0 0 0 0 0 0     

KRC 10 10 7 7 5 6 6 6 4 6 4 4 4 4 2 2 2 1 0 0 0 0 0 0 0 0    

KRG 10 10 7 7 5 6 6 6 4 6 4 4 4 4 2 2 2 1 0 0 0 0 0 0 0 0 0   

FMC 11 11 8 8 6 7 7 7 5 7 5 5 5 5 3 3 3 2 1 1 1 1 1 1 1 1 1 0  

FBB 13 13 10 10 8 9 9 9 7 9 7 7 7 7 5 5 5 4 3 3 3 3 3 3 3 3 3 2 0 
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Appendix 8.12: Matrix of artificial barriers for Mantel test in M. australis across the Daly River catchment.  

 DBC DCC DPX DMN DGT DGD DGT2 DGT1 DMC DBX DCF DPC DOX DOU DSC DBS DRS DDH ERM FRF FRM FCC CRM KRS KRK KRC KRG FMC FBB 

DBC 0                             

DCC 0 0                            

DPX 1 1 0                           

DMN 1 1 0 0                          

DGT 2 2 1 1 0                         

DGD 2 2 1 1 0 0                        

DGT2 2 2 1 1 0 0 0                       

DGT1 2 2 1 1 0 0 0 0                      

DMC 2 2 1 1 0 0 0 0 0                     

DBX 2 2 1 1 0 0 0 0 0 0                    

DCF 2 2 1 1 0 0 0 0 0 0 0                   

DPC 2 2 1 1 0 0 0 0 0 0 0 0                  

DOX 3 3 2 2 1 1 1 1 1 1 1 1 0                 

DOU 3 3 2 2 1 1 1 1 1 1 1 1 0 0                

DSC 3 3 2 2 1 1 1 1 1 1 1 1 0 0 0               

DBS 3 3 2 2 1 1 1 1 1 1 1 1 0 0 0 0              

DRS 4 4 3 3 2 2 2 2 2 2 2 2 1 1 1 1 0             

DDH 4 4 3 3 2 2 2 2 2 2 2 2 1 1 1 1 0 0            

ERM 4 4 3 3 2 2 2 2 2 2 2 2 1 1 1 1 0 0 0           

FRF 4 4 3 3 2 2 2 2 2 2 2 2 1 1 1 1 0 0 0 0          

FRM 4 4 3 3 2 2 2 2 2 2 2 2 1 1 1 1 0 0 0 0 0         

FCC 4 4 3 3 2 2 2 2 2 2 2 2 1 1 1 1 0 0 0 0 0 0        

CRM 4 4 3 3 2 2 2 2 2 2 2 2 1 1 1 1 0 0 0 0 0 0 0       

KRS 4 4 3 3 2 2 2 2 2 2 2 2 1 1 1 1 0 0 0 0 0 0 0 0      

KRK 5 5 4 4 3 3 3 3 3 3 3 3 2 2 2 2 1 1 1 1 1 1 1 1 0     

KRC 4 4 3 3 2 2 2 2 2 2 2 2 1 1 1 1 0 0 0 0 0 0 0 0 1 0    

KRG 4 4 3 3 2 2 2 2 2 2 2 2 1 1 1 1 0 0 0 0 0 0 0 0 1 0 0   

FMC 4 4 3 3 2 2 2 2 2 2 2 2 1 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0  

FBB 4 4 3 3 2 2 2 2 2 2 2 2 1 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 
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Appendix 8.13: Allelic richness (AR) of microsatellite loci in C. stramineus from the Daly 

River catchment. 

Site code CS03 CS19 CS34 CS36 CS44 CS93 CS94 CS96 CS98 
Average 

over loci 

DCC 1.99 2.00 3.79 1.00 7.13 3.77 3.95 1.50 1.95 3.0 

DMN 2.00 3.00 2.00 2.00 5.00 4.00 3.00 1.00 2.00 2.7 

DBX 2.00 2.00 2.41 1.50 7.80 4.03 4.00 1.00 2.00 3.0 

DGT 2.00 2.00 2.44 1.00 7.22 3.85 3.94 1.97 2.00 2.9 

DGT1 1.00 1.00 1.00 1.00 3.00 2.00 3.00 1.00 2.00 1.7 

DMC 1.52 2.51 2.75 2.50 12.52 4.41 3.82 1.75 2.00 3.8 

DCF 1.00 2.00 2.00 1.00 4.00 3.00 3.00 1.00 1.00 2.0 

DPC 1.00 1.00 2.00 1.00 3.00 4.00 3.00 1.00 2.00 2.0 

DOX 2.55 3.32 2.83 2.07 9.10 3.79 3.91 2.00 1.99 3.5 

DOU 2.00 2.00 3.28 1.77 6.39 3.52 3.99 1.75 1.88 3.0 

DSC 2.00 2.00 1.00 1.94 7.65 3.00 5.00 1.94 2.00 3.0 

DBS 1.99 2.00 2.75 1.99 7.53 4.25 4.00 1.75 1.99 3.1 

DRS 2.00 2.50 3.23 1.75 7.26 5.11 3.99 1.50 1.52 3.2 

KRS 2.00 2.00 2.00 1.00 3.00 3.00 3.00 1.00 2.00 2.1 

KRC 1.96 2.00 1.99 1.99 5.00 4.00 3.80 1.99 2.00 2.8 

KRG 2.00 2.00 1.99 1.79 5.88 3.00 4.00 1.00 1.99 2.6 

Average over 

population 
1.81 2.08 2.34 1.58 6.34 3.67 3.71 1.45 1.89  
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Appendix 8.14: Distance from river mouth, stream order and mean elevation of each site along 

the Daly River catchment area. 

Site 

Code 

Distance from 

river mouth (Km) 
Stream order 

Mean elevation  

(m) 

Run monthly 

covariance  

Run annual 

covariance 

DCC 95 5 9 2.7020 0.7355 

DMN 91 7 5 2.8700 0.7891 

DBX 156 7 21 2.8909 0.7637 

DGT 169 5 33 2.9058 0.8035 

DGT1 208 2 134 2.4367 0.6053 

DMC 193 3 59 2.4343 0.6112 

DCF 188 3 49 2.9196 0.8115 

DPC 202 3 33 2.8662 0.7389 

DOX 215 7 32 2.8667 0.7409 

DOU 222 7 32 - - 

DSC 255 5 52 2.7902 0.7293 

DBS 304 4 102 3.1678 0.9159 

DRS 280 7 45 3.0000 0.8566 

KRS 369 5 103 3.9299 1.2270 

KRC 396 3 102 3.3597 0.9846 

KRG 394 6 80 2.6417 0.7014 
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Appendix 8.15: Pairwise ΦST table for C. stramineus from control region of mtDNA. 

 
DCC DMN DBX DGT DGT1 DMC DPC DOX DOU DSC DBS DRS KRS KRC KRG 

DCC 0               

DMN 0.055 0              

DBX 0.048 0.003 0             

DGT 0.043 0.014 0.141 0            

DGT1 0.070 0.136 0.027 0.065 0           

DMC 0.238 0.180 0.079 0.403 0.296 0          

DPC 0.097 0.024 0.119 0.120 0.375 0.369 0         

DOX 0.030 0.126 0.153 0.040 0.212 0.432 0.058 0        

DOU 0.016 0.041 0.209 0.039 0.271 0.442 0.043 0.055 0       

DSC 0.094 0.102 0.299 0.202 0.508 0.492 0.004 0.244 0.030 0      

DBS 0.038 0.023 0.102 0.005 0.142 0.348 0.065 0.020 0.021 0.087 0     

DRS 0.062 0.016 0.252 0.107 0.394 0.456 0.025 0.142 0.009 0.034 0.029 0    

KRS 0.108 0.028 0.241 0.169 0.456 0.439 0.096 0.264 0.073 0.042 0.103 0.002 0   

KRC 0.312 0.373 0.449 0.453 0.588 0.578 0.259 0.477 0.313 0.286 0.358 0.283 0.340 0  

KRG 0.237 0.206 0.388 0.335 0.532 0.531 0.185 0.390 0.193 0.115 0.254 0.112 0.129 0.058 0 
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Appendix 8.16: Pairwise FST table for C. stramineus from control region of mtDNA (F-statistics). 

 
DCC DMN DBX DGT DGT1 DMC DPC DOX DOU DSC DBS DRS KRS KRC KRG 

DCC 0 
              

DMN 0.071 0 
             

DBX 0.015 0.035 0 
            

DGT 0.040 0.218 0.089 0 
           

DGT1 0.033 0.106 0.063 0.055 0 
          

DMC 0.030 0.010 0.079 0.131 0.037 0 
         

DPC 0.027 0.092 0.011 0.020 0.065 0.031 0 
        

DOX 0.034 0.092 0.013 0 0.014 0.040 0.052 0 
       

DOU 0.016 0.001 0.045 0.079 0.023 0.015 0.038 0.002 0 
      

DSC 0.026 0.036 0.052 0.093 0.013 0.048 0.096 0.032 0.014 0 
     

DBS 0.112 0.240 0.031 0.116 0.179 0.211 0.063 0.097 0.146 0.093 0 
    

DRS 0.064 0.027 0.017 0.198 0.129 0.107 0.064 0.071 0.088 0.130 0.189 0 
   

KRS 0.110 0.039 0.112 0.253 0.131 0.062 0.164 0.129 0.029 0.086 0.291 0.133 0 
  

KRC 0.186 0.189 0.188 0.310 0.222 0.204 0.235 0.206 0.140 0.218 0.352 0.217 0.205 0 
 

KRG 0.100 0.022 0.104 0.207 0.121 0.086 0.127 0.110 0.024 0.101 0.234 0.133 0.039 0.013 0 
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Appendix 8.17: Pairwise FST table for C. stramineus from microsatellites. 

 
DCC DMN DBX DGT DGT1 DMC DCF DPC DOX DOU DSC DBS DRS KRS KRC KRG 

DCC 0.000                

DMN 0.032 0.000               

DBX 0.015 0.031 0.000              

DGT 0.010 0.044 0.007 0.000             

DGT1 0.015 0.070 0.034 0.003 0.000            

DMC 0.064 0.103 0.088 0.034 0.034 0.000           

DCF 0.001 0.053 0.067 0.049 0.045 0.043 0.000          

DPC 0.016 0.051 0.041 0.009 0.018 0.007 0.006 0.000         

DOX 0.026 0.043 0.001 0.027 0.041 0.112 0.054 0.054 0.000        

DOU 0.003 0.014 0.011 0.021 0.024 0.099 0.000 0.036 0.018 0.000       

DSC 0.012 0.031 0.010 0.007 0.038 0.086 0.066 0.025 0.003 0.011 0.000      

DBS 0.006 0.027 0.007 0.025 0.009 0.086 0.007 0.022 0.008 0.003 0.006 0.000     

DRS 0.009 0.025 0.002 0.024 0.051 0.100 0.036 0.043 0.001 0.008 0.010 0.009 0.000    

KRS 0.011 0.003 0.022 0.015 0.034 0.063 0.071 0.004 0.003 0.003 0.014 0.009 0.008 0.000   

KRC 0.038 0.102 0.070 0.043 0.031 0.033 0.075 0.011 0.083 0.077 0.057 0.070 0.061 0.038 0.000  

KRG 0.001 0.023 0.007 0.015 0.015 0.073 0.016 0.016 0.023 0.003 0.004 0.011 0.003 0.016 0.038 0.000 
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