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Summary 
 
 

Many species have been translocated from their native habitat into new environments. 

Some of these transfers have had negative impacts on the resident populations. 

Hybridization and introgression are some of the impacts that are associated with 

species incursions. These processes can potentially result in successful invasions and 

jeopardize the existence of native species and populations. It is thought that 

intraspecific hybridization can result in the loss of local adaptations and decrease 

adaptive divergence among populations. Understanding the factors affecting survival 

of the native species in altered landscapes is an important issue in species 

conservation. 

 

This study explores the processes that could lead to asymmetrical hybridization 

between two closely related lineages of freshwater shrimp Paratya australiensis. 

Selection pressure appears to be leading to extinction of one lineage in most of the 

sites adjacent to a pool where a translocation resulted in mixing of the two lineages 

(Hughes 2003). The aim of the thesis was to identify the processes and traits involved 

in the shaping of the current genetic structure of this shrimp following the 

translocation event; using genetic markers to identify what could have triggered the 

asymmetrical hybridization and almost complete extinction of the resident lineage. 

This is an ideal model system to study and understand interactions between recently 

(2-3 million years ago) diverged lineages. The translocated lineage 4 comes from 

Kilcoy Creek, which is at a higher altitude (cold temperatures) than Stony Creek, 

where the resident lineage 6 is situated (warm temperatures). The temperature 

differences and the fact that the two lineages were thought to have been isolated for 3 
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million years, led to the expectation of some degree of reproductive isolation. Hughes 

et al. (2003) found that, after this translocation the reproductive isolation was 

asymmetrical, such that most of the males appeared to mate only with females from 

the introduced lineage 4. They noticed that lineage 4 was inducing lineage 6 to the 

edge of extinction in its local environment. This particular translocation event 

provides an ideal opportunity to test a number of hypotheses to explain asymmetrical 

hybridization. The sensory drive hypothesis focuses on how mating signals are 

effective for particular environments and may differ between environments (Endler, 

1992). The second hypothesis proposed by Hughes et al. (2003), focuses on the fact 

that crosses between the resident females and translocated males lineages and vice 

versa may have differential viability.  

 

 

Given the fact that both lineages are widespread throughout South East Queensland, 

Australia it seemed likely that they are in contact naturally (other than as a result of 

the translocation). Cook et al. (2006) reported the co-occurrence of other equally 

divergent lineages in some rivers in South East Australia. Finding these lineages in 

natural sympatry, would help to understand if mechanisms apparently operating in the 

translocation pool are operating in natural systems as well. Therefore the second part 

of this thesis was to survey P. australiensis populations in South East Queensland, 

Australia to determine a) whether the two lineages do co-occur and hybridize in the 

same stream and, if so b) what processes may be operating in the region where their 

distributions overlap c) which landscape parameters influence the distribution of the 

lineages co-occurring between elevation, river mouth distance and source distance.   
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Evidence supporting the sensory drive hypothesis was found, as female reproductive 

timing differed between lineages 4 and 6. Lineage 4 females reproduced first, possibly 

having a negative effect on the reproductive potential of lineage 6 females. Data from 

eggs revealed that lineage 6 females and lineage 4 males were mating. However 

larvae and adults from this cross were not found, supporting the asymmetrical 

inviability hypothesis. These two hypotheses in combination, could explain the 

asymmetrical hybridization observed after the translocation took place.   

 

An unexpected finding was the reproductive strategy of lineage 6, which changed 

their timing of reproduction, possibly due to the early mating by lineage 4 females. 

The observed allele frequencies, suggest that this reproductive strategy appears to be 

preserving lineage 6 in its local environment, partially recovering from the vast 

invasion from lineage 4. Microsatellite and mtDNA data suggest that the 

asymmetrical hybridization is no longer happening between the two lineages, quite 

the opposite suggesting that these lineages have more defined species boundaries now 

than initially when they were first mixed. 

 

In the second part of this thesis, lineage 6 was not found in any streams surveyed. 

However, three other lineages (lineage 3, 4 and 8) were found to be naturally 

sympatric. Multilocus assignment tests showed that they are effectively 

reproductively isolated as gene flow was minimal or absent. This suggests that 

hybridization between Paratya australiensis lineages in natural systems is rare, giving 

support to the idea that these lineages constitute defined biological species. This 

implies that mechanisms operating at the translocation site are not operating in natural 

systems. Thus, the asymmetrical hybridization observed could be a result of the 
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sudden changes in environment produced by the translocation. Parameters like 

altitude (temperature) might be involved affecting mating signals and the availability 

of sexually active females that could have triggered the observed asymmetrical 

hybridization. These three lineages ((lineage 3, 4 and 8) were found to be distributed 

in an altitudinal cline. Despite the fact that all three landscape parameters (altitude, 

river mouth distance and source distance) were positively correlated, elevation 

appears to be the more significant in influencing the distribution of these lineages.  
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Chapter One: General Introduction 

 

1.1 Setting the scene: background to a translocation experiment  

 

In 1992, a sample of the glass shrimp, P. australiensis, was translocated between two 

subcatchments of the Brisbane River, Kilcoy Creek and Stony Creek in an attempt to 

measure in-stream dispersal (Hancock, 1995); shrimps were translocated from Kilcoy 

Ck to Branch Ck West in the headwaters of Stony Ck and vice versa. These two 

creeks were selected due to fixed differences at three allozyme loci (Hughes et al. 

1995). It was expected that introduced shrimps would mix with resident shrimps and 

complete admixture and introgression would result. This was because at that time it 

was thought that the only differences between the two populations were at 3 allozyme 

loci. Also, only a small component of the population (about 25% of one pool in each 

drainage) was translocated.  

 

Later studies, using mitochondrial COI gene sequences, revealed large differences 

between populations from the two sub-catchments with two distinct clades (Hurwood 

et al. 2003). The shrimps from Stony Ck belonged to one clade while Kilcoy Ck 

shrimps belonged to a second, with a level of sequence divergence of approximately 

6% suggesting around 2-3 million years of isolation. After seven years, Hughes et al. 

(2003), observed large heterozygote deficiencies at the Branch Ck West site, 

suggesting that random mating was not occurring. They reported that all the F1 

individuals in Branch Ck West had the mitochondrial DNA genotype of the Kilcoy 

Ck sub-catchment, meaning they had all resulted from crosses between Kilcoy Ck 
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females and Branch Ck West males. They suggested that the absence of offspring 

from the reciprocal cross (between resident females and translocated males) was not 

viable. Very few individuals with the resident genotype were found at the five Branch 

Ck West sites and the proportions of translocated genotypes were higher 7.5 years 

after the translocation. The translocated genotype had spread 2 km upstream and 500 

m downstream (Hughes et al. 2003). In contrast, at Kilcoy Ck all individuals sampled 

at that time had nuclear and mitochondrial DNA belonging to this local population, 

suggesting that the translocation had had no long term effect on the genetic structure 

(Hughes et al. 2003). For the rest of the thesis I will refer to the Kilcoy Ck or 

translocated genotype as lineage 4 and the Branch Ck West or resident genotype as 

lineage 6; following the phylogenetic analysis of Cook et al. (2006).  

 

Hughes et al. (2003) and Fawcett (2002), proposed that the near extinction of lineage 

6 could have occurred if all females tend to mate with lineage 4 males, but matings 

between lineage 6 females and lineage 4 males were not viable. In this way, lineage 6 

females will waste their gametes, probably due to their eggs being not fertilized or 

larvae not surviving. In contrast, if the reciprocal cross occurs rarely and some of the 

larvae survive, it would produce the asymmetrical pattern observed with individuals 

having lineage 4 mitochondrial genotype and a hybrid allozyme genotype. Another 

hypothesis is that the quick expansion of lineage 4 may have occurred as a result of 

differences in temperature triggering the molt and mating between the lineages. At 

warmer temperatures the molt cycle will occur earlier, resulting in earlier mating 

(Bauer, 1996).  
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This translocation event, in which populations have been transferred from one habitat 

to another, provided an ideal opportunity to examine the mechanisms that may have 

caused the rapid expansion of lineage 4 and the near extinction of the indigenous 

lineage 6.  

1.2 Possible outcomes of secondary contact 

 

 

The evolution of reproductive isolation in allopatric populations is difficult to follow 

in nature (Schluter, 2001; Turelli et al. 2001). Even more complex in nature are the 

genetic mechanisms that arise when populations come into secondary contact. When 

differentiated populations or lineages come into secondary contact, complex 

interactions may occur between them: first introgression may occur, which can result 

in partial or (if the two populations hybridize and there is backcrossing to either or 

both of their parental groups), complete mixing (Anderson, 1953). Under some 

circumstances, introgression is thought to be beneficial providing new genetic 

variation and improving the fitness of the two populations hybridizing, as long as they 

are genetically similar (Allendorf et al. 2001). 

 

Secondly, there may be no hybridization at all, possibly because populations have 

diverged to such an extent that individuals of the two populations no longer mate with 

each other. According to Dobzhansky et al. (1977) individuals that mate with their 

own type will have more and fitter offspring, resulting in the evolution of premating 

reproductive isolating mechanisms and thus speciation (Dobzhansky et al. 1977). On 

the other hand Paterson, (1985) disagrees and states that in such situations, population 
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genetic theory predicts that one population will go extinct or the mutations resulting 

in reduced hybrid fitness will be lost due to selection. 

 

Thirdly, when two populations come into contact after some period of geographic 

separation they can form hybrid zones that may be geographically linked (Remington, 

1968; Hewitt, 1988). This hybridization is quite often asymmetrical and has been 

argued to be due to different levels of selective pressure acting on mate preferences 

(Bordenstein et al. 2000; Pfennig & Simovich, 2002), unidirectional hybridization due 

to behavioral characteristics, differential abundance of parental populations, 

asymmetric mate choice or reproductive isolation, or differential viability of offspring 

(Schwenk & Spaak 1995). The behavioral divergence that makes hybridization occur 

asymmetrically could have evolved in allopatry.  

 

1.3 Asymmetry in sexual isolation 

 

Asymmetry in sexual isolation has been discussed since the work of Kaneshiro (1976, 

1980 and Watanabe & Kawanishi, 1979). Asymmetry occurs when two populations 

cross at different rates, with one population contributing only the male or female in 

the mating cross (Rolán, 2004). Understanding the causes of asymmetries in sexual 

isolation will help to explain how selection pressures operate within species and how 

divergent populations evolve to shape genetic structure.  

 

Asymmetry in sexual isolation can arise by: 1. Adaptive divergence in response to 

environmental differences (Sensory drive hypothesis; Boughman, 2002). 2. 

Asynchronous maturity of females, in which reproduction happens in an 
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asynchronous way matching female receptivity. In such cases sexually active male 

and female receptivity is determined by environment (Grafen & Ridley, 1983). 3. The 

Kaneshiro hypothesis states that derived females will be less choosy against ancestral 

males than ancestral females will be with derived males, producing an asymmetry in 

the sexual isolation of two populations in secondary contact. This is thought to be due 

to loss of some elements of the courtship behaviours in derived species by genetic 

drift and relaxation of sexual selection during colonization (Kaneshiro, 1976). 4. 

Another possible way to achieve asymmetrical isolation is when both reciprocal 

crosses occur but one produces non viable offspring, for example if female A mates 

with male B and produce viable offspring, whereas the reciprocal cross does not. 

Genetic and epigenetic factors can lead to hybrid inviability (Coyne & Orr, 1989), 

performing an important role, maintaining asymmetrical reproductive isolation 

barriers between closely related species.  

  

The significance of asymmetrical isolation and its triggers are not well understood, 

despite the great number of documented cases of it (Heth & Nevo, 1981; Giddings & 

Templeton, 1983; Bradley et al. 1991; Coyne et al. 2002; Pearson, 2000; Pfennig & 

Simovich, 2002).  

 
 
The sensory drive hypothesis proposes that signal matching between male mating 

signals and female preferences is affected by the local environment (Boughman, 

2001). According to this hypothesis, speciation could occur as a byproduct of 

adaptation to different environments in allopatry (Boughman, 2002). Since it is 

possible for genetic components to be affected by different parameters, including 

temperature, elevation, salinity, etc. and eventually fixed, these can change the mode 
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in which the habitat is perceived. These differences in the mode of expression and 

perception of the environment may change communication signals rather than feeding 

or life-history behaviors (Boughman, 2002). Communication behavior is a key factor 

producing reproductive isolation as a result of the distortion between male perception 

and female mating signals (Rundle & Nosil, 2005). 

 

The sensory drive hypothesis takes into account three processes: the first is habitat 

transmission (the way cues are carried through the environment); secondly, perceptual 

tuning (the adaptive interaction with the local habitat) and thirdly, signal matching 

[which would be the same concept as the mate recognition system proposed by 

Paterson, (1985)], the synchronization between female and male cues (Endler, 1992-

1993). When populations come to occupy different habitat conditions, natural 

selection will favour an effective communication system. According to the signal 

design of each population or even of each sex, selection may promote the direction of 

the divergence; and reproductive isolation arises as a by-product of selection 

favouring adaptations for efficiency of the mate recognition system (Schluter 1998). 

Thus, a female adapted for one habitat might be unsuccessful at mating in the other 

habitat because of its signal design.    

 
  
Mating behaviour in crustaceans (Decapods), female and male courtship interactions 

and their effect on mechanisms of sexual selection have been studied extensively 

(Ra‟anan & Sagi 1985, Christy 1987, Rondeau & Sainte-Marie 2001).  New 

behaviours have been identified, such as sperm allocation (Diesel, 1990), mate-

guarding (Mathews, 2002, 2003) and mate receptivity (Correa & Thiel, 2003a). 

However, the association with asymmetrical reproductive isolation and their 
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evolutionary consequences have received poor attention. The divergence between the 

mate recognition systems may be influenced by how males and females coincide in 

space and time to reproduce (Christy 1987, Correa & Thiel, 2003a).  

 

Female receptivity is linked with the reproductive moult in many crustaceans 

(Kitteredge et al. 1971; Nelson, 1991; Bauer, 1986; Correa & Thiel, 2003a), while 

males are thought to remain sexually active for a longer period during the intermolt 

(Ra‟anan & Sagi 1985; Bauer, 1996). According to Hughes et al. (1972); 

Chittleborough, (1975) and Chang, (1995), the moult cycle is intimately linked to 

environmental conditions. Temperature, photoperiod and food supply are thought to 

be the most important factors. In the same way, Skinner (1985) and Chang (1995) 

suggest that not only external factors affect the moult cycle but physiological factors 

also, such as developmental stage and reproductive maturity. 

 

According to Grafen & Ridley (1983), crustacean reproduction should happen 

synchronously, matching female receptivity after female moult; constraining the 

potential reproduction for males to a short period of time. In other words, females are 

a limiting reproductive resource for males due to their restricted period of sexual 

receptivity. This has been reported for multiple decapods, among them caridean 

shrimps (Nelson, 1991). Even though male potential reproductive rates are higher 

than those of females, it is still possible that sperm limitation may have an effect on 

male mating ability. Sperm limitation occurs when, following mating, males require 

an amount of time to recover and produce the same quantity and quality of sperm as 

prior to mating (Jivoff, 1997). It has been shown that when females of the snow crab 

Chionoecetes opilio mate with exhausted males, clutches contain few or no fertilized 
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eggs (Correa & Thiel, 2003a). Taking this into account sperm limitation may be 

another factor causing the asymmetric hybridization observed leading to extinction of 

local populations.  

 

Timing of reproduction is a very vital factor in reproductive success due to the 

intrinsic relationship of a species with its environment. Micro-geographic patterns in 

birds revealed differences in the timing of reproduction between sites, with those that 

mate early contributing disproportionately to local recruitment (Møller, 2008). 

Seasonality has been shown to affect the migration of egg-laying females in snakes 

Liasis fuscus, Tropidonophis mairii and Stegonotus cucullatus (Brown et al. 2002). 

Butterflies synchronize their breeding period with suitable wet seasons and respond to 

seasonal cues like photoperiod (Kemp, 2001). Production dynamics which distribute 

energy available for growth and reproduction have been shown to be different 

between dry and wet season in atyid shrimps, Caridina cantonensis and Caridina 

serrata (Yam & Dudgeon, 2006). In crustaceans, reproductive periods have been 

linked with seasonal variations in compounds associated with gametogenesis such as 

total lipids, triglycerides, total proteins and glycogen (Dutra et al. 2008). 

 

Phenology is an interdisciplinary branch of ecology that has received increased 

interest in recent years due to global warming and the effects of human disturbance in 

natural ecosystems (Kramer et al. 2000). Phenology is the study of seasonal 

ecological processes and timing of life-cycle events at a certain geographic location; 

this information can assist in understanding interactions between populations and their 

environment and improve the prediction of the impacts of erratic weather changes of 
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temperature, duration of sunlight, precipitation and other life-controlling factors on 

natural systems (Moza & Bhatnagar, 2005).      

 

Some factors of the phenology of P. australiensis in lineage 4 and 6 have been studied 

by Hancock & Bunn (1997), who compared the relative importance of temperature 

and hydrology at high and low altitude sites on breeding season. They reported that: 1. 

Gravid females appeared around 1 month later at upper sites (in spring, September - 

October) than at lower sites (at the end of winter and start of spring August–

September). 2. As a result, larvae followed the same pattern, emerging at upper sites 

later than downstream pools, but interestingly lower sites showed a bimodal 

distribution of larval abundance in spring and summer (October–November and in 

January–February) while at upper sites the distribution was unimodal in spring 

(November). 3. This bimodal distribution of larvae plus the concurrent ovarian 

development that occurred towards the end of the breeding season, provide evidence 

of a split in the cohort of sexually active females as Hancock & Bunn, 1997, 

explained. This was due to the fact that females from the earliest releases of larvae 

could have grown to breeding size in one year and been able to reproduce in two years 

in their whole life cycle.       

 

1.4 Hybrid zones and their maintenance  

 

When the ranges of two genetically differentiated populations overlap and they mate 

and produce offspring successfully, a hybrid zone occurs. Often there is a gradual 

transition from one population to another through a region where hybrids occur 

(Harrison 1990; Arnold 1997; Coyne & Orr 2004).  Hybrid zones are of great interest 
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to evolutionary biologists as they offer several opportunities to study: patterns of 

introgression, gene flow and selection determining the genetic differences and 

similarities of closely related species, and to determine whether hybrids have superior 

fitness or reduced fitness relative to parental genotypes in nature. This would help to 

shed some light into the speciation process (Harrison 1990).   

 

Hybrid zones and their maintenance have been the subject of many studies from 

which two main models have been proposed. Outbreeding depression may occur, 

where hybrids have a reduced fitness due to disruption of coadapted gene complexes 

or dilute genes associated with local adaptation. In this case, hybrids would be less fit 

than either parent in the parental location (Templeton, 1986) this is known as the 

ecologically neutral dynamic-equilibrium model (Barton & Hewitt, 1985). However, 

if hybrids and parental lineages are favoured by selection within the resident - native 

environment, they might fit the ecologically dependent bounded hybrid-superiority 

model (Endler, 1977; Moore, 1977). In this model, selection is a function of 

genotype–environment interactions, which have been reported widely (Campbell & 

Waser, 2001; Johnston et al. 2003). These models would be useful to understand the 

asymmetrical hybridization observed in P. australiensis, where genotype–

environment interactions could be the origin of this asymmetry. It is therefore 

important to find these two lineages co-occurring naturally in a clinal pattern to 

determine if there are natural hybrid zones between them. Examples of hybrid zones 

are extensive in plants: hybridization among four species of Rhododendron, which 

occur in sympatry in Turkey; where R. ponticum, R. smirnovii, R. ungernii, and R. 

caucasicum
 
hybridize naturally where they co-occurred (Milne et al. 1999). In 

animals: mating behaviors specific to local ecological and demographic conditions 
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have been reported to maintain hybrid zones between two quail species Callipepla 

californica and C. gambelii (Gee, 2003). Another study showed evidence of this 

phenomenon in a wide range of taxa including grass shrimp, mussels, crickets, lizards 

etc (Nosil et al. 2005)    

  

Altitudinal changes have been correlated with a range of genetic and phenotypic 

factors, such as chromosomal arrangements (Stalker & Carson, 1948; Levitan, 1978), 

allozyme frequencies (Pipkin et al. 1976), longer reproductive seasons (Largiader, 

1991) and duration of development (Louis et al. 1982). Largiader et al. (1994), 

studied two subspecies of Gerris costae (Heteroptera: Gerridae), that occur at 

different altitudes and showed that their phenologies also diverge. G. c. costae is 

restricted to high altitudes, reproducing in June (above 800 m) while G. c. fieberi 

dwell in lowlands, mating in March-April. They found intermediate hybrid 

populations, although in some low elevations they were not able to find pure G. c. 

fieberi suggesting that the high elevation G. c. costae took over their sister sub-

species. They proposed that partial prezygotic reproductive isolation and disruption of 

locally adapted life cycle syndromes might constitute a postzygotic isolation 

mechanism to keep these two populations apart at their respective altitudes.  

 

Life cycle syndromes are the set of variable responses from normal to extreme 

environmental conditions through seasons to which organisms can adapt (Bradshaw, 

1986; Dingle, 1986; Danks, 1987), allowing them to survive in a wide range of 

latitudes and altitudes. Thereby, life cycle syndromes would be very informative to 

understand how lineages 4 and 6 maintain their boundaries or how hybrids could have 

emerged if they do. Recognizing life cycle syndromes in P. australiensis would be 
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useful as this species complex possibly displays altitudinal clines and different 

phenologies in natural systems, as was observed between locations in the 

translocation event. Additionally, in invertebrates, their complex life cycles (egg, 

naupilus, protozoea, mysis larva, postlarva, juvenile and adult) permit a wide range of 

possible seasonal adaptations through all these stages (Taylor & Karban, 1986).  

 

1.5 Possible hybrid zones in Paratya australiensis 

 

The role of hybridization has been controversial, some considering it evolutionarily 

detrimental as hybrids are likely to experience rigorous selection against them. This 

reduced fitness could result in embryonic or adult death (Bock, 1984), or male or 

female sterility of hybrids (Haldane, 1922). Conversely, hybridization has been 

considered a potentially resourceful evolutionary force too, with hybrids surpassing 

parental fitness (Emms & Arnold, 1997; Burke & Arnold, 2001). That is why artificial 

translocation experiments like that with P. australiensis (Hancock, 1995) are of 

elemental importance to observe how life-history traits of the introduced lineage 4 

may be affected by selection in a new environment.  

 

Although this translocation experiment brought lineage 4 and 6 together, Cook et al. 

(2006), reported that this and other combinations of lineages were found to be 

naturally sympatric, co-occurring with more than one lineage at a number of locations 

in eastern Australia. They identified nine lineages, of which lineage 3 was confined to 

single sites never co-occurring with any other lineage, while at 23 of 118 sites 

surveyed, two or more lineages co-occurred. Lineages 4 and 6 were together in the 
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Brisbane River, Lockyer River, Condamine River, Clarence River, Peel River and 

Goulburn River.  

   

In another study, conducted in the Goulburn River in south-eastern Australia, the 

naturally sympatric lineages 4 and 8 were demonstrated to be reproductively isolated, 

as there were fixed allozyme differences between them (Cook et al. 2007). This 

suggests that species boundaries in natural populations are well maintained while in 

the experimental population in the translocation species boundaries, they appear to 

break down at least in one direction.  

 

A study in natural systems by Hancock & Bunn (1999) showed that P. australiensis 

possess a rheotactic response to water flow and large adults move upstream easily 

while ovigerous females tend to stay in the original pool rather than move into the 

current. Egg and clutch sizes of P. australiensis have been correlated with altitude, 

with individuals from upper elevations exhibiting a smaller clutch and larger egg size 

than those from lower altitudes which have smaller eggs but larger clutches (Hancock, 

1998). Hancock concluded that embryonic duration is shorter at higher temperatures 

and for large eggs from upper sites, larval duration was shorter and growth rate was 

faster conferring to these upper populations a more rapid development which is a 

significant fitness advantage, as it may prevent them from being washed downstream. 

Taking into account the translocation event, another study examined the factors 

(environmental and genetic) that could alter these properties on eggs and clutches 

when they change elevations (Hancock et al. 1998). They observed that egg size was 

under strong genetic control because eggs did not change size when high altitude 

genotypes were raised in low altitude sites. However clutch sizes changed to match 
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those at the resident site, which suggested they were under strong environmental 

influence.   

 

Genetic studies have recently shown that these two populations (lineage 6 and lineage 

4) of P. australiensis belong to two divergent mitochondrial lineages which are 6% 

divergent from one another at the mitochondrial COI gene (Hughes et al. 2003); 

where the resident population in Branch Creek is lineage 6 and the translocated 

genotype is lineage 4. Cook et al. (2006), using mitochondrial DNA revealed that 

there are nine divergent mtDNA lineages in eastern Australia, suggesting that P. 

australiensis is a complex of cryptic species. They suggest that most of the factors 

that seem to affect the biogeography of these lineages are related to temperature and 

hydrology and therefore elevation is likewise a critical aspect. 

 

1.6 Project aims and objectives. 

 

This project has two main research aims, these are: first, to determine how 

mechanisms that allow lineage 6 and 4 to hybridize in the translocation experiment, 

result in an asymmetric hybridization with the apparent extinction of the resident 

lineage 6. This will be discussed in Chapter three. This Chapter presents a detailed 

survey of this region at different times with the respective genetic and statistical 

analysis to establish if:  

 

1. Percentage of sexually active females differ from one lineage to another and if they 

do, if they show any seasonal pattern. 



 15 

 

 2. The asymmetrical hybridization is still observed in this region or if the native 

population is completely eradicated by the introduce lineage.  

 

The second aim of this project is to determine if the mechanisms apparently behind 

this asymmetrical hybridization operate when these two lineages co-occur naturally 

and if they do hybridize in the wild? The search for hybrid zones between lineages of 

P. australiensis in natural conditions will be reviewed in Chapter four. This will 

contain the sampling design used to find sympatric lineages and the analysis to 

determine: 1. Reproductive isolation or gene flow between co-occurring lineages. 2. 

How this genetic connectivity is maintained to form hybrid zones if they do exist. The 

final Chapter five will discuss the findings of this project, their applications for future 

studies and implications of such translocations in conservation genetics.   
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Chapter Two: General Materials and Methods 
 

This Chapter includes methods that were used in both the analysis of the translocation 

experiment and the geographic survey for naturally sympatric zones in the P. 

australiensis lineages. Methodologies that were specific to a given chapter are 

presented in the respective Methods section.    

2.1 Study species 

 

The glass shrimp, Paratya australiensis belongs to the family Atyidae, which contains 

the following genera: Paratya, Atya, Atyopsis, Atyaephyra, Caridina, Halocaridina, 

Neocaridina, Caridinides, Stygiocaris, Typhlatya, Troglocaris Parisia, Pycneus and 

Pycnisia (Williams, 1980). The genus Paratya was first described by Miers (1882) 

and the species P. australiensis was first reported in Australia by Kemp (1918). 

Before 1977 there was debate about the taxonomy of this shrimp suggesting multiple 

species. Williams (1977) concluded that only a single species P. australiensis was 

present, although more recently it has been shown to be a complex of closely related 

species (Cook et al. 2006). 

 

P. australiensis occurs widely across a variety of freshwater environments in 

Australia (Fig. 2.1), but it is most abundant in south-eastern Australia and accounts 

for most of the biomass in the majority east Australia streams (Williams, 1977).  P. 

australiensis is characterised by its outstanding long and sharp rostrum, an abdomen 

carrying a tail that it uses as a propeller, the carapace coating the dorsal and lateral 

thorax, long pleopods without big claws (chela) and stalked compound eyes (Fig. 2.2) 

with an orbital spine, a distinctive characteristic of P. australiensis (Choy & Horwitz 
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1995). P. australiensis are small shrimps (2-4 cm) which have a planktonic larval 

stage with significant potential to move, shown by its extensive geographic 

distribution (Williams, 1977).  

 

 

Sexual dimorphism is difficult to identify by eye; with males and females exhibiting 

minute differences in the pleopods, only distinguishable at the stereoscope level 

(Smith & Williams, 1980). P. australiensis are considered omnivorious scavenger-

browsers (Burns & Walker, 2000) which filter-feed on particulate organic matter 

(Gemmell, 1978). The lifecycle is generally considered to be two years with most of 

the females breeding in the second summer. It has been suggested that some females 

may produce more than one brood per season (Hancock & Bunn, 1997). However 

another very relevant observation by Williams (1977) and Hancock & Bunn (1997) 

was the capability of some females from early larval releases to breed in their first 

year.   

 

 

 

 

 

 

Figure 2.1. Paratya australiensis distribution in Australia. Modified from (Williams 

1977; Cook et al. 2006).  
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2.2 Molecular analysis  

 

2.2.1 Molecular techniques: mitochondrial DNA (mtDNA), allozymes and 
microsatellites. 

 

The application of molecular techniques has become increasingly popular, starting 

with protein electrophoresis in the early 1960s (Yamazaki, 1984). These techniques 

have been used to calculate: levels of genomic variation and population distinction 

through the estimation of FST, relatedness, paternity, inbreeding, and fitness between 

populations (Wright, 1931; Ross, 2001; Amos & Balmford, 2001), genealogical 

analysis identifying populations that are most closely related (Goldstein et al. 1999), 

 

Figure 2.2. .Paratya australiensis distinctive orbital spine, showing an adult and gravid 

female.   

Adult 

Gravid Female 

Orbital spine, distinctive 

characteristic of Paratya 

australiensis 

Orbital spine 
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population assignment, gene flow and migration rates (Pritchard et al. 2000; Manel et 

al. 2002). 

  

In this thesis, I used two types of molecular markers, nuclear (allozymes and 

microsatellites) and mitochondrial DNA (mtDNA). Each of these has its advantages 

and disadvantages. Mitochondrial genes evolve at a higher rate than do nuclear genes 

(Birky et al.1982). Mitochondrial material is maternally inherited and haploid, which 

means it has an effective population size approximately one-quarter that of nuclear 

markers (Birky et al.1989), allowing us to detect the pattern and pace of recent 

historical events. Mitochondrial DNA was used in this study because it had been used 

by Hurwood et al. (2003), in defining the two lineages of P. australiensis in the 

Conondale Range and later in another study where lineages 4 and 6 were identified 

within the species complex (Cook et al. 2006).    

 

I employed allozymes and microsatellites as nuclear markers. Even though the 

allozyme technique is not new, it is still broadly used in population genetic studies, 

because allozymes represent codominant loci that fit a simple Mendelian model 

(Sebbenn et al. 2000; Mariot et al. 2002; Hamrick, 1989), plus protocols of 

electrophoretic separation and staining are very simple to adjust to a vast range of 

species. Allozymes involve the analysis of inherited variation in proteins (enzymatic 

proteins), which result from variation in coding genes which create amino acid 

modifications and changes in the protein‟s electrical charge (Hamrick & Rickwood, 

1990). Even though allozyme analysis is widely used, additional nuclear markers have 

been developed because allozymes may not be selectively neutral and they are not as 

variable as more recently developed DNA markers (Karl & Avise, 1992). Barely 
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about a third of all amino acid variation is detected by allozymes (May, 1994; 

Acquaah, 1992). This limited polymorphism is caused by mutation rates on the order 

of 10
−6

 (Voelker et al. 1980), contrasting with microsatellites which are much more 

polymorphic with mutation rates estimated to be in the order of 5x10
-5

 to 5x10
-3

 

(Amos et al. 1996). The main reason why nuclear markers were used in this project 

was because mtDNA defines the genealogy via females but males do not contribute, 

making mtDNA useless for identification of hybrids. Both sexes contribute nuclear 

genes, so they are ideal for identification of hybrids.   

 

Microsatellites are variable numbers of tandem repeats (VNTRs) of DNA motifs two 

to five bases long (Weber, 1990). The total length of microsatellites is only several 

hundred base pairs (bp), which allows their variation to be studied by direct size 

measurements of PCR-amplified sequences (Tautz, 1989). Microsatellites are located 

in noncoding regions which makes them more likely to be neutral than functional 

markers such as allozymes (Oliveira et al. 2006). Thanks to their higher level of 

polymorphism, the presence of multiple alleles, and their Mendelian inheritance 

replicated in both sexes (Page & Holmes 1998), microsatellites have enhanced the 

estimation of genetic parameters, especially in populations with insufficient 

variability to be assessed with allozymes; making easier studies of kinship, population 

structure, genetic mapping and evolution (Queller et al. 1993; Bowcock et al.1994; 

Pena & Chakraborty, 1994). Microsatellites, allozymes and mtDNA were 

simultaneously measured in this study to complement one another to interpret the 

genetic differentiation; as well as defining patterns of population structuring amongst 

zones of extensive secondary contact in situations of possible introgressive 

hybridization between different altitudes involving lineage 4 and 6.  
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2.2.2 Genomic DNA extraction 

 

DNA was extracted using a CTAB/ phenol-chloroform extraction protocol (Doyle & 

Doyle, 1987), with some minor modifications. Approximately 40mg of fresh tissue 

was removed from an abdominal fragment of each shrimp and transferred 

immediately into a 1.5ml microcentrifuge tube. Tissue was then homogenised with 

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

EDTA, 0.05M CTAB; Sigma, Sydney, Australia) thus lysing cell membranes to 

liberate DNA. Then 5μl of Proteinase K (20mg mL-1) were added to remove proteins.  

With the tissue already ground, samples were incubated overnight at 65
o
C, allowing 

the proteolytic digestion of this enzyme to remove protein contamination. To ensure 

minimal degradation and binding of proteins to DNA, a phenol-chloroform-isoamyl 

(25:24:1, 700μl) followed by a chloroform-isoamyl (24:1, 600μl) extraction were 

employed. Microcentrifuge tubes were mixed in a carousel for 10 min and centrifuged 

at 13,500 rpm for 10 min between each of these extractions. Supernatant was kept 

after each extraction and transferred to a new 5ml microcentrifuge tube. To remove 

phenol and chloroform that may interfere with future steps in the extraction, 600μLof 

cold isopropanol was added, gently mixed and kept at minus 80
o
C for one hour, to 

precipitate DNA. After the hour, the samples were again centrifuged at 13,500 rpm 

for 35 min. Supernatant was aspirated and pellets resuspended in 1000μl of 70% 

ethanol, to remove salts and cellular debris. Samples were centrifuged at 13,500 rpm 

for 35 min, discarding the supernatant and the samples were ready to be dehydrated in 

the vacuum bell for one hour; before subsequent resuspending in 100μl of ddH2O.    
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2.2.3 Mitochondrial DNA amplification 

 
 

In order to detect the maternal origin and the lineage to which an individual belonged, 

a mitochondrial marker of a fragment of approximately 800bp from the coding protein 

gene cytochrome oxidase subunit I (COI) was used. The amplification of subunit I 

was obtained by standard polymerase chain reaction (PCR) procedure, using a 

specific primer set. Amplifications were performed in 12.5μl reaction volumes 

containing: 0.5μl of ParaCOI-L and ParaCOI-H, primers specifically designed for P. 

australiensis (Cook et al. 2006), plus 1μl template DNA, 0.3μl dNTP‟s, 1μl 25mM 

MgCl2, 1.3μl 10x Polymerase Reaction Buffer, 0.3μl Thermus aquaticus DNA (Taq) 

polymerase (1unit/ul) and 7.6μl ddH20. A first cycle of denaturation at 94°C for 4 min 

was followed by 45 amplification cycles of 30 sec at 94°C, 30 sec at 50°C, 30 sec at 

72°C and a last cycle of extension at 72°C for 5 min (Cook et al. 2006). Double-

stranded PCR products were separated by electrophoresis in 1% agarose gels stained 

with ethidium bromide in horizontal electrophoretic baths at 100v for 25 min. This 

enabled identification of accurate fragment size and positive amplifications to be 

purified and sequenced. To remove unconsumed dNTPs and residual primers before 

sequencing, the Exo/SAP protocol was employed. A master mix of 0.25μl 

Exonuclease (EXO) and 1μl Shrimp Alkaline Phosphatase (SAP) for each 7μl of PCR 

product was made and incubated at 37°C for 35 minutes. Both enzymes were then 

inactivated at 80°C for 20 min as so to not contaminate the sequencing reaction.  
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2.2.4 Sequencing 

 

Sequencing was performed firstly to locate polymorphisms between linage 4 and 6 

and identify restriction sites that distinguished between the two lineages. In addition, 

sequencing was also employed to identify microsatellites and to confirm lineages 

from river systems where both lineages co-occurred. The sequencing protocol was 2μl 

of Terminator Mix BigDye v3.1 (Applied Biosystems) containing di-deoxy 

fluorescent-labeled nucleotides, 2μl BigDye of 5 x Terminator Mix Buffer (Applied 

Biosystems), 0.32μl of ParaCOI-L primer, 0.5μl of purified PCR product and 5.18μl 

of ddH2O. The temperature cycling format of denaturation (where double strands 

separate into single strands), annealing (where the primer attaches to the single strand) 

and extension (where polymerase initiates elongating the primer and DNA synthesis) 

was: 1 min at 96
o
C, 30 cycles of 96

o
C for 10 seconds, 50

o
C for 5 seconds and 60

o
C 

for 4 minutes. The sequencing product was kept at - 4
o
C for the future cleaning. The 

cleaning protocol was carried out by adding to each tube from the sequencing product, 

15μl of a master mix of 10μl ddH2O and 5μl of 125mM EDTA. This new 

mastermix/sequencing product solution was added to a new 1.5μl microcentrifuge 

tube with 60μl of 100% ethanol, incubated for 15 min and then centrifuged at 13,500 

rpm for 40 min.  

 

Once samples had been centrifuged, supernatant was removed and 60μl of 70% 

ethanol was added and centrifuged at 13,500 rpm for 30 min. Supernatant was 

discarded and then microcentrifuge tubes were placed into the vacuum bell for an 

hour to dehydrate. Dry samples were sequenced at the Griffith University Sequencing 

Facility on an automated sequencer (Applied Biosystems 3130xl Capillary 

Electrophoresis Genetic Analyses). Sequences were then transferred to the School of 
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Environment and analysed, aligned and edited using BIOEDIT program Version 5.0.9 

(Hall, 1999) (Fig. 2.3).   

 

2.2.5 Restriction enzymes recognition system  
 

Restriction enzymes or endonucleases are molecular cutters that recognize short, 

specific, frequently palindromic, DNA sequences cutting them into fragments of 

defined sizes (Linn & Arber, 1968). This makes them a versatile genetic marker since 

they can discriminate between organisms by analysing the blueprints resulting from 

the partition of their DNA and separation by electrophoresis through agarose gels 

(Tegelstrom, 1992). They are known as Restriction Fragment Length Polymorphisms 

(RFLP). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.3.  Aligning, editing and analysis of sequences using BIOEDIT program Version5.0.9 (Hall, 

1999). Showing some of the base pair differences between lineage 4 and 6 from which restriction 

enzymes were identified.   
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Restriction fragment length polymorphism (RFLP) analysis of mtDNA was applied to 

assign samples to the mtDNA lineages of Paratya australiensis. RFLPs in nuclear 

DNA (Wiens, 1999) and mtDNA (Simsek et al. 1990; Bruns et al. 1991)  are widely 

used nowadays in evolutionary revisions; thanks to their capability to detect DNA 

polymorphisms and identify different species, in a reasonably priced and simple way 

compared with microsatellites and sequencing. However to develop RFLPs it is 

necessary to know the presence and location of the polymorphisms along the 

sequence, to be able to find enzymes that can cleave the precise nucleotide 

recognition sites of one species but not the other (Tegelstrom, 1992). Once identified, 

DNA samples were incubated with these endonucleases. 

 

To be able to use restriction endonucleases, polymorphisms had to be detected which 

distinguished between lineages 4 and 6. This preparative analysis was done using 

NEBcutter V2.0 from the New England Bio Labs website (http://tools.neb.com/ 

NEBcutter2/index.php). NEBcutter V2.0 produced around 30 different restriction 

enzymes available to cut the sugar-phosphate backbone of DNA sequences of these 

lineages. Pho-I and Tse-I were chosen because they cut the sequences into fairly equal 

lengths and because each was specific to only one of the two lineages (Fig. 2.4).  
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Figure 2.4. Identification of Restriction Enzymes with the program NEBcutter V2.0 from New 

England Bio Labs website.       

 

Pho-I had been used in recent studies with good digestion activity cutting lineage 4 

into two fragments of 300bp and 150bp (Cook et al. 2007). Tse-I was used to cleave 

lineage 6 as the recognition site of this enzyme was not present in lineage 4 (Fig. 2.4). 

The digestion of these restriction enzymes was performed with the following 

protocol:  8.65μl ddH2O, 1.25μl NEBuffer4 for Pho-I and NEBuffer3 for Tse-I, 2.5μl 

of DNA PCR product and 0.1μl of each restriction enzyme. Then samples were 

incubated at 65
o
C for Tse-I and 75

o
C for pho-I for 1 hour, to ensure correct enzymatic 

activity. After incubation, samples were electrophoresed in 2% Ethidium Bromide 

agarose gels at 80v for 1 hour. All individuals were digested with both Pho-I and Tse-

Pho-I 

Tse-I 
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I, separately to avoid making misidentifications because the digestion did not work 

(Fig. 2.5). 

 

 

2.2.6 Microsatellite library development 
 

The general approach to isolate microsatellites is to transfer a small genomic fragment 

cleaved by restriction enzymes into a plasmid vector, then to filter positive clones 

with repeat-containing probes. This was achieved using the microsatellite enrichment 

protocol (FIASCO – Zane et al. 2002). DNA digestion and ligation involved the 

presence of an adaptor (5‟-TACTCAGGACTCAT-3‟ / 5‟-

GACGATGAGTCCTGAG-3‟), to create a way for future pre-selective PCR 

amplification, with primers designed for the sequence of this adaptor. The adaptor 

was prepared before hand in the following way: 10μM of Mse1 – Aad1 and 10μM of 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. Restriction mapping section for lineages 4 and 6 in Ethidium Bromide agarose gels; 

showing the electromorph bands of COI mtDNA for P. australiensis.       

Molecular Ladder 1000bp 

Pho-I 
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Mse – Aad2 were mixed and incubated at 80
o
C for 5 min then at room temperature for 

15 min. With the adaptor ready, a master mix of 2.5μl Buffer (10x Onephor All plus), 

2.5μl DTT (50mM), 0.125μl BSA (10mg/ml), 5μl Adaptor (5μM), 0.5μl ATP 

(10mM), 2.5μl Mse1 enzyme (10 units), T4 DNA ligase (1unit/μl) and 12,75 ddH2O 

was added to 9μl of genomic DNA from eight shrimps (Lineages 4 and 6). The 

resulting combination was incubated at 37
o
C for 2-3 hours and then 30 min more at 

65
o
C to ensure inactivation of the restriction enzyme Mse1. A pre-selective PCR was 

prepared using the digestion/ligation product as follows using Fisher Biotec: 2μl 10x 

Buffer, 1.6μl 25mM MgCl2, 0.4μl 10mM dNTPs, 0.1μl Taq (5.5U/μl), 2.3μl Mse1-N 

primer (10μM), 0.5μl (digestion/ligation product) and 13.1μl of ddH2O for a total 

reaction of 20μl. The temperature cycling format for this PCR was a first denaturation 

at 94
o
C for 3min and 25 cycles of 94

o
C for 30s, 53

o
C for 1min, 72

o
C for 1min and a 

final step of 72
o
C for 5min then 15

o
C to store. Optimization of the PCR conditions 

took place until faint bands or an even smear around 200 – 1000bp were observed in 

1.6% agarose gels containing 0.5μl ethidium bromide for visualisation. A certain 

number of PCRs were performed to get 100μl for the hybridization to biotinylated 

probes. 

 

Then a hybridization buffer was prepared with 180μl 6x sodium chloride-sodium 

citrate (SSC), 3μl 10% sodium dodecyl sulphate (SDS) and 6μl 50x Denhards. This 

buffer was preheated to 62
o
C and  added to the hybridization solution which was 

composed of 100μl (PCR product), 10μl biotin probe (pool 4) which has a very strong 

affinity to streptavidin that eventually will help to target the fragments of interest; and 

denatured at 95
o
C for 5 min before being added to the hybridization buffer. This mix 

was incubated at 62
o
C for 30 min, then added to beads (Streptavidin Magnetic 
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Particles, SA-PMP) and mixed in a carousel for 20 min at room temperature. These 

beads were washed beforehand as follows: 200μl beads - Streptavidin Magnetic 

Particles (SA-PMP) were transferred into a 1.5ml tube and placed into a magnetic 

holder for 5min and the supernatant was discarded. Subsequently 200μl of 0.5x SSC 

were added, mixed gently and placed into the magnetic holder for 5 min. This step 

was repeated twice always discarding the supernatant. After that 200μl of 6x SSC, 4μl 

of 50x Denhards and 2μl of 10% SDS were added. The beads were then mixed with 

the incubated hybridization buffer and hybridization solution.     

 

After mixing in the carousel, the solution was placed into the magnetic holder for 5 

min and the supernatant removed. Six washes were performed. Between each one, the 

solution was placed into the magnetic holder for 5 min and the supernatant discarded. 

The six washes were performed with these buffers in the following order: 500μl 6x 

SSC (once), 500μl 2x SSC (once), 500μl hybrid buffer that was composed of 495μl 

0.1x SSC plus 5μl 10% SDS considered a stringency wash (twice), 500μl hybrid 

buffer for 5 min rotating in the carousel at 55
o
C (once) and the final wash 500μl 

hybrid buffer for 20 min rotating in the carousel at 55
o
C (once). All these 

nonstringency and stringency washes were used to remove nonspecific DNA. 

 

To separate the targeted DNA from the beads, beads were resuspended in 50μl TE 

(Tris-HCl 10 mm, EDTA 1 mm, pH 8), heated at 95
o
C for 5min and once removed 

from the heat supernatant, quickly kept using the magnetic holder. The supernatant 

was precipitated at - 20
o
C overnight with one volume of cold isopropanol and sodium 

acetate with a final concentration of 0.15M. Next day the solution was centrifuged at 

12,500 rpm for 30 min, supernatant was discarded and 1ml of 70% ethanol was added 
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to the pellet to be centrifuged once again. Supernatant was removed; pellet was dried 

out in a vacuum bell for one hour and eluted in 50μl ddH20. Around 4μl from this 

enriched solution were used to amplify the recovered fraction of DNA fragments that 

contain the preferred repeat and the MseI-N primer target site at each end.  

 

A PCR amplification was carried out with 2.85μl Mse1-N primer, 2.5μl 10x buffer, 

1.5μl 25mM MgCl2, 0.5μl 10mM dNTPs, 0.1μl of white Taq polymerase (Fisher) and 

13.55μl ddH2O for a total reaction of 25μl. The temperature cycling profile was the 

same as the pre-selective PCR described previously. Once enough DNA had been 

obtained, the ligation of this enriched DNA into a vector (pGEM-T) was 

accomplished using the following recipe: 10μl 2x Ligation Buffer, 1.5μl pGEM-T 

Easy vector (Promega), 2μl Ligase (T4 Promega), 3μl of the enriched DNA and 3.5μl 

ddH2O for a total reaction of 20μl. This reaction was gently mixed, spun to get fluid 

down and incubated at 16
o
C overnight, then stored at minus 20

o
C until the ligation 

was subsequently transformed into the competent Escherichia coli cells (Invitrogen) 

by electroporation. After that, cells were incubated at 37
o
C in an agitating oven for 1 

hour, and then cells were inoculated evenly using a spreader into LB agar plates 

containing 0.1 g/ml ampicillin (AMP). When plates were dry, they were placed upside 

down in an oven at 37
o
C overnight. Colonies fully grown were picked using a sterile 

toothpick from library plates and transferred to a plate with a grid square (stored for 

future reference) on to a 96 well plate with 100μl of ddH2O in each well (To check for 

positive clones).  

 

A PCR was used to check for positive colonies containing microsatellites, 0.5μl DNA 

from each well from the 96 well plate solution was added as template in a 12.5μl PCR 
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reaction containing: 1.25µl 10x reaction Buffer, 0.5µl 50mM MgCl2, 0.25µl dNTP‟s, 

0.05µl Taq (1U/µl), 0.35µl of each primer M13-F and M13-R “Sigma Genosys” (5‟- 

CAGGAAACAGCTATGAC-3‟), 1µl probe (pool 4 – no biotinylated) and 8.25µl 

ddH2O. This PCR had the same temperature cycling format as the pre-selective PCR 

described previously.  

 

PCR products were run on a 1.5% gel to check amplification of positive clones using 

a 100bp molecular ladder to recognize smear of fragments centred at approximately 

500bp (Fig. 2.6) and then sequenced using the M13F primer following the protocols 

illustrated in the sequencing section above. As the vector (pGEM-T) was 

approximately 200bp, positive clones were selected when bands were above 300bp, as 

this would indicate a microsatellite insert was present (Fig. 2.6).  

 

Microsatellite inserts were found in 60 colonies from 192 picked colonies. From 

these, 50 were sequenced with 22 containing microsatellite arrays and from these, 

only 5 showed differences between lineage 4 and 6. Primer design from sequences 

 

Figure 2.6. Screening of library for positive clones containing microsatellites in Ethidium 

Bromide agarose gels; showing the different fragments containing repetitive motifs for P. 

australiensis. Red ticks show the positives clones while X show failed insertions.      

100bp Molecular ladder 

500bp 

500bp 

Positives clones, containing Microsatellites 
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flanking these repetitive motif arrays were achieved using different sources (Hoelzel 

& Green, 1992; Faircloth, 2008)   and software Oligo Calc (http://www.basic. 

northwestern.edu/biotools/oligocalc.html), DNA Calculator (http://www.sigma-

genosys.com/calc/DNACalc.asp) and Netprimer (http://www.premierbiosoft.com/ 

netprimer/index.html); to avoid  palindromes, self-complementarity, pair 

complementarity, secondary structure of modified primer pairs and to check % of GC 

content and melting temperature. With fully tested, optimized and labelled with 5‟-

HEX fluorescent marker (GeneWorks) designed primers, screening was undertaken.  

 

PCRs for the screening were conducted with the following conditions: 1.0μl 25mM 

MgCl2 (Astral), 0.25μl dNTP‟s (Bioline), 1.0μl 10x Polymerase Reaction Buffer 

(Astral), 2μl template DNA, 0.05μl white Taq (1unit/μl) (Fisher), 0.25μl of each 

(Forward and Reverse) designed primer and 7.7μl ddH20 for a total reaction of 12.5μl; 

with the same temperature cycling program as the pre-selective PCR described above. 

Only annealing temperatures changed from primer to primer to optimize the 

amplification. PCR products were added to formamide-loading dye in a one to one 

ratio, subsequently placed into a heater to be denatured for 5 min at 95
o
C. PCR 

products were then rapidly transferred to ice, generating a temperature shock to keep 

the DNA single stranded. Due to microsatellite alleles differing in size at a given 

locus, these alleles were easily discriminated using 5% denaturing acrylamide gels. 

Loci were screened using TAMRA
TM  

size standard (Applied Biosystems) on a 

GelScan 3000 DNA analyser (Corbett Robotics) for both P. australiensis lineages 4 

and 6 (Fig. 2.7). Microsatellite allele patterns were scored using one-dscan 

(Scanalytics) gel analysis software. Despite efforts with gradient PCRs to find clear 

bands without stutter bands on the 5% denaturing acrylamide gels (Fig. 2.7), 4 of the 
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5 loci had to be excluded leaving only one polymorphic locus with clear bands free of 

stutters.  

 

Stutter artefacts are very common in microsatellite studies and the only evidence to 

show accurate peak height correction for stutters to be achievable is if the stutter 

distinctiveness for each allele is recognized previously (Perlin et al. 1995; Bakker et 

al. 2005). As this was a new microsatellite Library, none of these alleles have been 

reported before and stutter characteristics are unknown. The microsatellite of one 

usable locus was denoted as (CT)
25

, (CT)x25 and its forward primer was 

(CAATTCTAGGCAGAGGGTGGG) and reverse primer was 

(GGAGAATCCCCAAACAAGCAC) (Fig. 2.8). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7. GeneScan runs where bands are aligned and analysed by size. A. Stutter bands with no 

clear pattern, B. Clear bands with monomorphic patterns, not useable C. Clean band with 

polymorphisms between lineages of P. australiensis D. Bands can be seen as peaks with a clear 

chromatogram provided by one-dscan (Scanalytics).       

B A Stutter bands Monomorphic locus 

Polymorphic and clear bands C D 
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Figure 2.8. Sequence of the microsatellite developed in this study using the reverse primer, 

showing the dimeric sequence (CT)
25

. A. Section where primers were developed from DNA 

that flanks the microsatellite repeats. B. Section from the plasmid E. Coli where 

microsatellite-enriched was inserted. 

 

 

2.2.7 Allozyme electrophoresis 

   
 

Cellulose acetate electrophoresis was used to examine variation at three enzyme loci 

known to differ between the two lineages, Aspartate Transferase one and two (Aat-1 

and Aat-2, IECC no. 2.6.1.1), and Phosphoglucose Isomerase (Pgi, IECC no. 5.3.1.9) 

(Hughes et al. 2003). This was implemented by taking a small fraction of 40mg from 

the abdominal section of each shrimp, adding it to a microcentrifuge tube with 35μl of 

cold grinding buffer (2.44g Tris, 0.37g EDTA, 5.36g NH4Cl, 19.8g Glucose, 20ml 

NaN3 (0.02M) and dissolved in 1 litre of ddH20). Tissue was crushed in the grinding 

buffer and centrifuged at 10,000 rpm at 4
o
C for 20min. Subsequently, 10μl from the 

supernatant was placed into a 12 well plate (Helena Laboratories) with a syringe. The 

sixth and seventh wells were loaded with reference samples and the syringe was 

B 

A 

B 

A 

Microsatellite 

(CT)
25

 

E. Coli Plasmid 

 Primers 
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washed twice with ddH20 before loading the each sample. Cellulose Acetate Plates 76 

x 76 mm (Titan III), were pre-soaked for 20 min in electrophoretic buffers (50M Tris-

Glycine pH 8.5, for Aat-1 – Aat-2 and 100M Tris-Glycine pH 8.5, for Pgi). These 

electrophoretic buffers were used as running Buffers in the baths. With the soaked 

plates, 4 applications (Aat-1and Aat-2) and 2 (Pgi) were respectively applied and 

transferred to the running baths, with the rough side down and run in a current from 

negative to positive under a constant voltage of 200volts (Table. 2.1). After 

approximately one hour, plates were stained by histochemical visualization following 

procedures of Richardson et al. (1986).  

 

 

Table 2.1. Electrophoresis conditions, for running Aat-1, Aat-2 and Pgi for Paratya australiensis. 

Electromotive force is given in volts (v).      
 

Enzyme gene 

locus 

Applications Running / Soaking 

Buffer 

Running 

time 

Electric field 

Migration 

Aat-1 4 50M Tris-Glycine 80min Anodal (200v) 

Aat-2 4 50M Tris-Glycine 80min Anodal (200v) 

Pgi 2 100M Tris-Glycine 60min Anodal (200v) 

  

                                  

2.3 Data analysis 

 

2.3.1. Deviations from Hardy-Weinberg Equilibrium (HWE) and Linkage 

Disequilibrium (LD).  

 

Deviations from Hardy-Weinberg Equilibrium (HWE) and Linkage disequilibrium 

(LD) were assessed for all loci (HWE) and pairs of loci (LD) for each site, for the 

microsatellite and allozyme data. The program Genepop DOS version 3.3 (Raymond 
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& Rousset, 1995), was used to calculate the observed heterozygosity (Ho), expected 

heterozygosity (He), FIS: Weir & Cockerham (W&C) (Weir & Cockerham, 1984) and 

Robertson and Hill (R&H) and probability values. The probability test was used with 

the Monte Carlo Markov chain method (Guo & Thompson, 1992) with default 

parameters:  Dememorization number (1000), number of batches (100) and number of 

iterations per batch (1000). Each pair of loci in each population was tested for linkage 

equilibrium which measures the independence of alleles at two loci. Meanwhile, 

random mating and gene flow were tested with deviations from Hardy–Weinberg 

equilibrium. 
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Chapter Three: Asymmetrical Hybridization 
 

 

3.1 Introduction 

 

The translocation event involving the two lineages of P. australiensis provided a 

unique opportunity to examine further the result of mixing two divergent lineages. 

Abrupt changes in environmental conditions in this translocation (at least for lineage 

4) presented an opportunity to study differences in fitness of the two species as well 

as any differences between hybrids and parental genotypes. The near extinction and 

apparent asymmetrical hybridization could be explained by one or more of the 

following hypotheses: the sensory drive hypothesis where reproductive isolation 

evolves through the interaction between environmental and genetic components when 

the two lineages are allopatric. This hypothesis proposes that natural selection, 

mutation or drift may produce irreversible genetic changes that accumulated as these 

lineages diverged in allopatry (Muller, 1942). These changes of the genetic 

components may affect mating when they interact with ancestral environmental 

conditions, as ecological factors that trigger mating could differ from one habitat to 

another. The seasonal sampling of the two lineage provided insights into the effect of 

these genetic differences between the lineage 4 (translocated) and the lineage 6 

(resident) when they come into secondary contact. It is possible that these genetic 

differences are determined by seasonal temperatures.  

 

A complementary hypothesis for the near extinction of lineage 6 could be a bias in the 

operational sex ratios (OSR). OSR is the ratio of sexually active males to sexually 

active females in the correct location in space and time and is considered the most 
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significant parameter shaping the direction and intensity of sexual selection (Emlen & 

Oring, 1977; Correa & Thiel, 2003b). However, as I was interested in differences in 

the proportions of sexually active females at a specific season from each lineage, I 

considered the same concept of the OSR but instead of sex I examined the bias in the 

proportions of each lineage. In this way, I assessed the operational lineage ratio 

(OLR) between females of these two species. This female OLR is the ratio of sexually 

active females of one lineage to sexually active females of the other. Differences in 

female OLR between the two lineages will then influence the OSR of the whole 

population if males do not discriminate between females.     

 

Asymmetrical reproductive isolation may have arisen from differences between 

lineage 4 and lineage 6 OSR, due to differences in the female OLR that in turn are due 

to asynchronous female maturity. In other words, lineage 4 females may have become 

reproductively active earlier than lineage 6 females, due to their adaptation to colder 

environments. If so, then late in the season the female OLR may be very biased 

towards females (which would be likely to be lineage 6), because the males had 

already mated with lineage 4 females and were no longer ready to mate. It has been 

shown in some crustaceans that females with insufficient sperm will produce fewer or 

no eggs (Pitnick, 1993; Elner & Beninger, 1995; MacDiarmid & Butler, 1999).   

 

Important aspects of the translocation event have to be considered in detail in order to 

attempt to understand the mechanisms involved. First,  the translocation event was 

between two sites that differed considerably in elevation (Kilcoy Ck 590 meters and 

Branch Ck 470 meters) with average temperatures 3 to 6 degrees warmer at Branch 

Ck (Hancock, 1995).  Second, the breeding time of populations of P. australiensis 
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varies more between lower and upper elevations than among locations within an 

altitude (Hancock & Bunn, 1997). In Branch Ck, ovigerous females become visible a 

month earlier (between August-September) than at Kilcoy Ck (between September to 

October) (Hancock & Bunn, 1997). These observations suggest that temperature has a 

great impact on the atyid molt cycle and receptivity of females (lineage 4 and lineage 

6). In atyid shrimps, time of receptivity is short and periodic and the timing of this 

periodicity may vary with changing environment conditions (Mathews, 2003). Thus 

limited time for female mating and asynchronic receptivity between lineage 4 and 6 

females could have skewed the OLR towards females of a specific lineage. Time of 

receptivity is expected to change due to change of habitat (high elevations to low 

elevations) and will affect the time of the reproductive molt. For this reason, male 

competition will be stronger to mate with a few introduced sexually active females as 

reported in snow crabs by Rondeau & Sainte-Marie (2001). In other words, all males 

may mate with the first active females regardless of whether they are from lineage 4 

or 6.  

 

Based on the discussion above I could suggest that, females that come from Kilcoy 

Ck (lineage 4) that normally release their larvae later because they are in cooler high 

altitude sites; will react to the thermal change in the new habitat, releasing larvae 

earlier, possibly due to seasonal temperatures that affect hormones that control 

mating. Similar changes in relation to temperature have been reported in Paratya 

tasmaniensis by Lake & Ong (1972). They propose that the organ of Bellonci or X-

organ is a photoreceptor and active secretory organ in Paratya tasmaniensis. In 

addition they observed progressive changes in the X-organ in relation to climatic 

seasons. The type of secretions this X-organ releases, have been reported to be moult-
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accelerating hormones in the shrimps Palaemon serratus (Pasteur, 1962) and Lysmata 

seticulata (Carlisle & Dohrn, 1953). The neurohormone secretions of the X-organ 

control the cellular events that lead to growth and moulting (Halagowder & Natarajan, 

2005). This could trigger the process of moulting in lineage 4 females before lineage 

6 females, which naturally wait for higher temperatures to moult and eventually mate. 

This could result in asynchronous female maturity, which may affect the female OLR 

so that only a limited number of females are available early in the season and these 

would be all lineage 4. Having female OLR skewed significantly towards sexually 

active lineage 4 females and strong male competition produced as female receptivity 

becomes more asynchronous. The obvious outcome is the one that was observed by 

Hughes et al. (2003), an asymmetric hybridization between lineage 4 females and 

lineage 4 or lineage 6 males represented by the distribution of the mtDNA reported by 

Hughes et al. (2003). They showed that all the F1 individuals in Branch Ck West had 

the mitochondrial DNA genotype of lineage 4, indicating that they had all resulted 

from crosses between lineage 4 females and lineage 4 and 6 males.  

 

The idea of female OLR skewed towards lineage 4 females early in the mating season 

is also partly supported by the observations of Hancock (1995), although not 

commented on at the time. He found, after the translocation, that ovigerous females 

from lineage 4 were always twice as common as ovigerous females from lineage 6 in 

Branch Creek. Additionally, data from his study show that immediately after the 

translocation experiment, the number of larvae change dramatically from one lineage 

to the other. The number of larvae in spring 1994, a generation straight after the 

translocation, was five for the resident lineage 6 while for the introduced lineage 4 

was 112.  
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Alternatively, genetic incompatibilities between lineage 6 females and lineage 4 

males could also explain this asymmetric distribution of the mtDNA, for example, if 

lineage 4 and 6 males and females mated at random, but crosses between lineages 6 

females and lineages 4 males did not produce viable offspring. This could explain the 

presence of only one type of hybrid, but not the near extinction of lineage 6 in Branch 

Ck West. Hughes et al. (2003), propose that the near extinction of lineage 6 could be 

due to females tending to mate with lineage 4 males, but matings between lineage 6 

females and lineage 4 males not being viable. Lineage 6 females would thus waste 

their gametes, probably because their eggs are not fertilized or because larvae do not 

survive. Alternatively, if the reciprocal cross occurs occasionally and some of the 

larvae survive, the asymmetrical pattern observed with lineage 4 mitochondrial 

genotype and a hybrid allozyme genotype would result.        

  

The expectation for a difference in the timing of female receptivity between the two 

lineages could potentially lead to males mating first with lineage 4 females. If lineage 

6 females are receptive later, only a few males may recover enough to mate with 

them. Hancock, (1995) states that natural selection will favour females that release 

larvae early since their potential to contribute a proportion of offspring to the next 

generation will be greater. Fitness consequences of hybridization vary across 

environments and fitness components (Emms & Arnold 1997, Pearson, 2000).  

 

In the case of P. australiensis, elevations and temperatures are likely to be important 

environmental components, whereas quantity and time of release of offspring and the 

ability to transmit their genes to the next generation in the adult stage, are the fitness 

components.  Individuals with a lineage 4 mitochondrial genotype may have been 
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produced earlier than individuals with a lineage 6 mitochondrial genotype, so lineage 

4 individuals may outperform in early stages in the larval development but may not be 

successful later as temperature increases further during the season. In other words, 

lineage 6 is likely to be better adapted for this habitat following the “home site 

advantage” concept, where genotypes have a higher fitness in their site of origin than 

foreign genotypes (van Andel, 1998; Hufford & Mazer, 2003), while lineage 4, 

although producing more and earlier larvae may have lower survival through the 

warmer months.  

 

This suggestion is partly supported by unpublished data (Hughes, unpublished data) 

which shows variation in the distribution of the two lineages across a number of 

years. Based on allele frequencies at the Aat-2 locus (which distinguishes between the 

two lineages) there is a consistent change between juvenile and adult stages. Each 

season, the allele associated with lineage 4 increases in frequency in the juveniles but 

then decreases for that cohort in adults. This effect was seen at different sites above 

(B+1 and B+2), below (B - 1 and B - 2) and at the Home pool (B 0) in Branch Ck 

West (Fig. 3.1). This effect was particularly noticeable in the Home pool and the two 

pools immediately above it in 1995-1996 soon after the translocation. In 2001-2002, 

frequencies fluctuated in the same way but not as noticeably. Figure 3.1 also 

illustrates that frequencies of the lineage 4 specific allele were higher in later years 

showing how lineage 4 is gradually displacing lineage 6.        
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The main aim of this Chapter was to examine the possible causes for: a) The 

asymmetrical hybridization and b) The almost complete extinction of the resident 

lineage 6. The specific objectives were:  

 

1. To examine the dynamics of the genetic structure at the original place of the 

translocation, Home pool and to establish if hybridization is still occurring in an 

asymmetrical fashion. 

  

2. To compare the proportions of gravid females at the original (control) sites (Kilcoy 

Creek for lineage 4 and Branch Ck East for lineage 6) with the Home pool to 

determine if timing of reproduction differed between lineages and between sites for 

each lineage. I predicted that a) lineage 4 would breed earlier than lineage 6 in the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1.  Frequency of the lineage 4 specific allele at Aat-2, for sequential generations after 

the translocation event; at different sites above (B+1 and B+2), below (B - 1 and B - 2) and in 

the Home pool (B 0) in Branch Ck West, showing the increase of this allele in juvenile (Juv) 

stages followed by a decrease in adult stages (Hughes, Unpublished).       
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Home pool as season change from winter to spring when temperature increase and 

that b) lineage 6 would breed at different times in the Home pool and at the control 

site, Branch Ck East.  

 

3. To establish differences in the female OLR at different seasons (Autumn – Spring) 

I predicted that the female OLR would be skewed towards lineage 4, early in the 

season in the Home pool.  

 

4. To analyze eggs from the sampled gravid females to infer the parents of these eggs, 

to determine which types of crosses predominate each season. 

 

These objectives were achieved by sampling gravid and non gravid adults and larvae 

over a three year period in autumn and spring in the control sites and the Home pool. 

A new microsatellite locus was developed to be added to the two allozyme loci Aat-1 

and Aat-2 and the mtDNA, to follow the hybridization dynamics between lineages. 

This new microsatellite locus was used to deduce the father of the eggs and to infer 

the crosses producing these eggs at a particular season. Lineage and number of all 

gravid females were recorded to determine whether the female OLR was skewed 

towards a particular lineage in each season.  
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3.2 Specific material and methods 

 

3.2.1. Geographic setting and sampling. 

 
 
The geographical setting for this study was in the Conondale Range, 100 km north-

west of Brisbane, southeast Queensland (Fig. 3.2). This range separates two major 

river systems, the Brisbane River and the Mary River. It is characterised by a 

subtropical climate with hot, wet summers and cool, dry winters. At low altitudes, 

riparian vegetation is more predominant; in contrast high altitudes are composed 

mostly of rainforest (Hancock & Bunn, 1997).  

 

The two creeks involved in the translocation event were Kilcoy and Branch Creek. 

Branch Creek is a tributary of Stony Creek and is divided into two branches, Branch 

West (Fig. 3.3) and Branch East. The Stony Creek catchment exhibits elevations from 

approximately 160m above sea level to 480m (Hancock & Bunn, 1997). Samples 

were taken from both branches of this creek in autumn and spring over a 3 year 

period. Kilcoy Creek catchment rises from approximately 180m to an altitude of 

around 590m (Fig. 3.4). The shrimps collected from this stream were from a site 

580m above sea level which was the source of the original translocation (Hughes et 

al. 2003). These samples were used as control samples, because as predicted by 

Hughes et al. (2003), the translocated P. australiensis at Kilcoy Creek did not survive 

after 1997. 
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Figure 3.3. Stony Creek - Branch West, Home Pool 

where the original translocation event took place 15 

years ago. 

 

 

  

 

Figure 3.4. Kilcoy Creek, pool where shrimps were 

collected to be translocated to Stony creek. 

 

 

 

Figure 3.2. Location of Branch and Kilcoy Creeks where sampling was carried out in the Conondale Range, 

South-east Queensland (Taken from Hancock & Bunn, 1997). 
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To study the environmental context in which hybridization occurred in this 

translocation event and test the different mating responses at different seasons on 

females of the two lineages to produce asymmetric hybrid offspring; a seasonal 

sampling regime was set up over three years. Proportions of each lineage and female 

OLR were recorded to explore the mating timing in the original site of the 

translocation “Home pool”. The first samples of gravid females were taken at May 

15-2006 by accident as this had not previously been reported as a mating season for P. 

australiensis. Samples from that date were meant to be for the development of 

restriction enzymes. With this finding in mind the seasonal sampling was continued as 

shown in the table 3.1, attempting to cover every autumn and spring of my research 

period (Fawcett, 2002).  

 

Controls were sampled at the same times; the controls were the original source 

locations from which these lineages came before they were made sympatric by the 

translocation. Control individuals for lineage 4 were taken from Kilcoy Creek while 

for lineage 6, the control site used was Branch East as this tributary had not been 

invaded by the introduced lineage 4 and was at the same altitude as the home pool on 

Branch West.  

 

Samples could not be collected in autumn 2007, due to the dramatic conditions of the 

drought. Rainfall was 23.8% below the historical average for autumn 2007, reported 

during the Federation Drought (Queensland Climate Change Centre of Excellence 

(QCCCE), 2007). Despite efforts of sampling at different months of that season, pools 

were dry and few individuals were collected. As this sample was very small and 
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conditions were very different from a normal autumn, samples for this season in 2007 

were therefore not used in the subsequent analysis.     

 

Table 3.1. Seasonal sampling: showing the number of gravid females, larvae, eggs and other 

(Adults non gravid).  At autumn 2007 very few samples were collected as pools were dry and 

sandy.  
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Sampling was accomplished using both a fine-mesh seine (1.5m depth × 8m length) 

and dip net (Fig. 3.5). Sampling was done during different seasons at Kilcoy Ck at 

590m (location from which shrimps were translocated), Stony Ck (Home pool at 

470m, original location of the translocation), and Branch Ck East at 500m (where no 

translocation event had taken place). Gravid females were taken to indicate sexually 

active females and to calculate the female OLR and non gravid adults were collected 

to compare proportions of both lineages. As it is very difficult to sex them, the non 

gravid adult category is composed of males and non-sexually active females. Where 

possible, between 15 to 30 gravid females and around 20 to 30 non gravid adults per 

site were sampled at spring and autumn over a 3 year period. 

 

Due to differential sample effort as gravid females were much more difficult to 

sample than non gravid adults; gravid females were analysed separately. Because I 

was sampling “information rich” cases, that is individuals within the population with 

the most information on the characteristic of interest into the research question, this is 

called purposive sampling (Miles & Huberman, 1994). In this study the “information 

rich” cases were gravid females. We then purposively selected those females to obtain 

representative information of the population. Purposive sampling strategies differ 

from probability (or random) sampling strategies and so non gravid adults were 

analysed separately as they were sampled randomly. Additionally, the inbuilt bias of 

the purposive technique contributes to its efficiency, and the technique stays robust 

even when tested against random probability sampling (Tongco, 2007). Sampling 

randomly may leave out the very individuals that the researcher may want to sample, 

especially if the individuals are distributed patchily across an area (Bourdeau, 1953; 

Danz et al. 2005) as was the case with the gravid females. It was totally impractical to 
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sample randomly as very large numbers of non gravid adults would have had to be 

genotyped, which was both too expensive and too time consuming.  

 

The shrimps were collected into zip lock bags and labelled before they were cryo-

conserved in the liquid nitrogen canister at a temperature of -180°C, then transferred 

to the laboratory as soon as possible where samples were stored at -80°C for further 

analysis (Fig. 3.5). 

 

3.2.2. Methods 

 
 

Allozyme, microsatellite and PCR – RFLP techniques were used to determine the 

lineage of every sexually active female (Gravid ones), adult and larva; meanwhile 

eggs were analysed using only microsatellites, as they were microscopic and were 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Flow diagram from sampling to processing the organisms in the laboratory.  

Sampling 

with a dip net 

Labelling 

Cryo-conservation 

Processing samples. 
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unsuitable for allozyme analysis. Mitochondrial DNA analysis was unnecessary 

because their mothers were analysed. Since mitochondrial DNA is maternally 

inherited, the maternal origin of the eggs was already known. To identify from which 

lineage the father came, microsatellites were used (Fig. 3.6). Eggs from gravid 

females in spring 2007 were not able to be extracted as these were in such early stages 

of development, that only a viscous mass of undefined eggs could be recovered, 

possibly due to the detrimental conditions from the severe drought causing mating 

delays. Microsatellite bands for lineage 6 were 110bp long while lineage 4 were 

112bp and hybrids exhibited both bands (Fig. 3.6). Microsatellite, allozyme and PCR 

– RFLP protocols were followed as described in Chapter 2.  Operational lineage ratios 

OLR were measured only for gravid females as the interest in this study was to 

observe towards which lineage the gravid females were skewed at a specific season. 

 

3.2.2.1 Analysis of contingency tables. 

 

Multivariate relationships are complex and difficult to analyse and interpret with 

dichotomous and categorical variables (Knoke & Burke, 1980). Log linear allow 

 

 

 

 

 

 

Figure 3.6. Microsatellite band patterns, showing hybrid individuals exhibiting two 

bands, one 110bp long belonging to the lineage 6 and another 112bp long belonging to 

lineage 4.    
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Lineage 6 bands 

Lineage 4 bands 
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assessment of the significance of interactions between two or more categorical 

variables. However to use this analysis samples of gravid and non gravid individuals 

would have to have been taken in a random fashion, which was not possible as the 

sampling effort for gravid females was necessarily much greater than for non gravid 

ones. Nevertheless the sampling effort to collect gravid females was the same at each 

pool analysed. As we could not pool gravid and non gravid individuals, chi square 

tests were performed only for gravid females, in order to test for differences between 

breeding time, location and season for each lineage, contingency tables were built to 

analyse these interactions. So, taking into account the observed frequencies from 

gravid females at different seasons an AxB contingency table was constructed (Table 

3.2): The contingency table was only for the Home pool where A was season 

(Autumn and Spring) and B was lineage (Lineage 4 and Lineage 6). For the non 

gravid individuals, proportions were compared between lineages to observe if lineage 

6 was still disappearing in this pool. 

 

 
Table 3.2. Example of the contingency table built for the analysis between seasons and 

lineages in the Home pool of P. australiensis.   
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3.3 Results 

 

3.3.1. Lineage 4 and 6 allele frequencies in the Home pool. 

 

 
The allozyme loci were described by Hughes et al. (1995) with fixed differences 

between lineage 4 and 6, meanwhile the microsatellite locus was developed in this 

study. Microsatellite alleles 110 and 112 were fixed in their respective source 

populations with allele frequencies of one for the allele 112 at Kilcoy Creek for the 

lineage 4, while the allele frequency for this allele at Branch East was zero. The allele 

110 that is fixed for the lineage 6 have an allelic frequency of one at Branch East but 

in Kilcoy Creek was zero at all sampled seasons (Table 3.3).  

 

Allele frequencies at all three loci show that the alleles associated with lineage 4 are 

more dominant in spring approximately 88%, while frequencies of lineage 6 alleles 

are 11%. In autumns, alleles associated with lineage 6 increase with around 50% of 

each lineage at Home pool (Table 3.3). However as gravid females were preferentially 

gathered at each season and if these two lineages are reproducing at different times as 

is suspected, allele frequencies would be skewed towards the lineage that is mating at 

that particular time as gravid female would contribute more to the frequency of those 

alleles. To avoid this, bias allele frequencies were calculated again without gravid 

females (Table 3.4).        
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Table 3.3. Microsatellite and allozyme allele frequencies for each source population and the Home 
pool at different times for all Paratya australiensis individuals. Allele frequencies associated with 
lineage 6 are in blue and allele frequencies associated with lineage 4 are in red at Home pool. 

 

 

 

 

 

 

 

 

 

 

When allele frequencies were calculated without gravid females, the frequencies of 

the alleles associated with lineage 4 were much higher in autumn and still superior in 

spring compared with alleles associated with lineage 6 (Table 3.4).  

 
 
Table 3.4. Microsatellite and allozyme allele frequencies of non gravid adults at Home pool in 
different times for Paratya australiensis. Allele frequencies associated with lineage 6 are in blue 
and allele frequencies associated with lineage 4 are in red. 
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3.3.2. Deviations from Hardy-Weinberg Equilibrium (HWE) and Linkage 
Disequilibrium (LD). 

 

 

Tests for Hardy –Weinberg equilibrium and linkage disequilibrium were run with all 

the genotype data for each sample collected at Home pool (Appendix 1). This is the 

first study using microsatellites to detected significant structuring across this hybrid 

zone. The test for linkage disequilibrium between pairs of loci showed that in all 

seasons, loci were in linkage disequilibrium (P < 0.05 Table 3.5). This result would be 

expected if two lineages with different allele frequencies were coexisting at each site, 

without random mating. 

   

Table 3.5. Pairwise linkage disequilibrium among microsatellite and allozyme 

loci at Home pool. 

Season Locus #1 Locus #2 P-value 

Autumn 2006 Microsatellite Aat-1 0.00000 

Autumn 2006 Microsatellite Aat-2 0.00000 

Autumn 2006 Aat-1 Aat-2 0.00000 

Spring 2006 Microsatellite Aat-1 0.00003 

Spring 2006 Microsatellite Aat-2 0.00002 

Spring 2006 Aat-1 Aat-2 0.00004 

Spring 2007 Microsatellite Aat-1 0.00000 

Spring 2007 Microsatellite Aat-2 0.00000 

Spring 2007 Aat-1 Aat-2 0.00000 

Autumn 2008 Microsatellite Aat-1 0.00000 

Autumn 2008 Microsatellite Aat-2 0.00000 

Autumn 2008 Aat-1 Aat-2 0.00000 

 

These linkage disequilibrium results accord with the fact that all loci at all seasons 

tested for Hardy –Weinberg equilibrium were found to be out of HWE (P< 0.05) as 
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well. Additionally all FIS values were positive, indicating a deficit in heterozygotes 

(Table 3.6), as would be expected if two lineages were not mating at random.        

 

Table 3.6. FIS values across seasons in the Home pool of the translocation event for P. 

australiensis. 

 

Season Allozymes Microsatellite 
Aat-1 Aat-2 

 W&C R&H W&C R&H W&C R&H 

Autumn 2006 +0.965 +0.982 +0.896 +0.911 +0.896 +0.911 

Spring 2006 +1 +1 +1 +1 +1 +1 

Spring 2007 +0.899 +0.918 +1 +1 +0.899 +0.918 

Autumn 2008 +0.896 +0.919 +0.948 +0.973 +0.843 +0.864 

 

 

The total number of individuals belonging to each lineage (based on mtDNA) in the 

samples from which these tests were run is presented in the following table 3.7.  

 

Table 3.7. Number of individuals of each lineage based on 

mtDNA across seasons in the Home pool. 

 

Season Home Pool 
  Lineage 4 Lineage 6 

Autumn 06 33 25 

Autumn 08 19 20 

Spring 06 30 4 

Spring 07 43 5 
 

 

 

Based on mtDNA, all hybrids collected were from lineage 4 females and lineage 6 

males; these individuals had a hybrid pattern in allozymes and microsatellites (Table 

3.8) while for non hybrid individuals their allozyme and microsatellite genotypes 

matched their respective mtDNA (Table 3.8). Larvae were only captured in the Home 

pool in autumn 2006 and all 15 individuals had the lineage 4 mitochondrial haplotype. 
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Table 3.8. Proportion (P) of gravid females and non gravid adults belonging to a particular 

lineage or a hybrid state (Red) and its respective mtDNA. L6 (Lineage 6) - L4 (Lineage 4). 

Microsatellites, allozymes and mtDNA were used to allocate individuals to L4, L6 or 

Hybrids.  
 

Season Gravid Females Non Gravid Adults 

    P mtDNA   P mtDNA 

Autumn 2006 Lineage 6  0.64 L6 Lineage 6  0.27 L6 

Lineage 4  0.32 L4 Lineage 4  0.64 L4 

Hybrid  0.04 L4 Hybrid  0.09 L4 

Spring 2006 Lineage 6  0.00 * Lineage 6  0.14 L6 

Lineage 4  1.00 L4 Lineage 4  0.86 L4 

Hybrid  0.00 * Hybrid  0.00 * 
Spring 2007 Lineage 6  0.00 * Lineage 6  0.16 L6 

Lineage 4  1.00 L4 Lineage 4  0.81 L4 

Hybrid  0.00 * Hybrid  0.03 L4 

Autumn 2008 Lineage 6  0.75 L6 Lineage 6  0.35 L6 

Lineage 4  0.19 L4 Lineage 4  0.52 L4 

Hybrid  0.06 L4 Hybrid  0.13 L4 

 

 

Interestingly, the number of non gravid lineage 6 adults was very low in comparison 

with number of non gravid lineage 4 adults in all the seasons sampled over the three 

year period. In autumn, lineage 6 proportions appear to double although lineage 4 is 

still twice as abundant, while in spring lineage 4 proportions were five times more 

abundant than lineage 6 (Fig. 3.7).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Proportions of non gravid adults from each lineage sampled in Home pool over 

a three year period. Number of individuals caught is above bars.  
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3.3.3. Female operational lineage ratio OLR and interactions between 
timing of reproduction, habitat and season.  

 

 

The analyses of timing of reproduction and season were carried out with the software 

SPSS 16.0 based on the contingency table shown in the Table 3.2. Chi-square tests 

were run to test for significant differences in the proportions of each lineage of gravid 

females at different seasons and to assess differences in the female OLR in the Home 

pool. The null hypothesis was that proportions of each lineages are the same between 

seasons in the Home pool (Table 3.2).  

 

In the Home pool, the female OLRs were biased towards different lineages in spring 

and autumn as shown in Figures 3.8 and 3.9. Female OLRs were skewed toward 

lineage 6 in autumn while in spring, the female OLRs were skewed towards lineage 4 

(Fig. 3.8 and 3.9). This distribution of the female OLRs shows that mating season 

which was previously limited to warmer months has shifted to a cooler month. Chi 

squares support this, as all tests were significant.  

 

Gravid lineage 6 females were found in higher proportions in both autumn 2006 and 

autumn 2008, showing that sexually active lineage 6 females outnumber sexually 

active lineage 4 females, skewing the female OLR towards lineage 6 in autumn in the 

Home pool (
2 

= 30.11, P< 0.001, Fig. 3.8). In spring the opposite situation occurred 

with gravid lineage 4 females in higher proportions in both spring 2006 and spring 

2008. No gravid lineage 6 females were found in spring 2006 or 2007, indicating that 

in spring, only lineage 4 females are contributing to the offspring, with a female OLR 

exclusive to lineage 4 females (Fig. 3.8). This means that lineages reproduce at 
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different times, with lineage 4 reproducing predominantly in spring while lineage 6 

reproduces later only in autumn (Fig. 3.9). 

 

 

 

Figure 3.8. Proportions of sexually active females (gravid females) belonging to each lineage in the 

Home pool. 

 

In Fig. 3.9, it is clear that breeding in Kilcoy Ck happens only in spring. This means 

that lineage 4 breeds only in spring at the control site, but in both seasons at the Home 

pool. Meanwhile in lineage 6 most individuals breed in spring at the control site and 

with only a few breeding in autumn. In contrast to lineage 4, lineage 6 bred only in 

autumn in the Home pool, which shows a substantial difference in timing of 

reproduction between sites, with autumn reproduction in the Home pool but spring 

reproduction in the control. Comparison with control creeks suggests that mating 

season has changed from spring to autumn in lineage 6, while the mating season for 

lineage 4 in the Home pool appears to be wider than in the control pool, where mating 

only occurs in spring.   
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3.3.4. Genotyping of eggs collected from gravid females 

 

Due to the state of some females, it was impossible to distinguish individual eggs 

from a premature embryonic mass in the ventral thoracic brood chamber. This 

situation occurred in a few females in both autumn and in spring 2006 but in spring 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Proportions of sexually active females (gravid females) for each lineage that 
estimate the female OLR at different seasons in Home pool and their respective control pools.  
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2007 all females were in this condition. Consequently eggs for this period could not 

be analysed (Table 3.9). Hybrid gravid females were caught only in autumn and only 

one at each season with clearly defined eggs. From these eggs, it was not possible to 

determine the father as they were heterozygotes, so the mother could have contributed 

either 110 or 112. Based on this microsatellite locus, it appeared that crosses between 

lineage 6 females and lineage 6 males occurred only in autumn 2006, whereas crosses 

between lineage 6 females and lineage 4 males and vice versa occurred only in both 

autumns. Just one cross between a lineage 4 female and a lineage 6 male occurred and 

that was in autumn 2006 (Table 3.9). Crosses between lineage 4 females and lineage 4 

males occurred in autumn 2008, spring 2006 (Fig. 3.10) and very probably in spring 

2007 as all adult genotyped individuals for this period belonged to lineage 4. 

 

 

 

Table 3.9. Cross tabulation of the number (N) of gravid females with extracted eggs across 

seasons and their respective father for each egg analysed with microsatellites. 
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3.4 Discussion 

Due to method of analysis we cannot determine the proportion of either lineage that is 

breeding (would have required genotyping huge numbers of shrimp on each occasion) 

but clearly there are differences in the relative proportions of each lineage within 

gravid females between seasons.  

 

3.4.1. Deviations from Hardy-Weinberg Equilibrium (HWE) and Linkage 
disequilibrium. 

 

Significant departures from Hardy-Weinberg equilibrium and deviations from linkage 

equilibrium were found at all seasons and at all loci. Departures from Hardy-

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Crosses between lineage 6 and 4 across seasons in the Home pool. Lineage 6 

females (6♀), lineage 6 males (6♂), lineage 4 females (4♀), lineage 4 males (4♂). The 

numbers above the bars represent the # of analyzed eggs from those crosses.   
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Weinberg and high linkage disequilibrium between loci are a further supporting 

evidence for a subdivided population (Zöllner & von Haeseler, 2003; Sinnock & Sing 

1972). In all cases, the deviations were the result of heterozygote deficiency. FIS 

values were all very high and given that there were fixed differences between the two 

original populations, this suggests that only a very small number of hybrids were 

present. There are two main explanations for the low number of heterozygotes: First, 

the two lineages may not be mating at random, but may be mating mostly with their 

own genotype (positive assortative mating) (Jigging & Mallet 2000; Bridle & Butlin 

2002). Alternatively, they may be mating at random, but hybrids from the crosses may 

have very low survival. Finally, both mechanisms could be operating.        

 

 

3.4.2. Timing of breeding. 

 

The Figures 3.8 & 3.9 suggests that the factors season, location and breeding 

condition are not independent. Gravid lineage 6 females appeared in autumn samples 

in the Home pool, in contrast to their normal occurrence in spring (Hancock & Bunn, 

1997). This change in timing of reproduction does not appear to result from changed 

environmental conditions in the last decade, because the Branch East population, 

which is at a similar altitude, still appears to breed in spring. Meanwhile gravid 

lineage 4 females appeared in the Home pool in both autumn and spring, but in their 

original habitat Kilcoy Creek gravid females only appeared in spring. This suggests 

that lineage 4 is not only mating in spring as it did in its source population, but also 

mates in autumn in the new habitat. This supports the sensory drive hypothesis as 

mating signals in the new environment (Home pool) cause lineage 4 females to mate 

twice in the year, in contrast with their local environment and earlier in contrast with 
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lineage 6. As we sampled at the beginning of the mating season (spring) and lineage 6 

gravid females or larvae were not found. 

 

This also suggests that timing of reproduction of lineage 6 has been altered in 

response to the presence of the translocated lineage 4. This was an unexpected result 

as the initial hypothesis was that lineage 4 females would mate earlier than lineage 6 

females, leaving no males ready to mate with lineage 6 females and ultimately 

reducing the frequency of lineage 6 in the population. With lineage 6 mating in 

autumn, the possible explanation of the near extinction of lineage 6 becomes more 

complicated. These changes in timing of breeding could be the result from character 

displacement, where a trait diverges between populations as a result of competition 

among similar species (Brown & Wilson, 1956).  

 

There are three explanations for this near extinction that start with an asymmetrical 

hybridization and induce a change in the mating time of lineage 6 (Fig. 3.11). The 

first proposed by Hughes et al. (2003) when lineage 4 and 6 females choose to mate 

with lineage 4 males but crosses with lineage 6 females and lineage 4 males are not 

successful. Due to genetic incompatibilities as hybrids appears to not survive. The 

second is due to sperm limitations as lineage 4 females mate first in the season, 

leaving no sperm for lineage 6 females.  In some crustaceans, females receiving 

insufficient sperm will produce fewer or no eggs at all (Elner & Beninger, 1995) and 

sperm limitations when males do not have enough time to recover between matings 

have been reported (Pitnick, 1993; Warner et al. 1995 & MacDiarmid & Butler, 

1999). The third one proposed by Hughes et al. (2003), is that the two lineages mate 

randomly but hybrids have reduced fitness, due to outbreeding depression between 

divergent lineages (Templeton, 1986; Waser, 1993). The character displacement could 
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have evolved following secondary contact between lineage 6 and 4, especially if 

offspring of hybridization had severely reduced fitness, as could be supported by the 

deviations from HWE, even immediately after translocation. This is supported with 

data from Hancock (1995) which shows immediately after the translocation in March 

1993, that larval recruitment in the Home pool was made up of five resident lineage 6, 

112 introduced lineage 4 individuals and only four hybrids.  

 

This character displacement (change in breeding time) could have arisen if a small 

proportion of lineage 6 females became receptive in autumn. If sperm limitation was 

reducing the fertilization success in late spring, then these autumn breeders would 

have left more offspring. Assuming the timing of breeding has a genetic basis, this 

trait for autumn breeding would increase in frequency in the population resulting in 

the change in the timing of breeding. This type of divergence in characters involved in 

reproductive isolation is call reproductive character displacement (Knowlton, 1993; 

Marshal & Cooley, 2000), in this case reproductive timing. If this is the case, the 

strategy may have been sufficient to maintain lineage 6 in the population, although in 

low proportions relative to lineage 4 which is around five times more abundant (Fig. 

3.7). 
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Over 15 years following the original translocation, this character displacement could 

have evolved to the point that introgression is limited by decreasing the opportunities 

for these two lineages to come into reproductive condition at the same time. This kind 

of diversification between co-occurring species has been proposed to be driven by 

divergent selection (Robinson & Wilson, 1994; Schluter, 1994; Rundle et al. 2000). 

This reproductive character displacement would have decreased the levels of 

hybridization due to the different time of breeding; which has been known as 

reinforcement of reproductive isolation (Noor, 1999). This process assumes that 

individuals that mate with their own species produce more or fitter offspring than 

those individuals that mate randomly, as they will waste their genetic material with 

heterospecific mates (Howard, 1993; Butlin, 1995). In this way selection should 

favour individuals with alleles that confer a degree of mating discrimination between 

lineages 4 and 6, producing this reproductive character displacement (changing 
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breeding time). This would reduce the levels of gene flow between the two lineages, 

as hybrids between them do seem to be rare (Table 3.8). By mating at a different time, 

lineage 6 females would not waste gametes by mating with lineage 4 males. However 

data from eggs (Table 3.9) shows that few lineage 6 females may still be wasting 

gametes mating with lineage 4 males. 

  

3.4.3. Female operational lineage ratio OLR. 

 

Female operational lineage ratios OLRs show obvious changes with season. Lineage 4 

females were the first sexually active females to mate in spring, when female OLRs 

were entirely lineage 4. This is another mechanism by which lineage 4 may have 

pushed lineage 6 close to extinction. If the early releases of lineage 4 larvae in spring 

outcompete lineage 6 larvae released later, in autumn, then this could explain the 

gradual reduction in lineage 6. The original asymmetric hybridization observed 

(Hughes et al. 2003) between the two lineages is no longer as clear in 2006 and 2008 

as the two lineages appear to mate at different times. Even though lineage 4 and 6 

were found to hybridize in autumn (Fig. 3.10) and 59 eggs were found to be from 

crosses between lineage 6 females and lineage 4 males (Table. 3.9), no hybrid adults 

were collected having a lineage 6 mitochondrial DNA (Table 3.8). This suggests that 

none of these larvae are surviving, as was suggested with recruitment data from 

Hancock (1995) immediately after the translocation. This could be happening as 

timing of larval release is critical for reproductive success in invertebrates and may 

affect the viability of the offspring (Giese & Pearse 1974; Morgan & Christy, 1994). 

Possibly the early release of lineage 4 larvae exploited most of the resources making it 

harder for these hybrid larvae to compete. Alternatively, genetic incompatibilities of 
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the hybrids may have made them less viable so that they do not survive to the adult 

stage (Sasa et al. 1998; Price & Bouvier, 2002). 

 

Female OLR confirmed these marked mating asynchronies between females of the 

two lineages. This type of asynchrony has been reported in other species of atyid 

shrimp (Mathews, 2002) and penaeid prawns (Bauer, 1996). However none of those 

studies reported any suggestion that asynchronies in timing of reproduction could 

produce an asymmetric mating between the two populations mating. In this chapter 

differences in timing of reproduction between lineages, suggest that this could be the 

reason why the two lineages 4 and 6 have mated asymmetrically when they came into 

secondary contact through the translocation in 1992.  

 

3.4.4. Genotypes of eggs collected from gravid Females 

 

The results from the genotyping of eggs, suggests that contrary to suggestions by 

Hughes et al. (2003) hybridization occurs in both directions. This result suggests that 

the original observation of asymmetrical hybridization by Hughes et al. (2003) could 

also have resulted from early mortality of larvae that come from lineage 6 females 

mating with lineage 4 males. Hughes et al. (2003) proposed that this cross between 

lineage 6 females and lineage 4 males was not occurring, because all hybrid 

individuals had the lineage 4 mtDNA. However the new data collected in this study 

(Table 3.9), shows that this cross does happen.  These crosses only appear to occur in 

autumn (Fig. 3.10); possibly due to lineage 6 females being pushed by lineage 4 to 

mate only in this season. As previously discussed in section 3.4.3, timing of larval 

release could have affected the viability of the late released hybrid larvae between 
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lineage 6 females and lineage 4 males. Although eight lineage 6 females were found 

to have eggs from lineage 4 males (Table 3.9), the data on adults indicates that it is 

likely that none of these will survive. This suggests that genetic incompatibility, rather 

than reduced competitive ability of later produced larvae is the explanation of the 

apparent asymmetry. Meanwhile only one lineage 4 female in autumn 2006 was 

found to have eggs from a lineage 6 male. 

 

Another observation from this data is that crosses that produce eggs from both lineage 

6 parents were only observed in autumn 2006 (Fig. 3.10). This suggests that this 

lineage is at risk of extinction in the Home pool. Nevertheless 12 gravid females and 8 

non gravid adults were found in autumn 2008 belonging to lineage 6 (Fig. 3.8 and 

3.9), which suggests that these crosses are still happening in nature and are able to 

survive. In spring 2007 eggs could not be extracted from females. It is likely that all 

eggs came from lineage 4 crosses as in spring 2006, because all gravid females and 

most of the non gravid individuals sampled at spring 2007 belonged to lineage 4 

following the pattern of spring 2006.  

 

3.4.5. Conclusions 

 

The main finding in this Chapter was the change in reproductive timing between 

lineages, with lineage 4 reproducing mainly in spring and lineage 6 reproducing in 

autumn, possibly because lineage 6 has responded to the fact that lineage 4 females 

are ready to reproduce before lineage 6 females. This observation is quite noticeable 

when we look at the female OLR at each season, with only sexually active lineage 4 

females in spring while in autumn sexually active lineage 6 females are predominant. 
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We could conclude from these results that: 1) Species boundaries between these two 

lineages were not completely effective but effective enough to avoid complete 

hybridization and produce an asymmetrical hybridization. Results suggest that this 

could have arisen due to reproductive timing and temperature differences triggering 

mating, as these two lineages came from two similar habitats with only altitudes and 

temperatures differing between them (evidence for the sensory drive Hypothesis). 2) 

The native lineage 6 population appears to evolved, by delaying its reproductive 

timing to cope with the earlier appearance of sexually active females from the 

introduced lineage 4 population. 3) Even though lineage 6 may be recovering from 

near extinction by changing its reproductive timing, its fate is unknown, as they only 

appear to survive in low proportions in comparison with lineage 4. 4) Supporting 

evidence for the unknown future of lineage 6 at Home pool from the eggs analyzed is 

that, crosses between lineage 6 females and males were only found in autumn 2006. 

5) However the presence of some few lineage 6 individuals in autumn 2008 makes us 

wonder if this lineage 6 might be mating at other times. A further study with more 

detailed sampling at different times could explain why lineage 6 shrimps are still 

found in this pool, despite the high frequencies of lineage 4. 6) The findings in this 

Chapter, indicate that lineage 4 and 6 can hybridize but this hybridization could be a 

result of the sudden change in environment of lineage 4 caused by the translocation. 

To understand if this is the case we need to explore these processes in natural systems 

when lineages occur together naturally. Do Paratya australiensis lineages hybridize 

in natural systems when they co-occur? If they do, the mechanisms operating in the 

Home pool, may operate in nature to preserve species boundaries between lineages of 

Paratya australiensis? The next Chapter will explore some ideas to answer these 

questions.                       
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Chapter Four: Altitudinal Clines in Paratya 
australiensis Lineages. 
 

4.1 Introduction 

 

Examination of co-occurring lineages of P. australiensis in different river systems 

would help to understand the conservation and management implications of the 

translocation event. This could establish whether lineages hybridize in nature or 

whether mechanisms apparently operating in the Home pool occur naturally. The 

implications of the translocation may have opened up new opportunities to study such 

mechanisms, as it is important to distinguish whether the causes of hybridization are 

natural or anthropogenic in origin (Allendorf et al. 2001). Observation of cases of 

natural hybridization could help to understand hybrids from anthropogenic origins 

(Allendorf et al. 2001); as hybrids arising from natural causes could reveal historical 

and geographic factors involved in the process. Additionally, not only the origin but 

the consequences should be taken into account to understand this hybridization 

process. Allendorf et al. (2001) described the two severe consequences hybridization 

could have on a population. First introgression could lead to a complete admixture or 

secondly hybridization could occur without introgression, which would be a waste of 

reproductive effort, as offspring will be inviable. 

 

The aims of this Chapter were: 1) to determine if lineages 4 and 6 co-exist in the same 

habitat and to determine which landscape parameters (elevation, river mouth distance, 

source distance) are determinants of distribution patterns of lineages along river 

gradients 2) To establish if they hybridize in nature and if they do, to determine which 
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landscape parameters or mechanisms limit their distribution. Cook et al. (2006) 

recently demonstrated that the two lineages represented in this study are quite 

widespread in eastern Australia. As mentioned in Chapter 1, the translocation 

experiment artificially brought lineage 4 and 6 together, but these two lineages and 

others have been reported to co-occur in a number of river systems throughout eastern 

Australia (Cook et al. 2006). Cook et al. (2006), reported that lineages 4 and 8 co-

occurred in the Goulburn Catchment in South East Australia and did not hybridize, 

suggesting that the processes maintaining species boundaries may differ between 

these two lineages and lineage 4 and 6 which appear to hybridize asymmetrically. 

Similar processes may be operating in nature, but in the situation between lineage 4 

and 6 where they were mixed abruptly, hybridization occurred because there was no 

time for these species boundaries processes to adapt. Processes of reproductive 

isolation regularly break down in new environments, possibly because ecological 

differentiation between the hybridizing taxa is only pertinent in natural environments 

(Moore, 1977; Kruuk & Gilchrist 1997; Fitzpatrick et al. 2004) and is closely tied to 

the environment (Paterson, 1978). 

 

To achieve the aims mentioned above, genetic variation in lineages of P. australiensis 

was determined to establish if lineage distributions were associated with elevation. 

This would help to identify if processes associated with altitude (temperature) are 

affecting the resident lineage 6 at Stony Ck, while also maintaining the distributions 

of the two lineages at the landscape scale in natural systems. Once, knowing that two 

lineages were present in a particular river system, more detailed sampling took place 

along the river or creek, expecting lineage 4 at high altitudes, lineage 6 at low 

elevations and the possibility of hybrids at intermediate altitudes. Allozymes, 
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mitochondrial DNA and microsatellites were used to determine the distribution of 

these lineages and the possibility of hybridization between them in the field.  

 

4.2 Specific material and methods 

 

4.2.1. Geographic setting and sampling. 

 
 

For this Chapter, the analysis of the geographic distribution of lineages, the 

biogeographic study of Cook et al. 2006, was considered. This study recently 

demonstrated that the two lineages represented in my research are quite widespread in 

eastern Australia and suggested that the two lineages co-occur in a few river systems. 

Therefore this study was used to choose potential sampling sites, from which the 

following river systems were sampled: Logan River, Stanley River, Condamine River, 

Brisbane River, Lockyer River, Coomera River, Albert River, Nerang River, 

Currumbin Creek and Tallebudgera Creek (Fig. 4.1); in search of an altitudinal profile 

where both or two different lineages co-occur, recording elevations, distance from the 

source and river mouth distances. 

 

From all these rivers systems, the co-occurrence of two lineages was only detected in 

the Nerang River, Currumbin Creek and Tallebudgera Creek. The lack of samples 

from the Lockyer, Condamine and Logan Rivers could be due to the extreme 

conditions of the drought described in Chapter 3, in which rainfall was 23.8% below 

the historical average, reported during the Federation Drought (Queensland Climate 

Change Centre of Excellence (QCCCE), 2007). 
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Sampling was possible up to 570m in the Nerang River, but in Tallebudgera and 

Currumbin Creeks the highest sampling sites accessible were 206m and 260m 

respectively (Table 4.2). Nerang River has an area of around 480 km
2
 (Middelmann et 

al. 2000), its stream network is 928 km long, it has a water surface area of about 

10.96 km
2
, and it is the largest catchment of the Gold Coast City (Zigic et al. 2005). 

The Nerang River flows into the Southern Broadwater at Southport and in the border 

of Queensland and New South Wales the headwaters of this river is located in the 

McPherson Range. This river is divided into an eastern branch that originates at 

Springbrook and a western branch that originates at Numinbah Gap (Cox & Moss, 

1999). The Nerang River enters Advancetown Lake where Little Nerang Creek, one 

of the major tributaries, joins it (Fig. 4.2). Samples were only found in this tributary, 

possibly because lower estuarine areas have been exposed to the construction of 

bridges, culverts, weirs, locks, floodgates and to the dredging of navigation channels 

 
 
 
 
 
 
 
 

Figure 4.1. River systems sampled in search of sympatric lineages in South East Queensland, Australia. In 

red are the systems where lineages co-occurred (Little Nerang Creek, Tallebudgera Creek. and Currumbin 

Creek). Modified from Google Earth, 2008 and Cook et al. 2006. 
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(Morton, 1989). Most of the Nerang River is commanded by two dams, the Little 

Nerang dam and the Hinze dam (Cox & Moss, 1999). 

 

The dimensions of Tallebudgera and Currumbin creeks, which are parallel catchments 

to the Nerang River, are proportionally small in comparison to the Nerang River. 

Tallebudgera Ck has an area of roughly 110 km
2
 and its stream network is 219 km 

long, whilst Currumbin Ck is only 126 km long and 48 km
2
 (EHMP, 2005). 

Tallebudgera and Currumbin creeks have their headwaters in the southwest near 

Springbrook, in the McPherson Range on the border between Queensland/New South 

Wales. Both creeks flow northeast to the Coral Sea, Currumbin Creek at Currumbin 

beach and the Tallebudgera Creek at Burleigh Heads (Middelmann et al. 2000; Cox & 

Moss, 1999). The lower reaches of Tallebudgera and Currumbin Creeks are not as 

exposed to urbanization as the Nerang River, showing good levels of biological 

conditions and ecosystem processes with riparian vegetation intact throughout much 

of the catchments (EHMP 2008). 

 

Once two lineages were identified in a particular river system, altitudinal sampling 

was carried out from high to low elevations along the river (Fig. 4.2). Around 50 

shrimps per site were taken, to determine which and in what proportions lineages co-

occurred at each site. Sampling and transferring of the samples was done as described 

in previous Chapter. 
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4.2.2. Methods 

 

In this Chapter lineages sampled at the river systems depicted previously were 

differentiated with restriction enzymes Pho-I - Tse-I and sequencing (Fig. 4.3). 

Around 10 individuals at each pool were sequenced directly; sequences were placed 

into a neighbour-joining tree containing all the lineages identified by Cook et al. 

(2006). The genetic distributions of the sampled populations were analysed using the 

allozymes Aat-1 and Pgi plus the microsatellite described in Chapter 3. The allozyme 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. Sampling sites on Little Nerang Creek, Tallebudgera Creek. and Currumbin Creek (Modified 

from Google Earth, 2008). 
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locus Aat-2 was not used as it was monomorphic in all the populations analysed in 

this Chapter. Refer to Chapter 2 for an extensive description of these methods.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

In Currumbin Creek, six pools were sampled which were: Nicholls crossing, Boyd‟s 

Bridge, Outside Spring Brook, Mountain, 20 min Up from Saw mill and Twin Falls 

pools. In Tallebudgera Creek, six pools were sampled: Annabel Creek, Syndicate Rd, 

Araluen Rd, End of the Road, 20 min up from the Rd and Big Water Fall pools. In 

Little Nerang only 4 pools were sampled due to limited accessibility, these were: 

Neawood, Purling Brook Bottom, Warringa Pool and Purling Brook Falls pools.  

 

At each creek a single pool was chosen that had around 50% of each lineage for 

detailed genetic analysis: Hardy-Weinberg, linkage disequilibrium and multilocus 

assignment tests. These pools were “Outside Spring Brook” pool with 83 individuals 

for Currumbin Creek, “End of the Road” pool with 70 individuals for Tallebudgera 

Creek and “Waringa” pool with 60 individuals for Little Nerang Creek.  

Pho-I 

Tse-I 

Lineage 4 

Lineage 4 

Lineage 3 

and 8 
Control 



 78 

For the analysis of the relationship between landscape parameters and lineage 

distribution, 50 individuals were analysed for each pool, using PCR-RFLP and 10 of 

these 50 were sequenced directly to confirm their lineage. For these pools Pearson‟s 

correlations were run between lineage distributions each of elevation, river mouth and 

source distances.       

 
Individual shrimps were analysed and assigned to lineage using the multilocus 

assignment test in the program GeneClass2 (Piry et al. 2004). This program was used 

with the criteria of Rannala and Mountain method (Rannala & Mountain, 1997), to 

calculate the probability of assigning individuals to their mtDNA lineage according 

their multi-locus allozyme-microsatellite genotype. A 90 % level of confidence was 

used to assign individuals to their mtDNA lineage.  

 

4.2.2.1 Landscape parameters and lineage distributions correlations  

 

Pearson‟s correlations were run between lineages to establish genetic associations 

with landscape parameters (Elevation, Distance from source and River Mouth 

Distance). Elevations were measured with GPS and Google Earth Software while 

river mouth distance and source distances were measured only with Google Earth 

Software. As mentioned before, 50 individuals were used to identify their lineages 

using PCR-RFLP and 10 of these 50 were sequenced directly to confirm their mtDNA 

lineage. Pearson‟s correlations were run separately for each lineage and for each 

landscape parameter (elevation, river mouth and source distances). For these 

correlations the lineage percentage, meters for elevations and km for river and source 

distances were used.  
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4.2.2.2 Multilocus assignment test. 

 

A multilocus assignment test was used to analyze the reproductive isolation between 

the lineages when they were sympatric at “Outside Spring Brook” pool (N=83, 

Currumbin Ck), “End of the Road” pool (N=70, Tallebudgera Ck) and “Waringa” 

pool (N=60, Little Nerang Ck). Multilocus genotyping is a powerful technique as 

several markers can be analysed at the same time (Davies et al. 1999). Assigning 

multilocus genotypes of an individual to a probable source population using allelic 

frequencies was first addressed by Paetkau et al. (1995). Since then, multilocus 

assignments have been widely used as a powerful management tool to identify degree 

of population structure (Koskinen, 2003), assign individuals to populations, recognize 

hybridization, and evaluate migration rates between populations (Bjornstad & Roed, 

2002; Taylor et al. 1994), in forensics, conservation genetics, stock management and 

others (Waser & Strobeck, 1998). Multilocus genotypic data was generated from two 

allozyme loci and one microsatellite locus. This test takes into account the likelihood 

that a multilocus genotype is the product of the likelihoods for each locus. In order to 

run this test, allele frequencies are estimated in all three populations (Outside Spring 

Brook, End of the Road and Waringa pools) analysed at each locus. Then the 

likelihood that each individual multilocus genotype occurred in each population is 

computed from the estimated allelic frequencies. Subsequently, individuals are 

assigned to the population with the highest likelihood of the individual‟s genotype 

(Paetkau et al. 1995; Rannala & Mountain, 1997). Assignment tests were run using 

the program GeneClass2 (Piry et al. 2004) using the method of Rannala and Mountain 

(Rannala & Mountain, 1997). 
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4.2.2.3. Phylogenetic analysis of co-occurring Paratya australiensis 
lineages. 

 

A Neighbour-Joining tree was built with 1000 boostrap replicates using the TBR 

branch swapping algorithm and the GTR distance measure in the program PAUP 

Version 4.0b10 (SwoVord, 2002), including sequences from Cook et al. (2006) and 

each haplotype identified in the current study. This enabled each of the lineages to be 

identified, by matching them to those already identified in the previous study. 

 

4.3 Results 

Despite sampling the Logan River, Stanley River, Condamine River, Brisbane River, 

Lockyer River, Coomera River, Albert River, Nerang River, Currumbin Creek and 

Tallebudgera Creek; the lineages 4 and 6 were never found to co-occur. However, 

lineage 4 was always present where more than one lineage was found co-existing in 

the same pool. This occurred in Little Nerang, Currumbin and Tallebudgera Creeks. 

The pools where lineages co-occurred were generally situated at intermediate 

elevations: in Little Nerang Creek at three pools named “Waringa pool”, “Purling 

Brook Bottom” and “Neawood pool”, in Tallebudgera Creek at a pool named “End of 

the Road” and in Currumbin Creek at two pools named “Outside Spring Brook Park” 

and “Mountain Pool”. 

 

 

4.3.1. Phylogenetic analysis of co-occurring Paratya australiensis 
lineages. 

 

The Neighbour-Join tree suggested that all lineage 4 individuals in the three creeks 

belonged to the sub-lineage 4-E and all three creeks form a Gold Coast monophyletic 
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sub-cluster but each creek did not. This monophyletic sub-clustering was not observed 

in lineage 8 (Fig. 4.5) The only creek having three different lineages 3, 4 and 8 

between the three creeks was Currumbin Ck; Little Nerang and Tallebudgera Creeks 

had only two lineages 4 and 8.  Lineage 8 found in all three creeks and was part of 

sub-lineage 8-A (Fig. 4.5), which from now on will just be referred to as lineage 8. 

The sub-lineage 4-E was not the same sub-lineage as the Conondale Range 

(Translocation region) which was 4-C. The remaining haplotypes from this sub-

lineage 4-E are from Brunswick River, Richmond River Clarence River and Croobyar 

Ck. Meanwhile (Fig. 4.4), the remaining haplotypes from the sub-lineage 8-A were 

from Tweed River, Hastings River, Georges River, Nepean River, American Ck, 

Shoalhaven River, Parmer Ck, Little Murray River and Goulburn River (Fig. 4.4). 

 

   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.4. River (R) systems in South East Australia, from which remaining haplotypes came from. 

Modified from Google Earth, 2008 and Cook et al. 2006. 
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4.3.2. Relationship between landscape parameters and distribution of 
lineages. 

 

 

The combinations of lineages co-occurring were: at Little Nerang and Tallebudgera 

Creek lineage 4 and 8 and at Currumbin Creek lineages 3, 4 and 8. Lineage 4 was 

found to be the dominant species at high altitudes in all three Creeks, the co-

occurrence of this lineage 4 with others lineages appears to stop above approximately 

200m at Currumbin and Tallebudgera Creek while at Little Nerang, the co-occurrence 

of lineage 4 and 8 stop at around 550m. A similar situation occurred downstream, 

with the co-occurrence of lineages 3 and 4 at Currumbin and lineage 4 and 8 at 

Tallebudgera Creek stopping at 61 and 60m respectively (Table 4.1).  

 

At Little Nerang Creek, the lowest site was at 133m at Neawood where both lineages 

occurred. I was unable to find a pool with Paratya below 133m in this Creek, possibly 

due to the presence of Advancetown Lake, where before this Lake no Paratya 

australiensis were found but right above it, Paratya samples were collected.  

 

River mouth and source distance show a similar pattern as elevation in the 

distributions of the co-occurring lineages. Little Nerang Creek had lineage 4 and 8 

mixed at downstream pools and at the farthest distance from the source while in the 

upstream pools and closest to the source of this creek, the sharing of lineages stop at 

62.8km from the river mouth and 2.72km from the source (Table 4.1).  
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Table 4.1. Altitudinal sampling: showing the distribution of P. australiensis lineages in Little 

Nerang, Tallebudgera and Currumbin Creeks. River mouth distance (RMD) and Source distance 

(SD) are given in (Km), elevation is given in meters (m) and lineages are in percentages (%). 

Little Nerang Creek 
Location N Elevation S.D R.M.D Lineage 4 Lineage 8 

Neawood 50 133 12.23 53.33 15.384 76.923 

Purling Brook Bottom 50 273 5.06 60.5 8.333 91.666 

Warringa Pool 60 404 3.8 61.76 58.333 41.666 

Purling Brook Falls 50 568 2.72 62.84 100 0 

              

Tallebudgera Creek 
Location N Elevation S.D R.M.D Lineage 4 Lineage 8 

Annabel Creek  50 12 18.38 13.11 0 100 

Syndicate Rd 50 22 15.11 16.38 0 100 

Araluen Rd 50 60 9.59 21.9 0 100 

End of the Road 70 130 2.97 28.52 88.571 11.428 

20 min up the Rd. 50 190 1.66 29.83 100 0 

Big Water Fall 50 206 1.36 30.13 100 0 
 

Currumbin Creek 
Location N Elevation S.D R.M.D Lineage 3 Lineage 4 Lineage 8 

Nicholls crossing 50 20 17.14 10.15 0 0 100 

Boyd’s Bridge 50 61 9.23 18.06 0 0 100 

Outside Spring Brook 83 120 3.14 24.15 37.349 62.651 0 

Mountain Pool 50 178 2.26 25.03 16.666 83.333 0 

20 min Up Saw mill 50 218 1.8 25.49 0 100 0 

Twin Falls 50 260 1.19 26.1 0 100 0 

 

Downstream samples close to the river mouth at Currumbin and Tallebudgera Creek 

revealed that, pools stop sharing lineages at approximately 20km from the river mouth 

and 9km to the source in both creeks. Meanwhile in the upstream pools adjacent to the 

source of these creeks, co-existence of the lineages ends at about 27km from the river 

mouth and around 1.7km to the source in both creeks (Table 4.1). The distributions of 

the lineages across elevations, river mouth distance and source distance show that 

lineage 4 is predominant at high altitudes and farthest distances from the river mouth, 

with lineages 8 and 3 at lower elevations and closer to the mouth of the river (Fig. 

4.6). Pearson‟s correlations confirm the pattern observed by the altitudinal sampling, 
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only at Little Nerang the correlations between lineages and landscape parameters 

(elevations, river mouth and source distances) were not significant P values > 0.05 

(Table 4.2). This could be because exclusive lineage 8 pools were not found at low 

altitudes and elevations were not as low as in the others creeks. Also there were only 

4 sites, reducing statistical power. However, in Currumbin and Tallebudgera Creeks 

elevation, river mouth and source distances were significantly correlated with the 

distributions of lineages (p ˂ 0.05) (Table 4.2). Lineage 3 was not taken into account 

as only two pools contained this lineage. It is not possible to separate the most 

important landscape parameter as obviously all three are highly correlated.  

Table 4.2. Pearson‟s correlations between landscape parameters (Elevation, 

River mouth and Source distance) and the distribution of P. australiensis 

lineages across three water systems. 

         

Little Nerang Creek (4 pools) 
Landscape 

parameters Lineage 8 Lineage 4 

  r p r p 

Elevation 0.894 0.105 0.928 0.071 

Source Distance 0.592 0.407 0.656 0.343 

River Mouth Dist. 0.592 0.407 0.656 0.343 

          

      

Tallebudgera Creek (6 pools) 
Landscape 

parameters Lineage 8 Lineage 4 

  r p r p 

Elevation 0.955 0.002 0.955 0.002 

Source Distance 0.923 0.008 0.923 0.008 

River Mouth Dist. 0.923 0.008 0.923 0.008 

          

          

Currumbin Creek (6 pools) 
Landscape 

parameters Lineage 4 Lineage 8 

  r p r p 

Elevation 0.917 0.001 0.731 0.014 

Source Distance 0.809 0.007 0.831 0.005 

River Mouth Dist. 0.809 0.007 0.831 0.005 
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4.3.3. Allele frequencies where lineages co-occurred. 

 

 

The allozyme locus Aat-1 had an additional allele in these samples with a total of 3 

alleles as did the Pgi locus but the microsatellite locus exhibited a total of 9 alleles. 

From these 9 alleles, 5 were found in Currumbin Ck, 8 in Tallebudgera Creek and 6 in 

Little Nerang Creek. The respective allele frequencies are shown in Table 4.3. 

Microsatellite alleles specific to creeks were: C and H only present in the pool at 

Tallebudgera Ck and allele F only present in the pool at Little Nerang.  

 

Table 4.3. Microsatellite and allozyme allele frequencies for each pool analysed at Little Nerang Ck, 
Currumbin Ck. and Tallebudgera Ck for Paratya australiensis.  
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

   

 

 



 88 

+ 

+ 

+ 

+ + + + 

+ + 

+ 

+ + 

+ 

+ 

* 

* 

* 

* 

* 

* * 

* * 

* * 

* * * 

* 

- - 

4.3.4. Deviations from Hardy-Weinberg Equilibrium (HWE) and Linkage 
Disequilibrium (LD). 

 
Significant deviations from Hardy-Weinberg proportions were observed in all three 

creeks, as would be expected if the two lineages were not breeding at random. Most 

FIS values were positive indicating a deficit of heterozygotes (Table 4.4). Only in 

Currumbin Creek at Pgi, were the FIS values negative. They were however non - 

significant (Table 4.4). 

 

Table 4.4. FIS values in each pool where more than one P. australiensis lineage co-occurred. 

Significance is denoted by a red star        P < 0.05. 
 

 

 

 

 

 

 

                                               

 

 

 

All the genotype data for each individual collected at these populations are presented 

in Appendix 2. Little Nerang and Tallebudgera Creeks had at least one pair of loci 

that were in gametic disequilibrium, while in Currumbin Creek all pairs of loci were 

in linkage equilibrium. In the Waringa pool in Little Nerang, linkage disequilibrium 

was calculated for only one pair of loci (Table 4.5), as the Aat-1 locus was 

monomorphic for the same allele in both lineages co-occurring in this pool.  
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Table 4.5. Pairwise linkage disequilibrium among microsatellite and allozyme 

loci for pools with co-occurring P. australiensis lineages.   

        

Location Locus # 1 Locus # 2 P value 

Little Nerang Microsat. Aat-1 / 

Waringa Microsat. Pgi 0.005 

  Aat-1 Pgi / 

        

Tallebudgera Microsat. Aat-1 0.137 

End of the  Microsat. Pgi 0.098 

Road Aat-1 Pgi 0.005 

        

Currumbin Microsat. Aat-1 0.113 

Outside Spring  Microsat. Pgi 0.705 

Brook Park Aat-1 Pgi 0.941 

        

 

  

4.3.5. Multilocus assignment test. 

   
 
For this test four assignment levels were used: correctly assigned to mtDNA lineage 

with a high level of confidence > 90%, with a low level of confidence < 90% or 

wrongly assigned to mtDNA lineage with a high level of confidence > 90% or with a 

low level of confidence < 90%. The assignment of individuals based on their 

multilocus genotypes showed that most of the individuals were assigned to the right 

mtDNA lineage with a 90% level of confidence (Table 4.6). The exception was at 

Waringa pool in the Little Nerang where 76% were correctly assigned but with low 

confidence level to lineage 4. However, in the same pool, 38 % of individuals were 

correctly assigned with high confidence and 32% with low confidence to lineage 8 

(Table 4.6).  The low variability of markers between lineages 4 and 8 in the Waringa 

pool may explain why individuals were wrongly assigned, 17% for lineage 4 and 29% 

for lineage 8 with a low level of confidence (Fig. 4.7). 
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Individuals at Tallebudgera and Currumbin Creeks were assigned correctly with high 

confidence (> 90%) in both combinations of lineages 4 and 3 in Currumbin and 4 and 

8 in Tallebudgera; in Tallebudgera 98% and in Currumbin 84% to lineage 4, and 

100% to lineage 8 and 82% to lineage 3 respectively (Table 4.6). In Tallebudgera 

Creek just 1% of individuals were wrongly assigned to lineage 4 while all lineage 8 

were correctly assigned. In Currumbin Creek, around 11% were wrongly assigned to 

lineage 4 while in lineage 3 only 5% (Fig. 4.7). 

 

Table 4.6. Percentage of P. australiensis individuals correctly and wrongly assigned to their mtDNA 

lineages, using the Rannala & Mountain 1997 method with a 90 % level of confidence. 
 

 

 

 

 

 

 

 

 

The multi-locus assignment test suggested that lineages 3, 4 and 8 are reproductively 

isolated in Tallebudgera and Currumbin Creeks as individuals were correctly assigned 

with a high percentage to their respective mtDNA. However in Little Nerang most of 

the individuals were correctly assigned with a low percentage for lineage 4 and some 

few individuals wrongly assigned with a low level of confidence < 90 %. For lineage 

8 some individuals were wrongly assigned with a low percentage (29%), which might 

suggest some degree of gene flow. However at this Creek molecular markers 
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Lineage 8-A

Lineage ???

Correctly assigned to mtDNA linage 4  with a high %  > 90%

Correctly assigned to mtDNA lineage 4 with a low %  < 90%

Wrongly assigned to mtDNA lineage 4 with a high %  > 90%

Wrongly assigned to mtDNA lineage 4 with a low %  < 90%

Lineage  3 

Correctly assigned to mtDNA linage 4  with a high %  > 90%

Correctly assigned to mtDNA lineage 4 with a low %  < 90%

Wrongly assigned to mtDNA lineage 4 with a high %  > 90%

Wrongly assigned to mtDNA lineage 4 with a low %  < 90%

Correctly assigned to mtDNA linage 4  with a high %  > 90%

Correctly assigned to mtDNA lineage 4 with a low %  < 90%

Wrongly assigned to mtDNA lineage 4 with a high %  > 90%

Wrongly assigned to mtDNA lineage 4 with a low %  < 90%

Correctly assigned to mtDNA linage 4  with a high %  > 90%

Correctly assigned to mtDNA lineage 4 with a low %  < 90%

Wrongly assigned to mtDNA lineage 4 with a high %  > 90%

Wrongly assigned to mtDNA lineage 4 with a low %  < 90%

Correctly assigned to mtDNA linage 4  with a high %  > 90%

Correctly assigned to mtDNA lineage 4 with a low %  < 90%

Wrongly assigned to mtDNA lineage 4 with a high %  > 90%

Wrongly assigned to mtDNA lineage 4 with a low %  < 90%

Correctly assigned to mtDNA linage 4  with a high %  > 90%

Correctly assigned to mtDNA lineage 4 with a low %  < 90%

Wrongly assigned to mtDNA lineage 4 with a high %  > 90%

Wrongly assigned to mtDNA lineage 4 with a low %  < 90%

variability was low as one allozyme locus was monomorphic, which could explain the 

individuals wrongly assigned. 

 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n = 28 n = 32 

n = 63 n = 7 

n = 43 n = 40 
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4.4 Discussion 

4.4.1. Phylogenetic analysis of co-occurring Paratya australiensis 
Lineages. 

 

 

The phylogenetic reconstruction was used to identify which lineages occurred in the 

study area on the Gold Coast region. Lineage 4 populations from the Gold Coast all 

belonged to sub-lineage 4-E, which was quite divergent from the sub-lineage in the 

Conondale Range (Fig. 4.5). Haplotypes from all three creeks Tallebudgera, 

Currumbin and Little Nerang formed their own sub-cluster within both sub-lineage 4–

E and sub-lineage 8-A (following the nomenclature used by Cook et at. 2006). 

Despite these haplotypes forming a new sub-lineage, they are still quite close to the 

original sub-lineage 4 – E, the one involved in the translocation at Kilcoy Creek in the 

Conondale Range. Lineage 8 found in this study belongs to sub-lineage 8 – A (Fig. 

4.5) which was reported to dwell in estuaries (Walsh & Mitchell, 1995) or close to 

estuaries (Cook et al. 2006). This is supported in the present study as individuals 

belonging to this sub-lineage occurred in downstream pools in all creeks analysed. 

 

This study shows that Currumbin Creek is quite diverse, with three highly divergent 

lineages (Fig. 4.6).  Interestingly, this natural stream has the steepest slope of the three 

Creeks, although the highest elevations were in Little Nerang Creek, but its total 

stream network (928km) in comparison with Currumbin Creek (126km) was more 

than eight times greater (Zigic et al. 2005). Additionally, elevations were higher in 

Currumbin Ck (260m) than in Tallebudgera Ck (206m) and Currumbin Ck (126km) is 

almost half the length of Tallebudgera Ck (219km) (EHMP, 2005). It is reported that 

when catchments increase their size, the average slope in the catchment declines and 
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sediment storage within the catchment rises (Walling, 1983). This suggests that the 

steep change in altitudes could play a major role in shaping the diversity of lineages in 

a stream. This is supported with findings in the Granite Creeks where due to its small 

size and sharp slope, is shown that the stream networks are poorly connected (Davis 

& Finlayson, 2000). Cook et al. (2006) give additional support to this theory as they 

found up to 3 Paratya australiensis lineages in the Granite Creeks, lineages 4, 8 and 

9.   

 

4.4.2. Deviations from Hardy-Weinberg Equilibrium (HWE) and Linkage 
disequilibrium (LD). 

 

Due to the low variation in pools where single lineages occur, tests for HWE and LD 

were carried out only in pools where lineages co-occurred. Deviations of Hardy-

Weinberg confirm that in each pool there appear to be two different genetic 

populations as is shown with the mtDNA lineages and that these lineages may not be 

mating at random. The presence of these different P. australiensis lineages was 

supported by the positive FIS values, indicating a deficit of heterozygotes that could 

means that crosses between lineages either 4 and 3 at Currumbin or 4 and 8 at Little 

Nerang and Tallebudgera are not occurring or certainly are not occurring at random. 

When two populations have different gene frequencies a deficit in heterozygotes is 

generated (de Meeûs et al. 2007). This also could be suggested by linkage 

disequilibrium test with one locus with a p value < 0.05 in both Little Nerang and 

Tallebudgera Creeks. However in Currumbin Creek all loci were in linkage 

equilibrium. This and the fact that Pgi in this pool was in Hardy-Weinberg 

equilibrium, with negative FIS, could suggest that lineages 3 and 4 are hybridizing. 

However the other allozyme locus and microsatellite locus suggest the opposite. The 
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multilocus assignment test can determine if this two lineages are or not hybridizing. 

The non-significant FIS values in this case probably reflect the fact the allele 

frequencies at the Pgi locus do not differ significantly between lineages 3 and 4.         

  

4.4.3. Relationship between landscape parameters in distribution of 
lineages. 

 
This analysis suggests that the distributions of Paratya australiensis lineages are 

strongly affected by geographic factors, with positive correlations with elevation, 

river mouth distance and source distance. Only at Little Nerang were correlations not 

significant; due to lineage 4 being found still to be predominant at high altitudes and 

at farther distances from the river mouth. The overlapping of this lineage 4 with 

lineage 8 was at much higher altitudes. This could be due to river fragmentation by 

the Hinze dam as it has been shown that hydrologic connectivity is reduced in the 

presence of dams (Pringle, 2003). This is a quite interesting idea as downstream 

alterations would have effects on upstream populations; one of these effects is 

variation in isolated upstream populations (Pringle, 1997). In this case, the Hinze dam 

could have isolated lineage 4 and 8, forcing them to co-exist in a much shorter stream 

and as a result of this lineage 8 may have expanded its upstream distribution.          

 

Given the sampling design, it was not really possible to tease out the relative 

importance of each of these landscape parameters. However, the positive correlations 

show how landscape features, such as altitude, river distance and source distance 

affect the distribution of these lineages. This suggests that these lineages have 

different habitat preferences, with altitudinal and landscape parameters (river mouth 

distance and source distance) influencing the distribution, migration patterns and 
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eventually genetic divergence between P. australiensis lineages. As lineage 4 is 

geographically restricted to upland streams as is noticeable in Cook et al. (2006) and 

in this study. Cook et al. (2006), suggest that diversification in the P. australiensis 

lineages occurred via allopatric isolation. Since speciation, it is apparent that at least 

some of the lineages have different adaptation to water temperatures as seen in the 

altitude distribution. Temperature-mediated competition has been proposed as the 

major determinant of altitudinal clines (Fausch, 1989). This could limit the migration 

towards downstream pools and increase genetic divergence between sister lineages.  

 

There are other factors that could influence the altitudinal separation of these two 

lineages 4 and 8; for example, the unique hydrodynamic environment of each water 

system sampled. Moore and Grills (2005) showed that crayfish use spatial and 

temporal information from chemical cues in the flow to make directional choices, like 

habitat selection, foraging strategies and predator avoidance. This flow can easily be 

distorted by landscape variables like physical structure of the habitat, flow velocity 

and habitat substrate that are likely to change along the distance from the source 

(Moore et al. 1994). Likewise, duration as well as magnitude and intensity of both 

flood and drought events are of importance as they frequently alter species 

distributions on an annual basis in many headwater streams where discharge is 

seasonal (Benstead et al., 1999 Rincon & Cressa, 2000 and Humphries & Baldwin, 

2003), as is the case in the streams considered here. Abundance and upstream 

movements within a whole drainage network of freshwater shrimps have been 

documented to be strongly influenced by low flows or drought along altitudinal 

gradients (Covich & McDowell, 1996 and Benstead et al., 2000). Another possible 

factor could be riparian vegetation as this is considered to be a vital connection 
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between terrestrial and aquatic systems that can function as corridors (Tabacchi et al. 

1990 and Naiman & Decamps, 1997). In the same way deforestation, agriculture, and 

urban development modify this connectivity of flora in riparian zones affecting 

species distributions and colonization by invasive species (Bunn et al. 1998 & 

Carpenter et al. 1998). As these factors could also influence the distribution of 

lineages 4 and 8, more ecologically detailed studies would be required to determine 

their importance.  

 

Due to the absence of physical barriers in the distribution of these lineages, one 

explanation for the restricted upstream distribution of lineage 4 besides temperature is 

salinity tolerance. This factor along with temperature has been suggested to be a 

determinant of fine-scale biogeographic patterns within rivers for these lineages 

(Choy & Market, 2000; Cook et al. 2006). The downstream distribution of lineage 8 

observed in this study could be explained more by salinity tolerance levels than by 

temperature while the limiting migration to upstream pools could be explained more 

by temperature than by salinity tolerance levels. Sequences from this study that were 

identified to belong to lineage 8, belong to sub-lineage 8-A and this is the only sub-

lineage reported to be in estuaries or close by estuaries, implying some level of 

tolerance to elevated salinities  (Walsh & Mitchell, 1995; Cook et al. 2006). Due to 

the restricted distributions of these lineages observed in this study, divergent local 

selection pressures could act across this altitudinal cline contributing to genetic 

differentiation between lineage 4 and 8 through local adaptation (Slatkin, 1987; Palo 

et al. 2003). In this way, the current biogeographies for these two lineages could be 

maintained. 
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In Little Nerang samples taken below the Hinze dam; at about < 110m, did not 

include any Paratya australiensis and Caridina species were predominant. This could 

be due to conditions below the dam being unsuitable for Paratya australiensis. 

Alternatively, the remaining downstream populations might not have competed well 

with Caridina species following the construction of Hinze dam. However P. 

australiensis were found with Caridina species in both Currumbin and Tallebudgera 

as low as 20m and 12m respectively. This makes it more plausible that conditions 

following Hinze dam construction were unsuitable for Paratya australiensis. 

 

The co-occurrence of lineage 3 with lineage 4 in Currumbin Creek was unexpected. 

First, lineage 3 had been reported not to co-exist with any other lineage, and to be 

restricted to a single river (Cook et al. 2006). Second, it was found with the other two 

lineages in the same water system but was only found to be sympatric with lineage 4 

never with lineage 8. This might suggest that lineage 3 and 8 cannot co-exist, 

although the reason would need to be examined further. In contrast, lineage 4 and 8 

appear to have strong species boundaries as they were sympatric in some pools in 

Little Nerang and in Tallebudgera Creeks and little evidence of hybridization was 

found.  

 

4.4.4. Multilocus assignment test. 

 

 

Results from the multilocus assignment test suggest that lineages are not freely 

hybridizing as most of the individual‟s multi-locus genotypes (more than 90%) were 

assigned to the correct mtDNA lineage at Currumbin and Tallebudgera Creeks (Table 

4.6). Only at Little Nerang Creek, most multi-locus genotypes were assigned to the 
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correct mtDNA lineage with low probability (around 75%) or to the wrong mtDNA 

with low confidence (Table 4.6). This may be because the assignment was based on 

only two loci because Aat-1 was monomorphic in this pool. Only two individuals 

were wrongly assigned with high confidence in Little Nerang Creek and these 

individuals were not heterozygotes at any locus, meaning that they were not the 

product from gene flow between lineages.  In Currumbin Creek, there were 4 from 

which only two had a heterozygote status and only in one locus. These few 

individuals wrongly assigned with a high confidence could be due to errors in the 

scoring or could be a very small amount of gene flow.  

 

The multilocus assignment test suggests that hybridization in natural systems between 

P. australiensis lineages appears to be very rare or absent. Even though there was co-

occurrence of more than one lineage in six pools across the three Creeks, results of the 

multilocus assignment test and the deficits of heterozygotes (Table 4.4), support the 

idea that separate gene pools are maintained in each pool analysed. This means that 

there is low or no gene flow between these lineages in natural conditions keeping 

lineages reproductively isolated.   

 

4.4.5. Mechanisms maintaining species boundaries 

 

 

Even though lineages 4 and 6 were not found co-occurring in this study, two other 

equally divergent lineages co-occurred with lineage 4. These lineages were sympatric 

in some pools, but were not found to be freely hybridizing and they appear to have 

different landscape parameters that define their ecosystems. However in these regions 

of transition between lineages, the landscape parameters overlap and they appear to be 
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reproductively isolated from each other as indication of strong gene flow was not 

found. There are a number of possible mechanisms that can explain why lineage 4 

does not mate with lineage 3 or 8 where they overlap. Because all three landscape 

parameters were positively correlated, it was not possible to identify the one with the 

most significant influence on the distribution of lineages. However, it is likely that 

altitude or temperature rather than salinity are likely to be most important in 

maintaining these different distributions. Because the sharing of lineages stops when 

differences in altitude were higher in terms of changing conditions than in river mouth 

and source distances (Table 4.1). Hancock (1995) reported that small changes in 

altitude (3-6 degrees Celsius difference) between the lineages involved in the 

translocation event were important, as breeding time diverged more between lower 

and upper elevations than among locations within an altitude. These small changes in 

altitude have been reported to have great effect in P. australiensis breeding time and 

larval release (Hancock & Bunn, 1997). Meanwhile, Williams (1977) reported that 

salinities in the Currumbin and Tallebudgera Creeks change only marginally along a 

12km stretch (0.07 to 0.06
o
/oo) away from the river mouth in Tallebudgera Ck and 

10km (0.06 to 0.05
o
/oo) in Currumbin Ck.  Co-occurring lineages are not found in 

Currumbin and Tallebudgera Creeks below 61 and 60m respectively and the pools 

where they co-occurred were at 120 and 130m respectively. Their river mouth and 

source distances were insufficient to change salinity conditions as they co-occurred 

more than 20km from the river mouth. These minor variations in altitude represent 

changes in temperature and environmental temperature is well known to affect 

functions at all levels from the entire life form to the molecular level (Hochachka & 

Somero, 2002). 
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Such thermal changes can have an impact on ecosystems, affecting lineages 

biogeographic patterns (Gaston, 2003) and lineage interactions (Sanford, 1999). 

Given the altitudinal cline observed in this study, thermal limits may have been 

controlling the species boundaries in P.australiensis lineages. This study could 

suggest that the present separation between P.australiensis lineages 4 with lineages 3 

and 8 in natural system is maintained by lineage differences in the thermal cues that 

appear to elicit mating. More extensive sampling might well expose inter-lineage 

differences in distribution of larvae and gravid females, similar to those observed in 

the Conondale Region with upstream lineage 4 mating one month later than 

downstream lineage 6 (Hancock & Bunn, 1997).  

 

Even though lineage 6 was not found, it could be hypothesised that the asymmetrical 

hybridization between lineage 4 and 6 analysed in the previous Chapter, might not be 

possible in natural systems because lineage 4 shows strong species boundaries with at 

least two closely related lineages in natural conditions. This asymmetrical 

hybridization may have occurred because of the abrupt change of thermal regime, 

which is thought to elicit mating in these lineages, distorting the species boundaries 

that had evolved in natural conditions.    

 

4.4.6. Conclusions. 

 

The analysis carried out in this Chapter indicates that there is restricted gene flow 

between lineages in natural systems with little evidence of hybrid zones. Individuals 

belonging to lineage 4 although co-occurring with two other lineages, showed strong 

evidence of reproductive isolation that keeps them separate in the overlapping 
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regions. In this study, the sampling and analysis of lineage 4 confirmed that these 

shrimps are restricted to upstream locations, with Gold Coast haplotypes forming a 

monophyletic grouping within clade 4-E. Currumbin Creek appears to be the most 

diverse of the three creeks analysed, with three very divergent lineages co-existing in 

the same stream. Distributions of lineages were positively correlated with the three 

landscape parameters (elevation, river mouth distance and source distance), in 

Currumbin and Tallebudgera Creeks, while in Little Nerang this correlation was not 

significant as samples with P. australiensis were not found downstream, possibly, as 

the level of urbanization is a lot higher in this creek than in Currumbin and 

Tallebudgera Creeks. In respect to the translocation event, the conclusion from this 

Chapter is that the asymmetrical hybridization observed may have occurred as an 

artificial effect of abruptly putting together lineage 4 and 6, interfering with their 

environmental cues to mate. As lineages in natural systems appear to be 

reproductively isolated from each other; the upstream translocated lineage 4 may have 

been negatively affected by the different temperature thus affecting the timing of 

mating. 
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Chapter Five: General Discussion.  
 

5.1. Asymmetrical hybridization 

 

The translocation event with the apparent asymmetrical hybridization was an 

interesting opportunity to study further the mixing of two divergent lineages, 

revealing differences in life history strategies and reproductive timing between 

lineage 4 and 6 of P. australiensis. Before discussing life history strategies and 

reproductive timing differences between these two lineages, each possible explanation 

for this asymmetric hybridization will be discussed in relation to my study.  

 

First, adaptive divergence could explain the pattern observed by Hughes et al. (2003). 

A certain degree of adaptive divergence should have accumulated when the two 

lineages were allopatric (Endler, 1977). Adaptive divergence could have occurred in 

female communication traits between lineage 4 and 6, as suggested by the sensory 

drive hypothesis proposed by Boughman (2002). From this study and that of Hancock 

& Bunn (1997), it appears that females from the two lineages were sexually active at 

different times, supporting the idea that female mating traits were different in the two 

source environments.  

 

This asynchronous maturity of females could have contributed to the origin of this 

asymmetric hybridization. This idea led to the hypothesis proposed in this study: 

females from the translocated lineage 4 were expected to be ready to mate earlier than 

resident lineage 6 females because they were adapted to colder temperatures. This 

assumes that both resident and introduced males would mate with any receptive 
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female. This would produce F1 offspring with the introduced (lineage 4) mtDNA, as 

was observed by Hughes et al. (2003). Due to this asynchronous maturity in females, 

male reproductive potential may decrease as a result of sperm limitation because most 

males had mated with the early receptive lineage 4 females, leaving lineage 6 females 

with no males ready to mate and therefore their eggs may not have been fertilized. In 

this study, it was demonstrated that females were sexually active asynchronously and 

that males mate with both lineage 4 and 6 females (Fig. 3.11), which supports the 

hypothesis proposed in this thesis.  

 

Another possible cause of this asymmetrical hybridization is hybrid inviability, with 

lineage 6 females and lineage 4 males not producing viable offspring, despite the fact 

that they mate. If the larvae do not survive, lineage 6 females would effectively be 

wasting their gametes. This was proposed by Hughes et al. (2003) and has been 

documented in a wide range of animals and plants in which reciprocal hybrid crosses 

produce different levels of hybrid inviability (Willett & Burton, 2001; Tiffin et al. 

2001; Bolnick & Near, 2005; Turelli & Moyle, 2007). Hybrid inviability would 

explain the presence of only one type of hybrid but not the near extinction of the 

lineage 6 in the native environment (Branch Ck West), because crosses between 

lineage 6 females and 6 males would still be happening. This study demonstrated that 

this asymmetrical hybrid inviability did happen as data from eggs showed evidence of 

crosses between lineage 6 females and lineage 4 males but larvae, juvenile or adults 

of these hybrids were never found.   

 

The Kaneshiro hypothesis proposes that derived females are less choosy against 

ancestral males than ancestral females are with derived males, generating an 
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asymmetry in the sexual isolation of the two populations (Kaneshiro, 1976). This 

hypothesis was not able to be tested as the ancestral or basal status of sister lineage 6 

and 4 are not clear. According to Krell & Cranston (2004), sister groups cannot be 

declared derived or ancestral (basal) as both groups have the same rank and weight in 

the phylogenetic system as both groups have branched off at the same time.     

 

5.1.1 Reproductive timing  

 

Climate change is a major problem that has been brought to the forefront of public 

awareness as a result of research, finally being taken seriously, thanks to research that 

global average temperatures have risen 0.6 degrees Celsius over the past 100 years 

with these rates predicted to increase (Root et al. 2003). Climate change has multiple 

vector effects and one of them is timing of reproduction, as is shown in the Colorado 

Rocky Mountains with a variety of taxa in low altitudes with a longer growing season, 

earlier migrations, and earlier reproduction as a result of climate change (Inouye et al. 

2000).  

 

Phenology patterns of Paratya australiensis suggest that these shrimps rely on 

temperature factors to breed, with different breeding times at different altitudes 

(Hancock & Bunn, 1997). I suspected that temperature variation between altitudes 

would affect the breeding time of the two divergent lineages, when in secondary 

contact. The observed timing of reproduction revealed a marked difference between 

lineages, when the female operational lineage ratios were compared. This difference 

in OLR was suggested to be due to temperature, as temperature dynamics vary over 

space and time; these variations affect timing and duration of the reproductive period 
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in shrimps (Dall et al. 1990; Leal et al. 2001). Lineage 4 females that come from an 

upstream pool, with colder temperatures most likely would react to warm 

temperatures in the new habitat, moulting earlier in the season and being the first to 

breed as was observed with the OLR. Lineage 6 females were expected to mate late in 

the season, but instead these females shifted their breeding season to autumn. This 

could be seen as a life history strategy which would be selected for as breeding with 

lineage 4 may be avoided.  

 

5.1.2 Life history strategies 
 

Understanding the life history traits by which introduced species successfully invade 

new habitats and the cost to resident fauna is of vital ecological concern nowadays 

(Ricciardi & Rasmussen, 1998). Life history characteristics are likely to diverge 

across lineages subjected to different environmental pressures (Law, 1979). Lineages 

that diverge from the common life history pattern in this case mating at a specific time 

enable us to recognize specific selected strategies (Kraus et al. 2005). Lineage 6 has 

clearly changed its behaviour, by changing the timing of reproduction. Why has this 

life history strategy evolved and how successful would it be? Life history strategies 

are normally considered to have evolved because they maximize future reproductive 

success (Williams, 1996; Stearns, 1982). It is possible then, that the shift in the timing 

of reproduction by lineage 6 shrimps is a trade-off between the allotments of energy 

to current against future reproduction. This implies that, the introduced lineage 4 

affected detrimentally the reproductive success of lineage 6, forcing this lineage to 

shift its mating season. This is a very interesting finding; as such changes in 

reproductive strategies in response to an introduced stressor are rarely reported. 
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However, it appears that this life history strategy has been sufficient to stop lineage 6 

from disappearing altogether. To determine if this life history strategy was effective 

and notice possible trade-off effects of the same, additional and more thorough 

sampling in this region would be valuable. Monthly sampling in search of gravid 

females, could identify all possible mating periods and sampling the larvae 

distribution at these mating periods could determine the effects of the new release 

time on larval development. At the molecular level, it would be useful to: a) Develop 

more microsatellites markers, as I built 60 positive clones from which only 5 were 

polymorphic and from these 5 only one was sufficiently informative for genetic 

inferences. b) Even though I tried numerous nuclear genes, including 28S ribosomal 

DNA (rDNA), myosin heavy-chain gene (Mhc), elongation factor-1 alpha (EF1-

alpha) all were monomorphic or very difficult to align. A nuclear gene sequence to 

differentiate the species would be very useful.        

 

5.2. Distributions of sympatric lineages. 

 

Levels of gene flow and the clinal distribution found in this study suggest that, 

Paratya australiensis lineages 4, 3 and 8 although they co-occur do not seem to 

hybridize. Unfortunately, because I was unable to identify hybrid zones between 

lineage 4 and lineage 6, specific mechanisms operating in the translocation event 

which allow some kind of hybridization (asymmetrical) could not be examined in 

natural systems. This could mean that in natural systems hybridization does not occur 

between these lineages, and that the asymmetrical hybridization observed by Hughes 

et al. (2003), was a result of the anthropogenic sudden change of habitats. As this type 
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of change rarely happen in nature as distribution of lineages are determined by more 

gradual environmental changes. During this gradual changes selection for fitter 

individuals will occur and therefore may select against hybrids or in favour producing 

hybrids zones (Kruuk et al. 1999). However this study shows that the evolutionary 

processes involved in the actual distribution of  lineages 3, 4 and 8 are against 

hybridization between them, as the levels of gene flow were very low or absent. 

 

The clinal distribution found in this study, shows that these lineages may have their 

ecosystem very well defined through differential adaptation across an altitudinal 

transition. In other words, this means that different lineages are favoured at different 

elevations, generated by different selection pressures across elevations. It was not 

possible to isolate a single landscape parameter as all three (elevation, river mouth 

distance and source distance) were positively correlated. However, as temperature has 

been reported to be a very decisive factor in the breeding time of Paratya 

australiensis (Hancok, 1995; Hancock & Bunn, 1997) and salinities seem to vary little 

between pools where the shrimps co-occur (Williams,1977), elevation is likely to be 

the most significant parameter affecting the distribution of these lineages. Given the 

results from Chapter 3, it is tempting to hypothesise that reproductive isolation 

observed here with the multilocus assignment test, might be governed by temperature-

driven mechanisms. This study shows evidence of strong assortative mating between 

lineages when they are sympatric and we could expect a certain degree of disruptive 

selection as these lineages are locally adapted to specific elevations; helping to 

maintain them reproductively isolated.  
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Further increases in temperature due to global climate change have been shown to 

impact in the timing of the initiation of the summer activity in some species and in the 

seasonal timing of animal and plant activity (Inouye et al. 2000).  This global climate 

change could impact the cues used by migrants at different altitudes between their 

winter and summer basis changing their synchrony. The distorting of temperature 

cues is of great biological significance as it could also impact the triggers of mating 

behaviour and possibly produce asynchronous patterns of hybridization and therefore 

erode species boundaries. 

 

5.3. General conclusions  

      

Results from this study have led to the following conclusions: 

  

 The asymmetrical hybridization observed in the translocation event, is 

probably a product of differences in reproductive timing between females 

from Paratya australiensis lineage 4 and 6. This supports the sensory drive 

hypothesis, with lineage 4 females reproducing first responding to the mating 

signals in a new habitat and having a detrimental effect on the reproductive 

potential of lineage 6 females. As a result lineage 4 has almost displaced 

lineage 6 in Branch Creek West. 

 

 Even though eggs revealed that lineage 6 females and lineage 4 males were 

mating, larvae and adults from this cross were not found, supporting the 

hypothesis of Hughes et al. (2003) that, asymmetrical inviability could have 
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contributed to produce the asymmetrical hybridization observed after the 

translocation took place.   

 

 Lineage 6 females changed their timing of reproduction possibly due to the 

invasion of the introduced lineage 4. This was thought to be a response to the 

early mating by lineage 4 females, which would limit sperm availability by the 

time lineage 6 females were ready to mate. By breeding in autumn, lineage 6 

females reduced the effects of sperm limitation. 

 

 Allele frequencies suggest that the reproductive strategy of lineage 6 appears 

to be preserving it in its local habitat, even thought lineage 4 still vastly 

outnumbers it. This implies that the resources traded–off from this strategy are 

not sufficient to return lineage 6 to its original abundance.  

 

 Lineage 4 individuals appear to be the first to reproduce in spring but they 

reproduced in autumn as well, which suggests that the gap between spring and 

autumn is enough to recover from sperm limitations. This could be one reason 

why lineage 6 females cannot recover as lineage 4 females are also responding 

to this new mating period.  

 

 Microsatellite data from eggs and mtDNA data from adults suggest that the 

asymmetrical hybridization observed in the earlier study seems not to be as 

obvious now. In fact, few hybrids and different reproductive times suggest that 

the two lineages have more defined species boundaries than initially. This 

implies that the asymmetrical hybridization observed was a result of the 
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sudden variation in habitat (temperature – altitude) due to anthropogenic 

disturbance.  

 

 Species boundaries appear to be strong among lineages 3, 4 and 8 as hybrid 

zones were not found and when they co-occurred gene flow was minimal or 

absent. This gives additional support to the idea that these lineages are 

biological species and hybridization between them in natural systems is rare. 

 

 Even though all three landscape parameters were positively correlated, 

elevation appears to be the more significant influencing in the distribution of 

these lineages. Due to the fact that river mouth distance and source distance do 

not significantly change water conditions (Salinity) whereas elevation appears 

to affect temperature mediated processes involved in keeping lineages 3, 4 and 

8 apart from each other. 

 

 

5.4. Further studies  

 

In the translocation region, additional and more detailed (monthly) sampling would be 

needed, to assess the effects of the new reproduction period of lineage 6 and 

determine if there are additional reproductive periods that support the survival of 

lineage 6. In the Gold Coast area, altitudinal sampling should be carried out; to search 

for additional lineages, as it was not possible to access some streams because of time 

limitations and land ownership issues. It would be useful to assess how barriers to 

gene flow evolve between these lineages and how they are maintained. To do this it 
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would be essential to determine the role of temperature in the evolution of 

reproductive isolation between lineages. In this way, if temperature is the key factor 

separating these lineages, it will be expected that the reproductive timing between 

these lineages will be variable. Additionally, if this variability in reproductive timing 

is observed, it would be interesting to determine the mechanisms by which 

temperature differently affects mating triggers in females of different altitudes or 

lineages.     
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Appendices  
 

 

APPENDIX 1. Genotype data (Allozymes: Aat-1 – Aat-2 and Microsatellite) used to run Hardy-

Weinberg, Linkage disequilibrium, for each season in the Home pool.  

                

Branch Creek West 

Home pool 
Individual # Microsat. Aat-1 Aat-2 Individual # Microsat. Aat-1 Aat-2 

Autumn 2006       Spring 2006       

Aut-06F1 110110 003003 002002 Spr-06-F1 112112 002002 003003 

Aut-06F2 110110 003003 002002 Spr-06-F2 112112 002002 003003 

Aut-06F3 112112 002002 003003 Spr-06-F3 112112 002002 003003 

Aut-06F4 110110 003003 002002 Spr-06-F4 112112 002002 003003 

Aut-06F5 110110 003003 002002 Spr-06-F5 112112 002002 003003 

Aut-06F6 112112 002002 003003 Spr-06-F6 112112 002002 003003 

Aut-06F7 110110 003003 002002 Spr-06-A1 112112 002002 003003 

Aut-06F8 110110 003003 002002 Spr-06-A2 112112 002002 003003 

Aut-06F9 110110 003003 002002 Spr-06-A3 112112 002002 003003 

Aut-06F10 110110 003003 002002 Spr-06-A4 112112 002002 003003 

Aut-06F11 110110 003003 002002 Spr-06-A5 110110 003003 002002 

Aut-06F12 110110 003003 002002 Spr-06-A6 112112 002002 003003 

Aut-06F13 112112 002002 003003 Spr-06-A7 112112 002002 003003 

Aut-06F14 110110 003003 002002 Spr-06-A8 112112 002002 003003 

Aut-06F15 112112 002002 003003 Spr-06-A9 112112 002002 003003 

Aut-06F16 112112 002002 003003 Spr-06-A10 112112 002002 003003 

Aut-06F17 110110 003003 002002 Spr-06-A11 112112 002002 003003 

Aut-06F18 110110 003003 002002 Spr-06-A12 112112 002002 003003 

Aut-06F19 110110 003003 002002 Spr-06-A13 110110 003003 002002 

Aut-06F20 112112 002002 003003 Spr-06-A14 112112 002002 003003 

Aut-06F21 110110 003003 002002 Spr-06-A15 112112 002002 003003 

Aut-06F22 112112 002002 003003 Spr-06-A16 112112 002002 003003 

Aut-06F23 112112 002002 003003 Spr-06-A17 112112 002002 003003 

Aut-06F24 110110 003003 002002 Spr-06-A18 112112 002002 003003 

Aut-06A1 110110 003003 002002 Spr-06-A19 112112 002002 003003 

Aut-06A2 112112 002002 003003 Spr-06-A20 112112 002002 003003 

Aut-06A3 112112 002002 003003 Spr-06-A21 112112 002002 003003 

Aut-06A4 112112 002002 003003 Spr-06-A22 112112 002002 003003 

Aut-06A5 110110 003003 002002 Spr-06-A23 112112 002002 003003 

Aut-06A6 112112 002002 003003 Spr-06-A24 112112 002002 003003 

Aut-06A7 112112 002002 003003 Spr-06-A25 110110 003003 002002 

Aut-06A8 112112 002002 003003 Spr-06-A26 112112 002002 003003 

Aut-06A9 112110 002003 002003 Spr-06-A27 112112 002002 003003 

Aut-06A10 112112 002002 003003 Spr-06-A28 110110 003003 002002 

Aut-06A11 112112 002002 003003 Spring 2007       
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Aut-06A12 112110 002002 002003 Spr-07F1 112112 002002 003003 

Aut-06A13 112112 002002 003003 Spr-07F2 112112 002002 003003 

Aut-06A14 112112 002002 003003 Spr-07F3 112112 002002 003003 

Aut-06A15 112112 002002 003003 Spr-07F4 112112 002002 003003 

Aut-06A16 112112 002002 003003 Spr-07F5 112112 002002 003003 

Aut-06A17 112112 002002 003003 Spr-07F6 112112 002002 003003 

Aut-06A18 112112 002002 003003 Spr-07F7 112112 002002 003003 

Aut-06A19 110110 003003 002002 Spr-07F8 112112 002002 003003 

Aut-06A20 112112 002002 003003 Spr-07F9 112112 002002 003003 

Aut-06A21 110110 003003 002002 Spr-07F10 112112 002002 003003 

Aut-06A22 112112 002002 003003 Spr-07F11 112112 002002 003003 

Aut-06A23 112112 002002 003003 Spr-07F12 112112 002002 003003 

Aut-06A24 112112 002002 003003 Spr-07F13 112112 002002 003003 

Aut-06A25 112112 002002 003003 Spr-07F14 112112 002002 003003 

Aut-06A26 110110 003003 002002 Spr-07F15 112112 002002 003003 

Aut-06A27 112110 002002 002003 Spr-07F16 112112 002002 003003 

Aut-06A28 112112 002002 003003 Spr-07F17 112112 002002 003003 

Aut-06A29 112112 002002 003003 Spr-07A1 112112 002002 003003 

Aut-06A30 110110 003003 002002 Spr-07A2 112112 002002 003003 

Aut-06A31 110110 003003 002002 Spr-07A3 112112 002002 003003 

Aut-06A32 110110 003003 002002 Spr-07A4 110110 003003 002002 

Aut-06A33 110110 003003 002002 Spr-07A5 112112 002002 003003 

Autumn 2008       Spr-07A6 112112 002002 003003 

Aut-08-F1 112112 002002 003003 Spr-07A7 112112 002002 003003 

Aut-08-F2 110110 003003 002002 Spr-07A8 112112 002002 003003 

Aut-08-F3 112112 002002 003003 Spr-07A9 112112 002002 003003 

Aut-08-F4 110110 003003 002002 Spr-07A10 112110 002003 003003 

Aut-08-F5 110110 003003 002002 Spr-07A11 112112 002002 003003 

Aut-08-F6 110110 003003 002002 Spr-07A12 112112 002002 003003 

Aut-08-F7 112112 002002 003003 Spr-07A13 110110 003003 002002 

Aut-08-F8 110110 003003 002002 Spr-07A14 112112 002002 003003 

Aut-08-F9 110110 003003 002002 Spr-07A15 112112 002002 003003 

Aut-08-F10 110110 003003 002002 Spr-07A16 112112 002002 003003 

Aut-08-F11 110110 003003 002002 Spr-07A17 112112 002002 003003 

Aut-08-F12 110110 003003 002002 Spr-07A18 110110 003003 002002 

Aut-08-F13 110110 003003 002002 Spr-07A19 112112 002002 003003 

Aut-08-F14 110110 003003 002002 Spr-07A20 112112 002002 003003 

Aut-08-F15 110110 003003 002002 Spr-07A21 112112 002002 003003 

Aut-08-A1 112110 002003 003003 Spr-07A22 112112 002002 003003 

Aut-08-A2 112112 002002 003003 Spr-07A23 112112 002002 003003 

Aut-08-A3 112112 002002 003003 Spr-07A24 112112 002002 003003 

Aut-08-A4 110110 003003 002002 Spr-07A25 110110 003003 002002 

Aut-08-A5 112112 002002 003003 Spr-07A26 112112 002002 003003 

Aut-08-A6 112112 002002 003003 Spr-07A27 112112 002002 003003 

Aut-08-A7 110110 003003 002002 Spr-07A28 112112 002002 003003 

Aut-08-A8 112112 002002 003003 Spr-07A29 112112 002002 003003 
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Aut-08-A9 112112 002002 003003 Spr-07A30 110110 003003 002002 

Aut-08-A10 112110 002002 002003 Spr-07A31 112112 002002 003003 

Aut-08-A11 112112 002002 003003         

Aut-08-A12 110110 003003 002002         

Aut-08-A13 112112 002002 003003         

Aut-08-A14 112112 002002 003003         

Aut-08-A15 112112 002002 003003         

Aut-08-A16 112112 002002 003003         

Aut-08-A17 112110 002003 003003         

Aut-08-A18 110110 003003 002002         

Aut-08-A19 110110 003003 002002         

Aut-08-A20 110110 003003 002002         

Aut-08-A21 110110 003003 002002         

Aut-08-A22 110110 003003 002002         

Aut-08-A23 112112 002002 003003         

 

 

 

 
APPENDIX 2. Genotype data (Allozymes: Aat-1 – Pgi and Microsatellite) used to run Hardy-

Weinberg, Linkage disequilibrium and multi-locus assignment tests, for each single pool at 

Currumbin Ck, Tallebudgera Ck. and Little Nerang Ck. 

                

Currumbin Ck 

Outside Spring Brook Park pool 
Individual 

# 
Microsat. Aat-1 Pgi 

Individual 

# 
Microsat. Aat-1 Pgi 

C1 112112 003003 001001 C43 000000 002002 001001 

C2 112104 002003 001001 C44 112112 002002 001001 

C3 112104 003003 001001 C45 106106 002002 001001 

C4 112112 003003 001001 C46 000000 003003 001001 

C5 110110 003003 001001 C47 000000 003003 001002 

C6 110106 002003 001001 C48 106104 002002 001001 

C7 112106 002003 001001 C49 110110 002002 001002 

C8 106106 002003 001001 C50 000000 002002 001001 

C9 112112 003003 001002 C51 112112 003003 001001 

C10 112112 003003 001001 C52 110106 003003 001001 

C11 112112 001002 001001 C53 112112 003003 001001 

C12 112112 003003 001001 C54 112112 002002 001001 

C13 106106 002002 001001 C55 110106 003003 001001 

C14 112112 003003 001001 C56 110106 003003 001001 

C15 112112 003003 001001 C57 112106 003003 001001 

C16 112110 002002 001002 C58 116116 003003 001001 

C17 000000 003003 001001 C59 112112 002002 001001 

C18 112112 003003 001001 C60 110110 003003 001001 

C19 110110 003003 001001 C61 112112 003003 001001 
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C20 112112 002002 001002 C62 116112 003003 001001 

C21 112112 003003 001001 C63 000000 002002 001001 

C22 112112 002002 001001 C64 110110 003003 001001 

C23 112112 003003 001001 C65 112112 002002 001001 

C24 000000 002002 001001 C66 112112 002002 001001 

C25 112112 003003 001001 C67 112112 003003 001002 

C26 106106 002002 001001 C68 106106 002002 001001 

C27 112112 003003 001002 C69 106106 003003 001001 

C28 112112 001001 001001 C70 110110 002002 001001 

C29 110110 001001 001001 C71 112112 003003 001001 

C30 104104 002002 001001 C72 106106 002002 001001 

C31 000000 001001 001001 C73 106106 003003 001001 

C32 104104 003003 001001 C74 112112 002002 001001 

C33 104104 002002 001001 C75 112112 003003 001003 

C34 110110 003003 001001 C76 106106 003003 001001 

C35 112112 002002 001001 C77 112112 003003 001001 

C36 110104 003003 001001 C78 112112 003003 001001 

C37 112112 003003 001002 C79 106106 003003 001001 

C38 110106 003003 001001 C80 112112 003003 001001 

C39 104104 002002 001001 C81 106106 002002 001001 

C40 110104 003003 001001 C82 112112 003003 001001 

C41 112112 003003 001001 C83 112112 003003 001001 

C42 000000 002002 001002         

                

 

                  

  Little Nerang Ck.   

  Waringa pool   

  
Individual 

# 
Microsat. Aat-1 Pgi 

Individual 

# 
Microsat. Aat-1 Pgi   

  W1 000000 003003 001003 W31 112106 003003 001003   

  W2 000000 003003 001003 W32 112112 003003 001003   

  W3 110110 003003 001003 W33 110110 003003 001003   

  W4 112112 003003 001003 W34 112104 003003 001003   

  W5 112112 003003 001003 W35 112112 003003 001003   

  W6 112112 003003 001003 W36 112104 003003 001003   

  W7 110110 003003 001001 W37 110110 003003 002002   

  W8 112112 003003 002002 W38 112112 003003 001001   

  W9 112112 003003 001003 W39 112104 003003 001003   

  W10 112104 003003 001003 W40 112112 003003 001001   

  W11 112112 003003 002002 W41 110104 003003 001001   

  W12 110110 003003 001001 W42 110110 003003 001001   

  W13 104104 003003 001003 W43 112110 003003 001003   

  W14 112112 003003 001001 W44 124110 003003 002002   

  W15 110110 003003 001001 W45 124110 003003 002002   

  W16 110110 003003 001003 W46 124112 003003 001001   
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  W17 124110 003003 002002 W47 110110 003003 001001   

  W18 124110 003003 002002 W48 124112 003003 001003   

  W19 124112 003003 001001 W49 112110 003003 001003   

  W20 112112 003003 001001 W50 112112 003003 002002   

  W21 124112 003003 001003 W51 112106 003003 001002   

  W22 112110 003003 001003 W52 000000 003003 001002   

  W23 112112 003003 002002 W53 106106 003003 001002   

  W24 112112 003003 002002 W54 106106 003003 001002   

  W25 000000 003003 002002 W55 112112 003003 001002   

  W26 114106 003003 002002 W56 124112 003003 001003   

  W27 106106 003003 002002 W57 112110 003003 001002   

  W28 112112 003003 002002 W58 110110 003003 001001   

  W29 114112 003003 001003 W59 112112 003003 001003   

  W30 114114 003003 001003 W60 112112 003003 001002   

                    

 

               

Tallebudgera Ck. 

End of the Road pool 
Individual 

# 
Microsat. Aat-1 Pgi 

Individual 

# 
Microsat. Aat-1 Pgi 

T1 106106 002002 002002 T36 116106 003003 001002 

T2 106106 003003 002002 T37 118106 002002 002002 

T3 110110 003003 001001 T38 118106 002002 002002 

T4 106106 002002 002002 T39 118106 002002 002002 

T5 112106 001002 002002 T40 118106 002002 002002 

T6 106106 001002 002002 T41 118108 002002 001002 

T7 106106 002002 002002 T42 118116 003003 002002 

T8 106106 001002 002002 T43 106106 001002 002002 

T9 000000 002002 002002 T44 112112 003003 002002 

T10 000000 002002 002002 T45 112112 003003 001001 

T11 108104 003003 001002 T46 108108 002002 002002 

T12 106106 002002 001002 T47 106106 002002 002002 

T13 106106 002002 001002 T48 106106 002002 002002 

T14 000000 001002 002002 T49 106106 002002 002002 

T15 106106 003003 002002 T50 118108 002002 002002 

T16 104104 002002 002002 T51 118106 002002 002002 

T17 000000 002002 002002 T52 108108 002002 002002 

T18 108108 002002 001002 T53 106106 002002 002002 

T19 108108 002002 001002 T54 000000 002002 002002 

T20 106106 002002 002002 T55 000000 002002 002002 

T21 106106 002002 002002 T56 104104 002002 002002 

T22 106104 001002 002002 T57 118106 002002 002002 

T23 108108 002002 002002 T58 106106 001002 002002 

T24 106104 002002 002002 T59 118106 003003 003003 



 134 

T25 108104 002002 002002 T60 106106 003003 003003 

T26 106104 002002 002002 T61 106106 003003 002002 

T27 110110 003003 001001 T62 106106 002002 002002 

T28 000000 002002 002002 T63 112112 001002 002002 

T29 116116 002002 002002 T64 110110 002002 002002 

T30 118106 001002 002002 T65 000000 002002 002002 

T31 124106 003003 002002 T66 000000 001002 002002 

T32 106106 003003 002002 T67 106104 003003 002002 

T33 106106 003003 002002 T68 112112 001002 002002 

T34 106106 003003 001002 T69 118106 002002 002002 

T35 118106 003003 002002 T70 118106 002002 002002 

                

 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


