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SUMMARY

Freshwater systems offer important opportunities to investigate the consequences of intrinsic

biological and extrinsic environmental factors on the distribution of genetic variation, and

hence population genetic structure. Drainages serve to isolate populations and so preserve

historical imprints of population processes. Nevertheless, dispersal between and within

drainages is important if the biology of the species confers a good dispersal capability.

Knowledge of the population genetic structure or phylogeographic patterns of Australia�s

freshwater fish fauna is generally depauperate, and the present study aimed to increase this

knowledge by investigating patterns of genetic diversity in three Australian species of

freshwater fish. I was interested in the relative importance of dispersal capability, the

hierarchical nature of stream structure and the consequences of earth history events on patterns

of genetic diversity among populations.

I examined three species from three families of Australian freshwater fish, Pseudomugil

signifer (Pseudomugilidae), Craterocephalus stercusmuscarum (Atherinidae) and Hypseleotris

compressa (Gobiidae). These species are abundant, have wide overlapping distributions and

qualitatively different dispersal capabilities. I was interested in attempting to unravel how the

biological, environmental and historical factors had served to influence the patterns and extent

of genetic diversity within each species, thereby inferring some of the important evolutionary

processes which have affected Australia�s freshwater fauna. I used allozyme and 500-650bp

sequences from the ATPase6 mitochondrial DNA (mtDNA) gene to quantify the patterns of

genetic variation at several hierarchical levels: within populations, among populations within

drainages and among drainages. I collected fish at several spatial scales, from species wide to

multiple samples within drainages; samples were collected from the Northern Territory,

Queensland and New South Wales.

The species with the highest potential for dispersal, H. compressa, exhibited the lowest levels

of genetic differentiation as measured at several allozyme loci (H. compressa: FST=0.014; P.

signifer FST=0.58; C. stercusmuscarum FST=0.74). Populations of H. compressa also had low

levels of mtDNA differentiation, with many recently derived haplotypes which were

widespread along the coast of Queensland. This suggested either considerable gene flow occurs

or recent demographic change in the populations sampled. As there was no relationship

between geographic distance and genetic differentiation, the populations appeared to be out of

genetic drift - gene flow equilibrium, assuming the two-dimensional stepping stone model of

gene flow. Estimating contemporary gene flow was thus difficult. It was apparent that there has
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been a recent population expansion and / or contraction of H. compressa populations. It was

concluded that there has been considerably more connectivity among populations of H.

compressa in the recent past than either of the other study species.

Populations of P. signifer showed considerable genetic subdivision at different hierarchical

levels throughout the sampled range, indicating gene flow was restricted, especially between

separate drainages. Two widely divergent regional groups which had high ATPase6 sequence

divergence and approximately concordant patterns at allozyme loci were identified.

Interestingly, the groups mirrored previous taxonomic designations. There was also significant

subdivision among drainages within regional groups. For example, the adjacent Mulgrave-

Russell and Johnstone drainages had individuals with haplotypes that were reciprocally

monophyletic and had large allozyme frequency differences. This allowed me to examine the

patterns of genetic differentiation among populations within drainages of two essentially

independent, but geographically close systems. There was as much allozyme differentiation

among populations within subcatchments as there was between subcatchments within

drainages, and significant isolation by distance among all populations sampled within a

drainage. This suggested that the estuarine confluence between subcatchments was not a barrier

to P. signifer, but that distance was an important component in the determination of the

distribution of genetic diversity within drainages in P. signifer.

There were three main areas of investigation for C. stercusmuscarum: comparing upland and

lowland streams of the drainages in north Queensland, investigating the consequences of

eustasy on coastal margin populations and examining the intriguing distribution of the two

putative sub species, C. s. stercusmuscarum and C. s. fulvus in south east Queensland. First, as

populations in upland areas of east coast flowing rivers are above large discontinuities in the

river profile, their occurrence is presumably the result of gene flow to and / or from lowland

areas, or the result of invasions via the diversion of western flowing rivers. Concordant patterns

at both genetic markers revealed that the latter possibility was the most likely, with fixed

allozyme differences between upland and lowland populations, and large mtDNA sequence

divergence. Indeed, it appeared that there may have been two independent invasions into the

upland areas of rivers in North Queensland. Second, lowland east coast populations also had

large, although not as pronounced, levels of population subdivision. Lack of isolation by

distance, but with a concomitant high level of genetic differentiation among many comparisons,

was consistent with a scenario of many small, isolated subpopulations over the range.

Interestingly, widespread populations in central Queensland coastal populations (drainages

which receive the lowest rainfall) were relatively genetically similar. This was consistent with
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the widest part of the continental shelf which at periods of lower sea level apparently formed a

large interconnected drainage, illustrating the effect of eustatic changes on populations

inhabiting a continental margin. Third, putative C. s. fulvus in lowland coastal Queensland

drainages were genetically more similar to a population of C. s. fulvus collected from a

tributary of the Murray-Darling (western flowing) than they were to adjacent putative C. s.

stercusmuscarum. This implied that populations in south east Queensland, north to

approximately the Burnett River, appeared to be derived from western flowing streams, and not

via dispersal from other lowland east coast populations.

Determining the relative importance of intrinsic and extrinsic factors to the development of

population genetic structure is a difficult task. The present study demonstrated that the species

with the highest dispersal potential had the lowest levels of genetic differentiation, waterfalls

can limit gene flow, eustasy acts to join and separate populations leading to complex genetic

patterns and that drainage rearrangements are important in determining the distribution of

genetic diversity of populations now inhabiting isolated drainages. A difficulty with

generalising about population genetic structure in obligate freshwater animals is the unique

history of not only each drainage, but also the streams within that drainage and the

idiosyncratic biological dynamics of the populations inhabiting those drainages.
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CHAPTER 1

1.0 GENERAL INTRODUCTION

1.1 POPULATION GENETIC STRUCTURE

Most species of organisms exhibit some degree of population structure throughout their

geographic range. The division into discrete or semi-discrete populations has profound

implications on the evolutionary fate of species (Hartl and Clark 1989). Biotic and abiotic

factors determine the genetic structure of a species (Slatkin 1987; Slatkin 1994), and by

studying patterns of genetic diversity, insight may be gained into the processes of

microevolutionary change. In this thesis, I present an investigation of the patterns of genetic

diversity in three species of Australian freshwater fish, to infer the importance of intrinsic,

biological factors and extrinsic environmental and historical factors for population genetic

structure.

The biology of an organism determines the processes associated with reproduction, life history,

mating system and dispersal which make up the demographic structure. The genetic processes

such as selection, mutation, recombination and genetic drift determine the genetic structure

(Slatkin 1994). The two interrelated parts sum to the population structure of the organism

(Slatkin 1994).

There are two basic classes of population structure. The first are for those with continuously

distributed populations and the second for discrete populations (Slatkin 1985; Richardson et al.

1986). Continuously distributed populations may approximate (1) panmixia, which is the free

interchange of individuals throughout a population or (2) isolation by distance, where there is

local interchange only as a function of the lifetime dispersal distance of individuals

(Richardson et al. 1986). The levels of gene flow in models of continuous distribution are

defined by the geographical spread of lifetime dispersal distances. Discrete subpopulation

models do not have an inherent geographic structure; what is important is the extent of gene

flow between subpopulations (Slatkin 1985). Models of proposed gene flow have been the

island model (Wright 1931), which in more recent usage represents a situation where a

particular subpopulation is equally likely to send or receive individuals from a finite number of

other subpopulations (Slatkin 1985). The stepping stone model of Kimura (1953) describes a

set of subpopulations arranged in a one- two- or three- dimensional lattice in which individuals

can only move between adjacent subpopulations.
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Population genetic studies use the frequency of alleles in different subpopulations to indirectly

estimate gene flow from mathematical models of the interaction of gene flow and other forces

(such as genetic drift and mutation) (Slatkin 1994). The most commonly used indirect method

is Wright�s FST statistic which is the standardised variance in allele frequency. From the island

model, at equilibrium, FST=1/(1 + 4Nem), where Nem (gene flow) is the product of population

size Ne, and the migration rate m. An important assumption that indirect estimates have is that

there is an equilibrium between genetic and demographic processes (Slatkin 1994). Lately,

Slatkin (1993) showed that assuming a stepping stone model, the equilibrium status of

populations can be rejected if there is an insignificant relationship between geographic distance

and genetic distance as measured by Nem or M^, which is robust to variable mutation rates

among loci (see also Hutchison and Templeton 1999). Slatkin (1993) also suggested that nearer

populations will reach equilibrium more quickly than distant populations assuming a stepping

stone model of gene flow.

Traditionally the variation in gene frequencies, usually in terms of a spatial array, has been the

basis of estimating population genetic structure, and there has been a long history in developing

models to infer the extent of demographic processes such as gene flow from gene frequency

data (Slatkin 1987; Avise 1994). Allozyme electrophoresis was applied to population genetic

problems in the late 1960�s (Hubby and Lewontin 1966; Lewontin and Hubby 1966) and led to

a large number of studies which examined the levels of genetic variation and differentiation in

many organisms (see reviews in Ryman and Utter 1987; Avise 1994). Lately however,

mitochondrial DNA (mtDNA) gene genealogies have been increasingly utilised as they allow a

construction of  intraspecific phylogeny that is free of the complication of recombination due to

the maternal inheritance of mtDNA. Also, mtDNA has a high net mutation rate respective to

nuclear DNA, and has a ¼ effective population size (as it is haploid and maternally inherited),

meaning that differentiation should be greater at the mtDNA locus than nuclear loci (Birky et

al. 1989). Avise et al. (1987a) coined the term �phylogeography� in recognition of the

usefulness of mtDNA data for reconstructing intraspecific history via the relationship of gene

genealogies and geography.

Avise and colleagues have demonstrated the importance of historical barriers in determining

population structure (Avise 1992). They showed that seaside sparrows, fish, oysters and

horseshoe crabs had concordant patterns in the distribution of genetic diversity such that there

were large genetic breaks either side of the Florida peninsula. Bernatchez and Wilson (1998)

demonstrated the consequences of Pleistocene glaciation by comparing the mtDNA diversity
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between fish either affected or unaffected by the advance and retreat of glaciers across the

landscape. They showed that the diversity among species in formerly glaciated areas was less

than those unaffected, suggesting that there has been recent colonisation of glaciated areas

(Bernatchez and Wilson 1998).

The extent of dispersal is also important in shaping patterns of genetic diversity. Avise et al.

(1986) demonstrated that the lack of phylogeographic subdivision between Atlantic and Gulf of

Mexico populations of the American eel and hardhead catfish (Avise et al. 1987b) were

consistent with their life histories which suggested a good lifetime dispersal capability (see

review in Avise 1992). Many studies have shown that the extent of genetic differentiation can

be related to relative dispersal capabilities including fish (Waples 1987; Watts 1991; Doherty et

al. 1995), shrimp (Duffy 1993), coral (Hellberg 1996), insects (Varvio-Aho 1983) and

herbaceous plants (Williams 1994) among others.

1.2 POPULATION STRUCTURE IN RIVERINE SYSTEMS

The high level of genetic subdivision among populations of freshwater fish from different

drainages has been attributed to the isolating effects of drainage structure, but also to smaller

population sizes relative to marine species (Ward et al. 1994). Other organisms that inhabit, or

have close associations with, freshwater systems also display high levels of population

structuring, such as crustaceans (e.g. Gooch and Hetrick 1979; Siegismund and Muller 1991;

Campbell et al. 1994; Hughes et al. 1995), frogs (e.g. Driscoll 1998; Barber 1999), molluscs

(e.g. Chambers 1980; Dillon 1984; Ponder et al. 1994) insects (Rank 1992) and plants (e.g.

Liao and Hsiao 1998). This is usually attributed to the fragmentation and isolation of riverine

systems. Estuarine fish generally exhibit less differentiation and often demonstrate patterns of

isolation by distance implying greater dispersal among populations of nearby compared to

distant estuaries (e.g. Ayvazian et al. 1994; Keenan 1994; Chenoweth et al. 1998a; Jerry and

Baverstock 1998). Genetic differentiation among populations of marine species is generally

lower than either anadromous or freshwater species, which implies gene flow is more extensive

(Gyllensten 1985; Ward et al. 1994).

Meffe and Vrijenhoek (1988) proposed the Stream Hierarchy Model (SHM) as a means of

summarising the relationships among populations within and among drainages. Due to the

hierarchical nature of river drainages they proposed that the probability of connectivity was

related to the position of a population in a particular drainage, such that populations within the

same stream would be genetically more similar than populations in different subcatchments and

so on, with most differentiation occurring at the level of drainages. In the classic Wrightian
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sense (see Wright 1978) the distribution of genetic variation was distributed as HT= HS + DSC +

DCD + DDT, such that the total variation within a set of samples is a sum of the variation within

sites (HS) and the diversity attributed to the different levels of the hierarchy (in this case DSC,

diversity of sites within subcatchments, DCD, diversity among subcatchments within drainages,

and DDT, diversity among drainages relative to the total), whereby, at equilibrium with gene

flow and genetic drift, DDT > DCD > DSC.

This model can be used as a null model to examine patterns of genetic diversity within and

among populations where deviations from expectation may allow inferences concerning the

consequences of historical or present connectivity. For example, if the patterns of connectivity

among populations within and between drainages have led to DDT > DCD > DSC, then we can

infer that present day drainage structure may be an important determinant of the patterns of

genetic diversity, which has served to affect the probability of connectivity of populations in

different sections of the hierarchy. Concomitantly, it may imply that sufficient time has passed

for equilibrium to be established. If this relationship is not found, then it may be likely that

historical or other processes have shifted the system from equilibrium, and are more important

in determining the distribution of genetic diversity among populations. Importantly, if the

relationship is found it does not prove that equilibrium has been established, rather that it

cannot be rejected. In essence, the model describes an equilibrium state of the distribution of

genetic diversity in relation to present drainage patterns, given that the probability of

connectivity is correlated to position in the stream hierarchy. Vrijenhoek (1998) recently

recognised that drainage rearrangement events that lead to the introduction of individuals from

other drainages will disrupt the relationship among hierarchical levels. Also, if the model is

rejected for the relationship of populations within drainages, we may be able to infer the

occurrence of processes such as gene flow being equally or more likely between subcatchments

across an estuarine confluence as within subcatchments. Finally, barriers such as waterfalls

which inhibit gene flow among sites may cause a disruption to the expected pattern.

Organisms inhabiting riverine systems have been shown to have a variety of population

structures which illustrate the importance of dispersal and earth history. Zink et al. (1996) and

Chubb et al. (1998) studied the evolutionary genetics of Hawaii�s freshwater fish and

discovered a lack of phylogeographic structure, even though fish were distributed on islands

surrounded by expanses of ocean. They suggested that the amphidromous (marine going) larval

phase of these fish facilitated gene flow among islands. Schmidt et al. (1995) showed that the

winged adult phase of a baetid insect resulted in widespread gene flow among drainages. At the

other extreme, there are many examples of high levels of genetic subdivision occurring among
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populations of freshwater fish from different drainages (see Ward et al. 1994); these examples

suggest that gene flow can be limited even between geographically close drainages. As

Bernatchez and Wilson (1998) noted, populations in different drainages are effectively

�islands�. In this sense, patterns of genetic diversity can readily be seen in terms of the

influence of historical geomorphological factors which can join or isolate drainages and their

resident populations, rather than contemporary dispersal. One of the first studies to incorporate

the historical aspect to studies of fish population genetic structure was Bermingham and Avise

(1986) who showed that common phylogeographic patterns among species were probably a

result of common historical geological processes. They also noted that stream captures can be

important in the distribution of genetic diversity. Importantly, Bermingham and Avise (1986)

considered the effects of eustatic change on coastal margins, and suggested that

phylogeographic patterns among species inhabiting these areas may differ in response to the

varied opportunities for dispersal caused by the intermittent nature of division and coalescence

of drainages.

1.3 AUSTRALIA�S FRESHWATER FISH FAUNA

Australia has fewer species of freshwater fish than many other areas of the world of comparable

size (e.g. North America and Asia) (Allen 1989). Nevertheless, for comparable systems in other

geographic areas, the diversity of species is approximately equivalent (Bishop and Forbes 1991;

Gehrke and Harris, 2000). Until recently, the majority of Australia�s freshwater fish were

thought to have been of recent marine origin (Allen 1982); however there are now suggestions

that some families have a more ancient freshwater association with the Australian landmass

(e.g. Atherinidae, Crowley 1990).

In contrast to North America and Europe (see e.g. Ward et al. 1994; Bernatchez and Wilson

1998) there have been comparatively few studies of the population genetic structure of

Australia�s native freshwater fish. Most have concentrated on examining populations inhabiting

inland drainages or those that are separated by barriers such as ranges (e.g. Musyl and Keenan

1992; Musyl and Keenan 1996) or escarpments (Watts et al. 1995). In the oxleyean pygmy

perch Nannoperca oxleyana high levels of differentiation were found among most lowland

populations, although it was suggested that high genetic similarities between some populations

from separate drainages may have been a result of a shared confluence at times of lower sea

levels (Hughes et al. 1999). A study of the purple spotted gudgeon Mogurnda mogurnda

revealed that stream rearrangements were important determinants in the distribution of genetic

diversity (Hurwood and Hughes 1998), as did Waters et al. (1994) for the two-spined blackfish

Gadopsis bispinosus. Ovenden (1990) revealed the effect of isolation on tarn (mountain lake)
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populations of Galaxias species on patterns of speciation using mitochondrial DNA techniques

and allozymes, and Ovenden et al. (1988) revealed large levels of divergence among isolated

populations of two Gadopsis species which inhabit southern Australian rivers.

The lack of direct or indirect data about the extent of contemporary or historical fish movement

between drainages has hindered attempts to interpret fish distribution patterns of Australia�s

freshwater fish (e.g. Pusey and Kennard 1996; Pusey et al. 1998; Unmack 1999). Pusey and

Kennard (1996) suggested that offshore freshwater plumes or inundation of floodplains may

lead to the movement of fish across the Wet Tropics landscape of far North Queensland. In this

case, populations from near drainages should be genetically more similar to more distant

drainages which are less likely to be connected via these mechanisms. This may also lead to an

isolation by distance if an equilibrium between genetic drift and gene flow becomes

established.

1.4 EUSTASY, STREAM CAPTURE AND BIOGEOGRAPHIC BARRIERS OF THE STUDY AREA

The reconstruction of ancient stream courses requires information about the interaction of

eustatic changes, sedimentation and climate change (e.g. rainfall) and the difficulty of this task

has been influential in contributing to the dearth of published work on ancient drainage patterns

along the east coast of Australia. Maxwell (1968) presented a reconstruction of ancient (before

the �Recent� period) drainages of coastal Queensland lines based on contouring of bathymetric

data, and it appears that where the continental shelf is widest ancient drainages had

correspondingly large catchment areas. For example, Maxwell (1968) proposed the Fitzroy

system (see Figure 2.3), which now exits near Rockhampton, drained a coastal area spanning

latitudes 20°S to 23°S. Presently, much of the coastal area near the mouth of the Fitzroy is

drained by short coastal streams, although the Fitzroy drains a large inland area. Other

drainages, such as the adjacent Mulgrave-Russell and Johnstone (~17°30�S), are situated where

the shelf is relatively narrow and may have been isolated for some time. Although we cannot be

sure of the exact nature of changes that have occurred in coastal Queensland drainages, it is

evident that eustatic changes have influenced the connectivity of drainages that may be

contemporarily isolated, sometimes at large spatial scales.

Drainage rearrangements such as stream captures, beheading and faulting can lead to the

connectivity of otherwise isolated drainages (Ollier 1978), and presumably the transport of fish

and other obligate stream organisms. It has long been thought that streams straddling the Great

Dividing Range, which extends down the east coast of Australia (Figure 2.4), have captured

drainages on the opposite side (Ollier 1978). Captures of western flowing streams by those
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flowing east, and vice versa have been variously mooted over the last century. For example

Jensen (1926 in Ollier 1978) proposed that the Barron River in Far North Queensland captured

previously western flowing streams, and it has been suggested the Burdekin (in Pusey et al.

1998) has also captured western flowing streams (see Figure 2.3 for drainage locations). The

Clarence River area of north eastern New South Wales has also characteristics which suggest

that drainage rearrangements may have occurred (Haworth and Ollier 1992), although the

precise nature and timing of the events is still uncertain (R. J. Haworth, personal

communication). More recently, the probability and frequency of cross divide drainage captures

has been questioned (Unmack 1999 and references therein). Nevertheless, examination of the

distribution of freshwater fish in Australia shows that up to 16 species or species complexes

have distributions which span the Great Dividing Range (data gathered from Allen 1989;

McDowall 1996). In addition, the high genetic similarity of populations both sides of the

Divide of catfish Tandanus tandanus (Musyl and Keenan 1996; Jerry and Woodland 1997) and

the golden perch (Musyl and Keenan 1992) relative to low genetic similarities with populations

in adjacent drainages within the same biogeographic divisions, suggest that this has been a

potential mechanism for fish dispersal among presently isolated drainages.

One of the central tenets of phylogeography is that different species should have similar genetic

patterns across biogeographic boundaries and at barriers which restrict gene flow (see Avise

1992). Various authors have attempted to define biogeographic areas based on the distribution

patterns of freshwater fish in Australia. Most have defined coastal Queensland to be within the

one arbitrary biogeographic province - the Eastern Coastal Division (Merrick and Schmida

1984; Allen 1989). Interestingly, authors studying terrestrial based organisms have recognised

an area (the �Burdekin Gap�) (Keast 1961; Simpson 1961; Cracraft 1986) which has been

identified as an effective biogeographic barrier. This area corresponds to a dry corridor which

dates back to before the Pliocene, based on molecular data (Joseph and Moritz 1994; Joseph et

al. 1994). Recently, Unmack (1999) suggested a revised biogeographic scheme for freshwater

fish which recognises a division in the Burdekin River region, between a �Northern Province�

and �Eastern Province� where the distributions of up to 13 species change. In addition, Pusey et

al. (1998) have noted the depauperate freshwater fish biodiversity of the Burdekin River may

have been influenced by increased aridity during the Pleistocene (and earlier) glacial periods.

This region, therefore, may have played a role in the generation of phylogeographic patterns

among freshwater fish of this area.
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1.5 THESIS STRUCTURE AND AIMS

Freshwater systems offer opportunities to disentangle the intrinsic and extrinsic factors which

determine population genetic structure by offering a hierarchical system with different levels of

isolation. Broadly, I was interested in examining the relative roles of life history, the physical

structure of riverine systems and the history of geomorphological change on the distribution of

genetic diversity in three species of freshwater fish. By examining species which had

qualitatively different dispersal capabilities, I attempted to account for the role of life history in

determining patterns of genetic diversity. In the present study, I investigated the population

genetic structure of Pseudomugil signifer Kner (Pseudomugilidae), Craterocephalus

stercusmuscarum (Günther) (Atherinidae) and Hypseleotris compressa (Krefft) (Gobiidae).

These species were chosen because of their life history characteristics, relative abundance and

other factors (see Chapter 2, section 2.2). They have qualitatively different dispersal abilities

from an appraisal of their respective life histories and therefore should serve as good models to

investigate the potential importance of the role of dispersal in shaping patterns of genetic

diversity. An ideal way to investigate this aim is with allozyme electrophoresis and

mitochondrial DNA techniques, demonstrated to be extremely useful in assessing population

structure, levels of connectivity and influence of historical processes (see Avise 1994).

We would expect that the species with the best potential for dispersal would have lower levels

of genetic differentiation than the species with lesser potential for dispersal (see e.g. Waples

1987). In addition, we may expect shallow population histories in the species with higher

dispersal capabilities, because each dispersal event will �rewrite� the history of each drainage

(see e.g. Bermingham and Martin 1998). Concomitantly, in species with low levels of dispersal

between drainages, we would expect to see high levels of genetic divergence among

populations in different drainages. Also for low dispersal species, given sufficient time, we may

expect that lineage sorting may lead to monophyletic clades of mtDNA haplotypes in different

drainages.

This thesis is divided into seven chapters. The general methods used in the present study are

described in Chapter 2, where information regarding the sampling design, location of collection

sites, laboratory methods and statistical analyses is given. Additional information is also

provided in the species chapters which make up Chapters 3 to 6. Chapters 3 and 4 examine

patterns of genetic diversity in Pseudomugil signifer, where Chapter 3 examines broad scale

patterns, and Chapter 4 investigates the levels of gene flow and metapopulation structure within

drainages. Craterocephalus stercusmuscarum has a wider geographical distribution than P.

signifer and is distributed in upland areas of coastal streams. Chapter 5 describes the effects of
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barriers such as waterfalls, putative stream rearrangement events and eustasy have had on the

population genetic structure of C. stercusmuscarum. In Chapter 6, I detail patterns of genetic

diversity among populations of Hypseleotris compressa, a freshwater fish species that has a

dispersal capability that may enable it to overcome isolation imposed by drainage structure.

Chapter 7 examines patterns of genetic diversity of all three species in terms of inferred levels

of contemporary gene flow among populations, the role of geomorphological structures and

history and taxonomic issues that were raised by the current study.
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CHAPTER 2

2.0 GENERAL METHODS

2.1 STUDY AREA

In order to sample the adequate spatial scale of genetic variation within species (Wright 1978),

samples were collected from broad, medium and fine scales. Samples were collected from the

Northern Territory (NT), Queensland (QLD) and New South Wales (NSW) (Figure 2.1). For

medium and fine geographic scales, drainages in the Wet Tropics region of north Queensland

were sampled. Figure 2.2 shows the oblique topographical view of the region south of Cairns,

revealing the coastal plain, scarp and tableland areas. I gathered multiple samples from within

the Mulgrave-Russell and Johnstone drainages for each study species, however sampling

success varied among species (Table 2.1).

2.1.1 Wet Tropics Region

The �Wet Tropics� area of north-eastern Australia (Figure 2.1), has monsoonally high rainfall

and large fluviatile flows (Pusey et al. 1995; Pusey and Kennard 1996) and extends from

approximately Cooktown to Townsville. There are three important, relatively recent, historical

geomorphological processes which have occurred in the Wet Tropics that have had the

potential to impact on the three study species. First, there has been recent (12000 to 8000 years

BP) volcanic activity on the Atherton Tablelands (see Figure 2.2), some suggesting this may

have altered drainage courses in the area (Ollier 1978; Stephenson et al. 1980; Willmott and

Stephenson 1989). Second, eustasy in the Pleistocene probably led to the coalescence of some

drainages of this region at times of low sea levels, although precise historical connections are

difficult to reconstruct (Maxwell 1968; Maxwell 1973). Willmott et al. (1988) summarise that

various authors suggest that the Mulgrave River once flowed north into Trinity Inlet, however

the channel also meandered to the north and south through alluvial deposits until the late

Pleistocene when lower sea levels trapped the river on its present southerly flowing course.

Third, there is evidence for drainage rearrangement via stream capture. As mentioned in

Chapter 1, it has been proposed that the Barron River has captured some rivers that previously

flowed west (e.g. headwaters of Mitchell River) (Ollier 1978; Willmott et al. 1988; Willmott

and Stephenson 1989). Also, contemporary flooding leads to the ephemeral merging of some

adjacent drainages in this region (Pusey and Kennard 1996).
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Table 2.1. Sampling location, drainage, site number, site abbreviation, date collected, species
analysed and geographic coordinates the present study. Ps=P. signifer, Cs=C.
stercusmuscarum, Hc=H. compressa. Ticks indicate fish analysed for the respective sampling
period.

Site name Drainage Site
abbr.

Date
collected Ps Cs Hc Latitude Longitude

Howard Springs Howard HWS 17-Jul-97 b b 12.2790 131.0500
Manton Dam Adelaide MTD 20-Jul-97 b 12.5020 131.0770
Cape Melville Cape Melville MEL 02-Jul-97 b 14.1330 144.2740
Stewart Ck Dtree Daintree STW 23-Oct-97 b b 16.1780 145.1900
Low Isles Low Isles LOW 15-Nov-98 b 16.2304 145.3358
South Mossman R Mossman SMR 23-Oct-97 b 16.2920 145.2300
Stoney Ck Barron STN 23-Oct-97 b 16.5250 145.4060
Freshwater Ck Barron FWC 30-Sep-96 b 16.5770 145.4080
Middle Ck Trinity Inlet MDC 23-Oct-97 b 17.0230 145.4960
Barron R Barron UBN 04-Nov-98 b 17.0490 145.2720
Mulgrave R A Mulgrave MGA 28-May-96 b b 17.0550 145.4850
Mulgrave R A Mulgrave MGA 25-Oct-97 b b 17.0550 145.4850
Little Mulgrave R B Mulgrave LMB 28-May-96 b b 17.0750 145.4210
Little Mugrave R A Mulgrave LMA 01-Oct-96 b b 17.0780 145.4212
Behana Ck B Mulgrave BHB96 03-Oct-96 b b 17.0830 145.4995
Behana Ck B Mulgrave BHB97 24-Oct-97 b 17.0830 145.4995
�3rd Bridge� Ck Mulgrave 3BC 30-Sep-96 b 17.0952 145.5372
Behana Ck A Mulgrave BHA 03-Oct-96 b 17.0957 145.4990
Figtree Ck Mulgrave FIG 24-Oct-97 b 17.1240 145.5450
Toohey Ck Mulgrave THC 01-Oct-96 b 17.1342 145.4453
Harvey Ck Russell HYC96 05-Jun-96 b 17.1538 145.5533
Harvey Ck Russell HYC97 24-Oct-97 b 17.1538 145.5533
Mulgrave R B Mulgrave MGB 01-Oct-96 b 17.1750 145.4780
Mulgrave R B Mulgrave MGB 25-Oct-97 b 17.1750 145.4780
Nth Johnstone R Malanda Nth Johnstone NJP 25-Oct-97 b 17.2033 145.3730
Bramston Bch Drain Bramston Bch BBD 26-Oct-97 b 17.2090 146.0150
Double Barrell Ck Russell DBC 07-Jun-96 b 17.2130 145.5270
North Johnstone R A Nth Johnstone NJR 02-Oct-96 b 17.2193 145.3845
Russell R B Russell RSB 24-Oct-97 b 17.2397 145.5730
Dinner Ck Russell DNC 24-Oct-97 b 17.2505 145.5995
Ithica Ck Nth Johnstone ITA ? b 17.2540 145.3580
Russell R Russell RSR 04-Oct-96 b b b 17.2700 145.5110
Canal Ck Russell CCK 03-Oct-96 b 17.2833 145.5616
Woopen Ck T Russell WCT 05-Jun-96 b b 17.2837 145.5259
Ella Bay Ck Ella Bay Ck EBC 26-Oct-97 b 17.2840 146.0410
Polly Ck Nth Johnstone PYC 29-May-96 b b 17.2862 146.0214
Nth Johnstone R Tibutary Nth Johnstone NJT 09-Oct-96 b 17.3001 146.0240
Culla Ck Nth Johnstone CLC 22-Oct-97 b 17.3100 145.5450
Nth Johnstone R Nerada Nth Johnstone NJN 22-Oct-97 b b 17.3130 145.5160
Tregonthanaan Ck Nth Johnstone TRC 05-Oct-96 b b 17.3131 145.5757
Nth Johnstone R Dickah Nth Johnstone NJD 22-Oct-97 b 17.3270 145.5680
South Bamboo Ck Sth Johnstone BBC 09-Oct-96 b 17.3326 145.5975
Beatrice R Nth Johnstone BTC 03-Jun-96 b 17.3360 145.3620
Nind's Ck Sth Johnstone NDS 23-Oct-97 b 17.3410 146.0510
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Table 2.1. Continued

Site name Drainage Site
abbr.

Date
collected Ps Cs Hc Latitude Longitude

South Johnstone R Sth Johnstone SJR96 29-May-96 b b 17.3490 145.5590
South Johnstone R Sth Johnstone SJR97 22-Oct-97 b b 17.3490 145.5590
Meingan Ck Sth Johnstone MGN 21-Oct-97 b 17.3650 145.5440
Utchee Ck Sth Johnstone UTC 21-Oct-97 b 17.3670 145.5810
Stewart Ck SJ Sth Johnstone STJ 21-Oct-97 b 17.3890 145.5870
Herbert R-Mandalee Herbert MLE 04-Nov-98 b 17.3890 145.2160
Miskin Ck Sth Johnstone MSC 21-Oct-97 b 17.4000 145.5780
Kittabah Ck Liverpool KBC 06-Oct-96 b b 17.4279 145.5244
The Millstream Herbert MLS 11-Nov-98 b 17.4360 145.1510
South Liverpool Liverpool SLC 06-Oct-96 b 17.4530 145.5840
Tully Tributary Tully LTT 01-Jun-96 b 17.4740 145.4050
Banyan Ck Tully BYC96 09-Oct-96 b b 17.5612 145.5556
Banyan Ck Tully BYC97 20-Oct-97 b b 17.5612 145.5556
Cameron Ck Herbert UPH 02-Oct-96 b 18.0120 145.3390
Murray Upper R Murray MUR 20-Oct-97 b 18.0570 145.5230
Stone R Herbert STR 20-Oct-97 b b b 18.3850 146.0210
Bluewater Ck Bluewater Ck BLW 19-Oct-97 b b 19.1370 148.2880
Eden Lassie Ck Eden Lassie ELC 16-Oct-97 b b 20.1210 148.2220
No Name Ck Cedar Falls Ck PRO 18-Oct-97 b 20.2470 148.4210
Pioneer R Pioneer PIO 16-Oct-97 b 21.0580 148.5230
Cattle Ck Pioneer CTC 16-Oct-97 b 21.0960 148.4410
Alligator R Fitzroy AGC 28-Sep-96 b 23.0861 150.2420
Calliope R Calliope CAL 15-Oct-97 b b b 24.1070 150.5800
Eliot R Eliot ELT 14-Oct-97 b 24.5910 152.2290
Burnett R Burnett BUR 14-Oct-97 b 25.3640 151.2880
Amamoor Ck Mary AMA 01-Feb-98 b 26.2101 152.3970
Amamoor Ck Mary AMM 12-Mar-98 b 26.2107 152.3870
Nerang R Nerang NER 13-Aug-98 b 28.0520 153.1680
Dumaresq R Murray-Darling DSQ 01-Jul-98 b 28.5900 151.3350
Orara R Clarence GRA 15-Jul-98 b 29.5660 152.5880
Dingo Ck Manning TAR 14-Jul-98 b 31.8720 152.1870

An important consideration involves more ancient processes which have led to the present

landscape. Some authors (eg De Keyser, 1964; De Keyser and Lucas, 1968) have suggested that

strong block faulting caused uplift of the Atherton Tableland and the subsidence of the coastal

plains in the Tertiary. However, more recent authors (Willmott et al. 1988; Willmott and

Stephenson, 1989) argue the scarp reached its present position in the Pliocene and is a result of

the erosion of a steep Late Cretaceous continental edge by headwater incision. This lead to the

westward retreat of the escarpment, and the formation of the alluvial coastal plains, while

granite basoliths remained as highlands between valleys (eg Bellenden Ker Range).

2.1.2 East Coastal Queensland

The catchment areas of rivers that drain the eastern verdant of the Great Dividing Range

encompass extensive systems draining large areas, to short coastal streams (Maxwell 1968). For
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example, the Fitzroy and Burdekin Rivers have extensive catchment areas, whereas coastal

fringe streams such as Eden Lassie Creek or the Eliot River have minor catchment areas (Figure

2.3). An important feature of the east coast of Australia for patterns of historical connectivity of

presently isolated drainages, is the width of the continental shelf. It is relatively narrow north of

20°S and south of 23°S, however between these latitudes it broadens considerably (Figure 2.4).

The opportunities for anastomisation of streams in this area would therefore be increased

relative to streams that drain areas where the shelf is narrower. Another important feature is the

�Burdekin Gap�, located near the Burdekin River area, and was discussed in the General

Introduction.

2.2 STUDY SPECIES

To examine the questions proposed in Chapter 1, species which fulfilled the following criteria

were chosen:

i) species considered to spend most of their life cycles in freshwater, ascertained from the

literature;

ii) species with qualitatively different dispersal capabilities (see below and Table 2.2);

iii) species from different families to allow for �independent� examination of evolutionary

history;

iv) species with overlapping distributions;

v) species that had similar habitat preferences to ensure efficient sampling and allow for

direct comparison of patterns of genetic variation among species collected from the

same location;

vi) species common enough to allow for robust statistical analyses.

The species that were the most suitable after preliminary sampling of the Wet Tropics region in

May 1996 and a search of the literature (from sources including (Merrick and Schmida 1984;

Allen 1989; Russell and Hales 1993; Pusey et al. 1995; Pusey and Kennard 1996; Russell et al.

1996) were Pseudomugil signifer (Pseudomugilidae), Craterocephalus stercusmuscarum

(Atherinidae) and Hypseleotris compressa (Gobiidae). Qualitatively, the dispersal potential of

each species was determined from a number of sources (Table 2.2). H. compressa was

considered to have the highest dispersal potential, because it has a high fecundity, poorly

developed larvae at hatching, and anecdotal reports suggest that juveniles make mass

migrations upstream from estuarine areas (Herbert et al. 1995). Interestingly, other species of

the same family in Hawaii have amphidromous (sea-going) larvae (Radtke and Kinzie 1996). P.

signifer and C. stercusmuscarum have medium to low dispersal potential (Table 2.2 and species

chapters). P. signifer has relatively large eggs (> 1mm), which are demersal and adhesive in
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addition to well developed larvae. C. stercusmuscarum shares these characteristics (see Table

2.2 and references listed therein), however I considered the potential dispersal to be higher for

P. signifer than C. stercusmuscarum because it can tolerate a wide variety of salinities and is

found in a diverse range of habitats, implying a facility for movement (e.g. marine, brackish and

freshwater). Therefore the range of putative dispersal capabilities of the three species selected

made them suitable for examining the importance of dispersal in the determination of

population genetic structure. The distribution of each species is presented in Figure 2.5. The

species had overlapping distributions along the east coast of Queensland, therefore meeting this

criterion. Further details regarding the life history characteristics are available in each of the

species chapters (Chapters 3-6).

Table 2.2. Summary of life history characteristics of the study species. (Data from Auty 1978;
Llewellyn 1979; Milton and Arthington 1983; Semple 1985; Semple 1986; Howe 1987; Howe
et al. 1988; Ivantsoff et al. 1988; Howe and Howe 1991; Semple 1991; Ivantsoff and Crowley
1996a,b; Larson and Hoese 1996).
Characteristic C. stercusmuscarum P. signifer H. compressa

Breeding season October - March Aseasonal
@ 24-27°C September - May

Spawning behaviour random egg
deposition

direct pairing
territorial male territorial male

Spawning site vegetation vegetation & gravel vegetation, gravel &
rock

Fecundity ~80 ~100 ~40,000
Egg diameter
      (mm) ~1.0 1.1-1.8 0.30

Egg description demersal
adhesive filaments

demersal
adhesive filaments

demersal
adherent (no filaments)

Larval hatching size
(mm) ~3.0 4.0-5.5 1

Age at maturity 12 months ~6 months 12 months?
Longevity ~2 years ~1 year no data
Comments occurs at upland sites able to tolerate

brackish water
possible marine larval

stage

2.3 SAMPLE COLLECTION

Samples were collected from May 1996 to October 1998 (Table 2.1) and a variety of commonly

used methods were employed to capture fish. Primarily, a four metre seine net manufactured of

shade cloth (mesh size 1mm) was dragged through streams by two operators. This method is

most effective in shallow, sandy or gravelly streams with low to medium flow at the stream

edges. Other secondary methods used were bait traps, dip nets and electrofishing (Smith-Root

model VII backpack electrofisher). Bait traps were 24cm wide x 24cm high x 44cm long with a

2mm mesh, baited with commercially available dried dog biscuits and generally left overnight.

Dip nets with mesh 100µm - 500µm were utilised in narrow or cobble strewn streams. The



Figure 2.3. Map showing east coast flowing drainages of Queensland from which samples
were collected (samples were not collected from the Burdekin). The approximate position
of the Burdekin Gap is shown, as is an indication of the direction of flow of the Murray-
Darling tributaries. * indicates approximate drainage position only, as these are short
coastal streams.
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a) Pseudomugil signifer

b) Craterocephalus stercusmuscarum

c) Hypseleotris compressa

Figure 2.5. Distribution maps of the three study species. a) Pseudomugil signifer, b)
Craterocephalus stercusmuscarum, showing the distribution of the two putative subspecies, c)
Hypseleotris compressa, which is also found in Papua New Guinea. Adapted from Allen (1989),
McDowell (1996) and Saeed et al. (1989).
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electrofisher was used sparingly to catch only a small number of samples. After capture, fish

were sorted into species and placed in lots of 11 into labelled plastic bags and subsequently

immersed in liquid nitrogen, placed on dry ice (CO2), or transported back to the laboratory

alive. Samples were then transferred into a -70°C freezer until further analysis. Some samples

were not frozen, and either stored in a buffer containing 20% dimethyl sulfoxide (DMSO) and

0.5M EDTA saturated with NaCl (Seutin et al. 1991), or 70% ethanol.

Sampling sites were named with arbitrary three letter codes, which are used throughout this

thesis (Table 2.1). For clarity, the following terms are used in relation to the stream hierarchy.

�Drainage� refers to the entire catchment area of a river or system, and �subcatchment� refers

to a collection of streams within a drainage (e.g. Mulgrave River is a subcatchment of the

Mulgrave-Russell drainage).

2.4 EXPERIMENTAL DESIGN

Full details about the sampling design followed for each study species are given in the species

chapters. Nevertheless, a general design formed the template for sample collection. Wright

(1978) stressed the importance of sampling natural populations at the appropriate scale of

spatial subdivision. Riverine systems are naturally partitioned in a hierarchical manner, which I

attempted to represent in the sampling design. Samples of each species were collected from

multiple sites within subcatchments, from different subcatchments within drainages, and finally

from drainages across as much of the known ranges as possible given logistic constraints. The

within drainage samples were collected from the Wet Tropics Region of far north Queensland.

2.5 LABORATORY METHODS AND MATERIALS

2.5.1 Allozyme Electrophoresis

2.5.1.1 Sample preparation and screening

A small piece (0.03mg) of caudal muscle tissue was homogenised in 75µl of grinding buffer

(pH 9.0) (0.2M Tris, 0.0001M EDTA Free Acid, 0.1M NH4Cl, 0.11M Glucose, 0.22M NaN3).

Supernatant was gathered by centrifuging at 13000g for 20 minutes in a Sorvall RC5B

refrigerated centrifuge maintained at 4°C. Eighteen enzyme systems were screened to detect

polymorphic loci using cellulose acetate electrophoresis (Titan III, Helena Laboratories) and

staining systems similar to Richardson et al. (1986) (Table 2.3). All enzymes were initially run

for 45 minutes at 200V (TG buffer systems) and 150V (TC buffer systems) to assess whether

systems were expressed reliably and were polymorphic. In all species, the 18 enzyme systems

screened were sufficient to find at least five polymorphic loci. Twelve individuals per sampling
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site from at least two populations were screened from individuals collected in the May 1996

sampling trip.

Table 2.3. Allozyme loci screened in the present study for three species of freshwater fish.

Enzyme Locus
Abbreviation

Enzyme
Number

Quaternary
structure

Buffer
system

Glucosephosphate isomerase GPI* 5.3.1.9 dimer TG
Phosphoglucomutase PGM* 2.7.5.1 monomer TG
Aspartate aminotranferase AAT* 2.6.1.1 dimer TG
β-Esterase β-EST* 3.1.1.1 monomer TG
Peptidase -leucine-glycine-glycine PEPB* 3.4.11 dimer TG
Peptidase -lysine-leucine PEPC* 3.4.11 dimer TG
Peptidase - phenylalanine-proline PEPD* 3.4.11 dimer TG
Alcohol dehydrogenase ADH* 1.1.1.1 dimer TG
α-Amylase AMY* 3.2.1.1 monomer TG
β-hydroxybutyrate dehydrogenase HBDH* 1.1.1.30 dimer TG
Hexokinase HK* 2.7.1.1 monomer TG
Lactate dehydrogenase LDH* 1.1.1.27 tetramer TG
Mannose-phosphate isomerase MPI* 5.3.1.8 monomer TC
6-Phosphogluconate dehydrogenase PGDH* 1.1.1.44 dimer TC
Malate dehydrogenase MDH* 1.1.1.37 dimer TC
Malic enzyme ME* 1.1.1.40 tetramer TC
Adenylate kinase AK* 2.7.4.3 monomer TC
Isocitrate dehydrogenase IDH* 1.1.1.42 dimer TC
# TG: Tris-glycine pH8.5; 25mM Tris. 171mM glycine (Richardson et al. 1986). TC: Tris citrate pH 7.0;
75mM Tris, 25mM citric acid (Richardson et al. 1986).

Tables 2.4a-c show loci found to be reliably polymorphic, such that resolved bands were clear

and consistent, and expression followed the quaternary structure normally associated with the

enzymatic system (Richardson et al. 1986). In addition the optimal running conditions are also

listed. Note that in all cases, the PEPB* locus was found to be dimeric. Nomenclature for

enzymes and loci followed Shaklee et al. (1990). For enzymes coded by more than one locus,

the isozyme closest to the anode was 1, and proceeded to the cathode. Similarly, alleles at each

locus were labelled 1, starting at the allozyme closest to the anode and proceeding to the

cathode.

Table 2.4. Polymorphic loci detected for a) P. signifer b) C. stercusmuscarum and c) H.
compressa, and optimum running conditions. Runs at 200V and 180V used the TG buffer; runs
at 150V used the TC buffer. Refer to Table 2.3 for further buffer details

a)
Enzyme No. of loci No. Applications Voltage (V) Running time (min)
PGM 1 2 200 95
PEPB 1 6 200 85
GPI 2 1 200 75
ADH 1 8 200 60
PGDH 1 6 150 60
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Table 2.4. Continued.

b)
Enzyme No. of loci No. Applications Voltage (V) Running time (min)
GPI 2 1 180 80
PGM 1 1 180 80
AAT 2 1 180 55
PEPB 1 4 180 55
PGDH 1 6 150 60

c)
Enzyme No. of loci No. Applications Voltage (V) Running time (min)
PEPB 1 6 200 100
GPI 2 1 200 80
PGM 1 1 200 80
AAT 2 2 200 60

2.5.2 mtDNA Techniques

2.5.2.1 DNA extraction

Total genomic DNA was extracted from skeletal muscle using a modification of the

CTAB/phenol-chloroform procedure of Doyle and Doyle (1987). Approximately 0.03mg of

tissue was mixed with 700µl extraction buffer (0.5M Tris HCl pH 8.0, 2M NaCl, 0.25M EDTA,

0.05 M CTAB; Sigma) and 5µl proteinase K (20mg/ml) in a 1.5ml sample tube, stirred on a

revolving wheel for at least 10 minutes and incubated overnight at 65°C. One step of

chloroform-isoamyl (24:1), two of phenol-chloroform-isoamyl (25:24:1)) and a further step of

chloroform-isoamyl were added at equal volume to supernatant gathered after 10 minutes of

mixing and centrifuging at room temperature in a MSE Micro Centaur Micro centrifuge

(14000g). DNA was precipitated at -20°C with isopropanol, centrifuged at 14000g for 20

minutes and washed with 700µl 70% ethanol. Pellets were dried and resuspended in 50 µl

ddH2O. Initially, total genomic DNA was visualised using agarose gel electrophoresis. Loading

dye (bromophenol blue 1µl) was added to 5µl genomic DNA and loaded into a 1.6% agarose

gel (Bio-Rad ultrapure DNA grade agarose). Electrophoresis was carried out for 18 min at

100V in TAE running buffer with 100mg/L ethidium bromide. A UVP Transilluminator was

used to visualise DNA within the gels.

2.5.2.2 Polymerase Chain Reaction (PCR)

The ATP synthase six gene was used to infer intraspecific phylogenies of each species. This

fragment has been shown to be useful in other studies of freshwater fish as it has a moderate to

high divergence rate (Bermingham et al. 1997; Bermingham and Martin 1998; Hurwood and

Hughes 1998). For each species, three fish collected over a wide geographical area were PCR
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amplified with the primers ATP8.2L and COIII.2 (E. Bermingham, personal communication,

Table 2.5).

Most amplifications of the present study were performed in 50µL reaction volumes containing

5µL of 10x reaction buffer (100mM Tris-HCl pH 8.3 and 500mM KCl) (Biotech International

Limited), 5µL of 2µM dNTPs (Biotech International Limited), 5µL 25mM MgCl2 1 unit of

Thermus aquaticus DNA polymerase (Biotech International Limited) 1 µL of template DNA

and 0.7µL of each primer (10mM), the balance being double distilled water. The double

stranded products were gel purified with Qiaquick columns (Qiagen) following manufacturers�

protocols, and then sequenced using ATP8.2 as the primer (see below for details of sequencing

reactions). These sequences were used to design internal primers, which are listed in Table 2.5.

PCR thermocycling conditions were: ATP8.2-COIII.2 94°C / 30s, 50°C / 30s, 68°C / 60s, 35

cycles, 68°C 7 mins. Estimates of the resulting DNA concentration were made by running PCR

product on a 1.6% agarose gel (with ethidium bromide) next to a known marker, and visualised

under ultraviolet light.

Table 2.5. Primers designed for the three study species. Sequences are 5� to 3� direction and
letters for multiple bases follow IUPAC codes. Ps=P. signifer, Cs=C. stercusmuscarum, Hc=H.
compressa.
Primer Species Sequence Reference
ATP8.2L All AAA GCR TYR GCC TTT TAA GC E. Bermingham, pers. comm.
COIII.2H All GTT AGT GGT CAK GGG CTT GGR TC E. Bermingham, pers. comm.
PS3L Ps CCT AAA ACA CAA YCC TGA AGC designed for present study
PS4L Ps AYR CCT AAA ACA CAR YCC TG designed for present study
PSH Ps RTA TGC RTG TGC TTG ATG TG designed for present study
CSATP6L Cs AGC TCA CAT TTC CCC TAA TGA AC designed for present study
CSH Cs GCT ACT ATA GGC ATA AGT GG designed for present study
HCATP6
L Hc AGC CCA CTC CTT CCC TAA CGA GC designed for present study

HC2L Hc TAC TTA GGA ATC CCA CTA ATT GC designed for present study
HCH Hc TAC TAT GTG AAA TGC GTG TG designed for present study

2.5.2.3 mtDNA Sequencing

Sequencing reactions were undertaken via cycle-sequencing (Bio-Rad BigDye terminator,

3.2pmol primer, 5-20ng DNA) using internal primers designed in the present study as the

sequencing primers and sequenced using an Applied Biosystems 377 automated sequencer. For

P. signifer and H. compressa, each individual fish sampled was sequenced in both directions;

for C. stercusmuscarum, fish were initially sequenced with the light strand primer (CSATP6L)

as the sequencing primer. Each unique haplotype identified from sequencing using the light

strand primer was then sequenced using a heavy strand primer (CSH) designed from the light

strand primer sequences. Multiple sequences of the same individual were also gathered to
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ensure the reliability and accuracy of sequencing. SEQED (ABI) was used to edit and align

sequences, of which a fragment was chosen for further analysis. Fragment lengths for each

species are listed in the individual species chapters.

2.6 STATISTICAL ANALYSIS

2.6.1 Allozyme data

2.6.1.1 Tests for Hardy-Weinberg proportions and linkage disequilibrium

Exact P-tests were performed to test for departure from Hardy-Weinberg equilibrium using

GENEPOP (Raymond and Rousset 1995) for each locus / site comparison. Exact P-tests for

detecting linkage disequilibrium were used to test the independence of allozyme loci, as

performed by GENEPOP. The Bonferonni correction (Rice 1989) was used to correct for

multiple simultaneous tests.

2.6.1.2 Data summary

Allozyme allele frequencies and Rogers� (1972) genetic distance were estimated using

BIOSYS-1 (Swofford and Selander 1989). For P. signifer and C. stercusmuscarum, allele

frequencies of selected loci were presented as pie diagrams, while for H. compressa they were

presented as the frequency of the most common allele versus latitude. The standard error of

allele frequencies was calculated for the most common allele as S.E. = √ [p(1-p) / 2N] where p

is the allele frequency and N is the sample size.

Multidimensional scaling (MDS) ordination (see Lessa 1990) was used to summarise the

relationships among populations. For allozyme data, MDS plots of Rogers� (1972) unbiased

genetic distance and net nucleotide divergence among populations were generated using PATN

(Belbin 1995) for all three study species. Rogers� (1972) unbiased genetic distance was used

because it has a metric basis, and is thus fit for use in the model used by PATN in the

generation of the MDS plot (Lessa 1990). For C. stercusmuscarum, net nucleotide divergence

among populations was used to construct the MDS plot for the mtDNA data. Net nucleotide

divergence among populations was estimated using the DA procedure in REAP (McElroy et al.

1992) (see Nei 1987) and below). Pairwise Tamura-Nei (1993) gamma distances among

haplotypes (see below), generated in MEGA (Kumar et al. 1993), were used in the input

matrix. Low mtDNA sample sizes precluded the meaningful construction of MDS plots from

net nucleotide divergence among populations for P. signifer and H. compressa.
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2.6.1.3 F-statistics

To quantify the genetic differentiation among populations, I used Weir and Cockerham�s

(1984) method of calculating F-statistics using FSTAT (Goudet 1995). The jackknifing

procedure was employed to estimate the mean FST values (Weir and Cockerham 1984). A

permutation procedure in FSTAT (Goudet 1995) was used to assess the significance of FST

comparisons. This procedure generates a distribution of the null hypothesis (FST not > 0) and

compares this to the observed FST. The probability that the observed FST is as large or larger by

chance is given. Reported values of Nem were derived from Wright�s derivation of the island

model of gene flow:

Nem = ¼ (1/FST - 1) (1) (Wright 1978)

Hierarchical F-statistics (Wright 1978) were used to partition the population differentiation

within and among drainages, and calculated using BIOSYS-1 (Swofford and Selander 1989).

There were various levels to the hierarchical analysis depending on the species analysed. In

general, the hierarchy partitioned the genetic diversity as: among sites within subcatchments

(FSC), among subcatchments within drainages (FCD), among drainages within regions (FDR)and

among regions within the total (FRT). Some hierarchical levels were collapsed as the sampling

design dictated, and more details are available in the species chapters. I used BIOSYS-1

(Swofford and Selander 1989) for P. signifer and H. compressa because the formulation in

BIOSYS-1 allows for greater than a two level hierarchy to be invoked. For C.

stercusmuscarum, it was possible to look at the distribution of population differentiation for

mtDNA data, so I used the Analysis of Molecular Variance (AMOVA) approach of Excoffier et

al. (1992), using Arlequin, version 1.1 (Schneider et al. 1997). For consistency, I also analysed

the allozyme data with this approach for C. stercusmuscarum. The Wright (1978) and Excoffier

et al. (1992) approaches both partition the variance components of population differentiation

for each level of the hierarchy relative to another (see Wright 1978; Swofford and Selander

1989; Excoffier et al. 1992; Schneider et al. 1997).

Hierarchical F-statistics and ordination techniques are useful in the analysis of population

structure, because the former quantifies the differences attributed to different a priori levels,

but does not include information about the geographical location of any differences. MDS

ordination allows an assessment of the geographic distribution of genetic diversity among

populations.
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2.6.1.4 Isolation by distance

Isolation by distance refers to the increase in genetic differentiation between sites with

increasing geographic distance, under restricted levels of gene flow (Wright 1943). The

stepping stone model of gene flow assumes a one-, two- or three- dimensional array of

populations in which gene flow is restricted to adjacent populations (Kimura 1953; Kimura and

Weiss 1964). At equilibrium between gene flow and genetic drift, the level of genetic

differentiation (measured as M^, see Slatkin 1993) should be inversely correlated with the

distance between them, where M^ is defined as:

M^ = ¼ (1/FST - 1) (2) (Slatkin 1993)

Slatkin (1993) showed that the use of equation 2 was robust to different biological scenarios

and different mutation rates among loci, making it a useful measure to detect isolation by

distance.

The pairwise levels of genetic differentiation between populations, M^, was estimated using

Weir and Cockerham�s (1984) method for P. signifer (Chapter 3) and C. stercusmuscarum. I

used Nei�s (calculated according to Nei 1973) GST for H. compressa and within drainage

comparisons for P. signifer (Chapter 4) because negative values of FST generated at low levels

of genetic differentiation with Weir and Cockerham�s (1984) method are undefined as

logarithms. Although Nei�s (1973) GST is biased by not taking account of sample size, the

variation in sample sizes for comparisons using GST were small (see Chapters 3 and 6 for

sample sizes). Hellberg (1995; 1996) discussed the differences between GST and FST methods in

isolation by distance analyses and suggested the two parameters should be similar at low

migration rates, but that at higher levels of gene flow, M^ derived from GST will have a stronger

correlation with distance than M^ derived from FST. Due to the pairwise comparisons of

geographic distance and M^ being non-independent, the significance of the relationship

between log M^ and log distance was evaluated using Mantel�s tests (using PATN (Belbin

1995)). Ordinary least squares regression was used to estimate the slope and intercept of the

relationships.

2.6.2 mtDNA sequence data

2.6.2.1 Genetic distance measures and Neighbour-Joining trees

Pairwise nucleotide gamma distances (±S.E.) among mtDNA haplotypes were generated

assuming the Tamura and Nei (1993) model of substitution and rate heterogeneity in MEGA
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(Kumar et al. 1993). It has been shown that the distribution of substitutions at different sites

varies according to the gamma distribution, the shape (alpha parameter) of which can be

estimated from the data set (see Yang 1996). The gamma distribution parameter alpha was

empirically estimated from the data set using the PUZZLE (Strimmer and von Haeseler 1996)

program and the alpha parameters for each species is listed in the respective chapters. Mid

point rooted neighbour-joining trees (Saitou and Nei 1987) of unique mtDNA haplotypes

representing the gamma distance matrix were then constructed in MEGA. Bootstrap tests were

performed (1000 replicates) to test relative node support for the resulting phylogeny in MEGA

(Kumar et al. 1993).

2.6.2.2 Nucleotide diversity and divergence within and among populations

Nucleotide diversity and net nucleotide divergence among populations, and nucleotide diversity

within populations (Nei 1987) were estimated using the DA procedure in REAP (McElroy et al.

1992). Net nucleotide divergence considers the total nucleotide diversity between two

populations, and then subtracts the component explained by within population diversity (Nei

1987). The pairwise nucleotide distances among haplotypes were generated assuming the

Tamura and Nei (1993) gamma model of substitution and rate heterogeneity, using the gamma

distribution alpha parameters as described above, and listed in each species chapter.

2.6.2.3 Adherence of mtDNA fragment to clocklike mode of evolution

To test for the adherence to a clocklike evolution of the mtDNA sequences for each species

where applicable, log likelihood ratios were generated using the maximum likelihood

algorithms from the PUZZLE package (Strimmer and von Haeseler 1996). This test compares

the log likelihood ratios from trees constructed under the assumption of a molecular clock (i.e.

the tip to root branch lengths of the trees are equal), and to those trees unconstrained by any

assumptions of a molecular clock (Felsenstein 1988).

2.6.3 General procedures

2.6.3.1 Measuring distance between sites

Two geographic distance measures were used to estimate the distance between sampling sites.

First, I considered stream and / or coastal distances. Stream and coastal distances were

measured from 1:50000 1:100000 and 1:250000 topographical maps using Summagraphics

SummaSketch Plus software. The Daintree to Northern Territory distance was estimated from a

function in ARC/INFO software (Environmental Systems Research Institute, USA). Coastal

distances between drainages were measured as drainage mouth to drainage mouth as the

reference measuring point. The second measure used was the pairwise great circle distance
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which is the straight line distance between two sites which allows for the curvature of the earth.

I used two distance measures because stream and / or coastal distance estimates the distance

that separated populations given present day topography. Great circle distances may more

closely approximate the distances between sites if floodplain transport between drainages is

common. Also, it may be considered a better estimate of the long term average of the distance

between sites given the effects of eustasy on coastal geomorphology. Distances matrices are

contained in Appendices A, B and C.

2.6.3.2 Other tests

Other statistical procedures, such as the generation of mismatch distributions (Rogers and

Harpending 1992) and the Analysis of Molecular Variance (AMOVA) approach of Excoffier et

al. (1992) were only used in specific chapters. Further details for these procedures are listed in

the relevant species chapters.
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CHAPTER 3

3.0 ESTIMATING CONTEMPORARY GENE FLOW AMONG POPULATIONS OF P.

SIGNIFER AND INFERRING THE INFLUENCE OF EUSTASY AND DRAINAGE

REARRANGEMENT USING ALLOZYME AND MITOCHONDRIAL DNA MARKERS

3.1 INTRODUCTION

Pseudomugil signifer is a small, abundant fish which is continuously distributed from

Cooktown, QLD to Narooma, NSW along the eastern coast of Australia (Allen 1989). Saeed et

al. (1989) also report that it is found in the Mission River near Weipa on the western coast of

Cape York Peninsula (Figure 2.5). P. signifer appear to have a moderate dispersal potential.

Semple (1986) suggested spawning is year round and fecundity approximately 100. Eggs are

demersal, adhesive and range from 1.1-1.8mm in diameter, and larvae are four to five mm at

hatching. Age at maturity is approximately six months, and longevity is one year. P. signifer are

sexually dimorphic in that males have longer fins and additional colouring, which are used in

elaborate courtship displays. P. signifer can tolerate brackish to fully marine conditions, being

found in mangrove areas (e.g. Blaber 1980), salt marshes (R. Connolly pers comm.), and

several offshore islands such as Lizard Island (Saeed et al. 1989), Hinchinbrook Island (C.

Marshall pers. comm.) and in mangrove habitat on the Low Isles (Hadfield et al. 1979; present

study).

Populations of P. signifer exhibit remarkable morphological variation throughout their range,

evident from the rich taxonomic history of P. signifer. After various nomenclatural changes in

the late nineteenth and early twentieth centuries (see Saeed et al. 1989), Whitely (1932)

redivided P. signifer into the northern P. signatus and the southern P. signifer. Also, it was

suggested that a population resident on the offshore Low Isles and some northern mainland

populations were distinctive and were afforded subspecific status as P. signatus affinis. More

recently, Hadfield et al. (1979) investigated patterns of genetic and morphological variation in

P. signifer among populations from most of its range and concluded that P. signifer was a

single species based on the apparent clinal changes in two allozyme loci and some

morphological characteristics. However, size generally increases from south to north, and some

populations are distinctive for various characters. For example, the Hervey Creek population

(21°S) has a narrower alveolar arm of the premaxilla compared to all other populations

examined by Saeed et al. (1989). Interestingly, Hadfield et al. (1979) found fixed allozyme
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differences between some northern and southern populations. There seemed to be substantial

levels of differentiation, especially at regional scales.

Recent earth history has no doubt influenced populations of P. signifer. Sea level changes in the

Pleistocene have probably resulted in the coalescence of many drainages along the east coast of

Queensland, allowing for dispersal between drainages. We would expect the population genetic

structure of P. signifer to reflect this history, if contemporary gene flow via floodplains and

offshore freshwater plumes has not obscured these patterns. The Burdekin Gap region (see

General Introduction) may have played a significant role in the broad scale structuring of

populations of P. signifer.

I used a hierarchical sampling design, collecting fish from subcatchment, drainage and species

wide scales in order to partition the distribution of genetic variation to the various levels of the

stream hierarchy. Also, I tested for isolation by distance among drainages and examined

phylogeographic patterns up to the species wide scale. From these data and analyses, I aimed to

(i) estimate the levels of genetic differentiation and gene flow at different levels of the stream

hierarchy, (ii) infer the consequences of eustatic changes on levels of connectivity and isolation

among contemporarily isolated drainages and (iii) re-examine the scale of genetic

differentiation between northern and southern populations of P. signifer.
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3.2 MATERIALS AND METHODS

3.2.1 Sampling strategy

I used a hierarchically structured sampling design in order to partition the distribution of

genetic variation at scales of among sites within subcatchment, between subcatchments within

drainages and among drainages. I collected at least two samples from within five drainages

which were: Barron, sites FWC and STN (site abbreviations are as in Table 3.1, Figures 3.1 and

4.1); Mulgrave-Russell (refer to Chapter 4 for sites within this drainage); Johnstone (refer also

to Chapter 4); Liverpool, sites KBC and SLP; and Tully, sites LTT and BYC. I also collected

samples from one location from the drainages of Daintree (STW), Mossman (SMR), Trinity

Inlet (MDC, see Figure 4.1a), Murray (MUR) and Herbert (STR) which were within the

boundaries of the Wet Tropics region and span approximately two degrees latitude (~16°S-

18°S) (Figure 3.1, and Figure 2.3 for drainage locations). I then collected samples from

drainages at approximately two degree intervals at the species wide scale. This resulted in the

range of samples spanning the area from the Daintree River (16°S) to the Manning River (32°S,

near Taree in New South Wales) (Figure 3.1). I also sampled a population resident on an

offshore mangrove island (marine) (LOW) (Figure 3.1), a small ephemeral stream near the

Johnstone River (EBC) (Figure 4.1b), and obtained three individuals from the Cape Melville

(MEL) area in far northern Queensland (14°S) (Figure 3.1). Sample sizes for allozyme

electrophoresis (mean sample size±sd=41.7±6.25) and mtDNA sequencing are given in Table

3.1. Finally, samples were also collected at two time periods (1996 and 1997) from sites BHB,

HYC, SJR and BYC (Table 2.1).

3.2.2 Laboratory procedures

3.2.2.1 Allozyme electrophoresis

The electrophoretic methods used in this study are described in section 2.5.1 (Chapter 2). After

screening, there were five polymorphic enzymes representing six polymorphic loci that were

reliably scorable. The enzymes used were: glucosephosphate isomerase (EC 5.3.1.9; GPI-1*,

GPI-2* loci), phosphoglucomutase (EC 5.4.2.2; PGM* locus), alcohol dehydrogenase (EC

1.1.1.1, ADH* locus), tripeptide aminopeptidase (EC 3.4.-.-; PEPB* locus) and

phosphogluconate dehydrogenase (EC 1.1.1.44; PGDH* locus). All systems were run using

tris-glycine buffer (pH 8.5), except the PGDH enzyme system which was run on Tris citrate

buffer (pH 7.0).
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Table 3.1. Sampling sites, drainage, and number of individuals analysed for allozymes and
mtDNA for P. signifer in the present study. Note that four locations were sampled in 1996 and
1997 to assess temporal changes in gene frequency. For latitude, longitude and date collected
data see Table 2.1 in General Methods, Chapter 2. �Region� was based on patterns evident
from the MDS ordination and the mtDNA haplotype tree.

Site name Region Drainage Site
abbr.

N
(allozymes)

N
(mtDNA)

Cape Melville Northern Cape Melville MEL - 2
Stewart Ck Dtree Northern Daintree STW 43 2
Low Isles Northern Low Isles LOW 44 2
South Mossman R Northern Mossman SMR 44 -
Stoney Ck Northern Barron STN 44 2
Freshwater Ck Northern Barron FWC 44 -
Middle Ck Northern Trinity Inlet MDC 44 2
Mulgrave R A Northern Mulgrave MGA 16 -
No Name Ck Northern Mulgrave LMB 20 2
Little Mugrave R A Northern Mulgrave LMA 37 -
Behana Ck B Northern Mulgrave BHB96 42 2
Behana Ck B Northern Mulgrave BHB97 44 -
3rd Bridge Ck Northern Mulgrave 3BC 37 -
Behana Ck A Northern Mulgrave BHA 42 -
Figtree Ck Northern Mulgrave FIG 44 -
Toohey Ck Northern Mulgrave THC 44 -
Mulgrave R B Northern Mulgrave MGB 42 -
Harvey Ck Northern Russell HYC96 44 -
Harvey Ck Northern Russell HYC97 44 -
Double Barrell Ck Northern Russell DBC 44 -
Russell R B Northern Russell RSB 43 -
Dinner Ck Northern Russell DNC 44 -
Russell R Northern Russell RSR 41 -
Canal Ck Northern Russell CCK 38 -
Woopen Ck T Northern Russell WCT 44 2
Ella Bay Ck Northern Ella Bay Ck EBC 44 -
Polly Ck Northern Nth Johnstone PYC 48 -
NJ Tibutary Northern Nth Johnstone NJT 19 -
Culla Ck Northern Nth Johnstone CLC 41 2
Nth Johnstone R-Nerada Northern Nth Johnstone NJN 44 -
Tregonthanaan Ck Northern Nth Johnstone TRC 48 2
Nth Johnstone R - Dickah Hill Northern Nth Johnstone NJD 44 -
South Johnstone R Northern Sth Johnstone SJR96 42 2
South Johnstone R Northern Sth Johnstone SJR97 44 -
Meingan Ck Northern Sth Johnstone MNC 44 -
Utchee Ck Northern Sth Johnstone UTC 44 -
Stewart Ck SJ Northern Sth Johnstone STJ 44 -
Miskin Ck Northern Sth Johnstone MSC 44 2
Kittabah Ck Northern Liverpool KBC 45 -
South Liverpool Northern Liverpool SLP 44 -
Lower Tully Tributary Northern Tully LTT 41 -
Banyan Ck Northern Tully BYC96 44 2
Banyan Ck Northern Tully BYC97 42 -
Murray Upper R Northern Murray MUR 44 -

Stone R Northern/
Southern Herbert STR 41 2
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Table 3.1. Continued

Site name Region Drainage Site # Site
abbr.

N
(allozymes)

N
(mtDNA)

No name Ck Southern Cedar Falls 41 PRO 42 2
Cattle Ck Southern Pioneer 39 CTC 44 2
Calliope R Southern Calliope 37 CAL 43 2
Burnett R Southern Burnett 36 BUR 44 2
Amamoor Ck Southern Mary 64 AMA 40 2
Orara R Southern Clarence 70 GRA 44 2
Dingo Ck Southern Manning 69 TAR 44 2

3.2.2.2 mtDNA techniques

Total genomic DNA was extracted using protocols listed in section 2.5.2.1 (Chapter 2). There

was considerable sequence variation among sequences of P. signifer individuals, leading to the

development of three internal primers: PS3L, PS4L and PSH (primer sequences are detailed in

Table 2.5). In general, individuals were PCR amplified with the primers ATP8.2 and COIII.2

(see section 2.5.2 for cycling conditions), and sequenced in one direction with either PS3L

(northern populations) or PS4L (southern populations). All individuals were also sequenced in

the reverse direction with primer PSH. Sequencing cycle conditions and sequence alignment

methods are listed in section 2.5.2.3 (Chapter 2). A 633bp fragment was resolved for 39

individual P. signifer.

3.2.3 Statistical analysis

3.2.3.1 Allozymes

Statistical treatment of the data collected in this study followed the general outlines detailed in

section 2.3 (Chapter 2) with regard to testing for deviations from Hardy-Weinberg proportions,

descriptive and summary statistics, hierarchical F-statistics and isolation by distance analyses.

The sites listed below for the hierarchical analysis, plus sites MDC and EBC were used in the

calculation of the overall FST. There were four levels to the hierarchical analysis to partition the

variation among samples into its respective components: among regions (FRT), among drainages

within regions (FDR), among subcatchments within drainages (FCD) and among sites within

subcatchments (FSC). Each site was assigned to a region, drainage and subcatchment. There

were two regions, Northern or Southern; drainages sampled are listed in Table 3.1;

subcatchments were the same as the drainage designation except for sites within the Mulgrave-

Russell and Johnstone drainages, which were assigned to their respective subcatchments (i.e.

Mulgrave, Russell, North or South Johnstone, Table 3.1). In notation, the hierarchy was:

 (((STW))((LOW))((SMR))((STN, FWC))((MGA, LMR*,BHC*, 3BC, FIG, THC,

MGB)(HYC96, DBC, RSB, DNC, RSR, CCK, WCT))((PYC, NJT, CLC, NJN, TRC,
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NJD)(SJR96, MNC, UTC, STJ, MSC))((KBC, SLP))((LTT, BYC96))((MUR)))

(((STR))((PRO))((CTC))((CAL))((BUR))((AMA))((GRA))((TAR)))

*as there was no significant differences in allele frequency from exact P-tests between LMA and LMB

these sites were pooled to form �LMR�. In addition, there were no significant differences in allele

frequency from exact P-tests between BHA and BHB96, which formed �BHC� (see also section 4.3

(Chapter 4).

For analyses of isolation by distance, I was interested in the variation among drainages, so I

pooled multiple samples within a drainage when calculating FST, subsequently used to calculate

M^ (Slatkin 1993). Weir and Cockerham�s (1984) estimate of FST was used in this instance

because the resultant variation in sample sizes was considered to bias estimates of GST (Nei

1973) which do not take account of the sample size. Site STR was included in isolation by

distance analyses for the southern group as it was part of this group based on allozyme data.

When excluded from the analysis the relationship between geographic distance and genetic

differentiation was also significant (not shown). Exact P-tests were used to examine the

differences in allele frequency between temporal samples collected from the same site, and

between the geographically close sites of BHA and BHB96, and LMA and LMB (Raymond and

Rousset 1995). I used information from the 1996 sampling period only for estimating F-

statistics, Rogers� (1972) genetic distance and isolation by distance.

3.2.3.2 mtDNA

Statistical treatment generally followed that detailed in section 2.6 (Chapter 2). Some

quantitative statistics such as AMOVA were not performed due to low sample sizes. However,

the aim in collecting the mtDNA was to examine the relationship among mtDNA alleles in

relation to the allozyme data. Due to the patterns of variation, descriptive and summary

statistics were calculated for the dataset as a whole and the northern and southern clades which

were evident from the haplotype tree. The tree of the unique haplotypes was constructed with

Tamura-Nei gamma distances (1993) with the α parameter, empirically estimated from the

PUZZLE program, equal to 0.34. Presentation was in the form of a mid-point rooted neighbour

joining tree (Saitou and Nei 1987).



Figure 3.1. Sampling sites (♦ ) of the present study. Site abbreviations and sample sizes as in Table 3.1. For
sample sites of the Mulgrave-Russell and Johnstone drainages (inset B) see Figure 4.1 (Chapter 4). Sites from
the same drainage are indicated by lines.
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3.3 RESULTS

3.3.1 Population structure and gene flow

3.3.1.1 Variation within populations

A total of 51 sites were assayed for allozyme variation for six allozyme loci. Therefore, for tests

of conformity to Hardy-Weinberg proportions of each population, there were 306 possible

combinations of sites and loci, of which 147 were polymorphic. Of the possible 147 tests for

deviation from Hardy-Weinberg proportions, exact tests revealed one departure after the

Bonferroni correction was applied (α=0.0003) (site PYC at ADH*). Nevertheless, global

estimates of FIS values revealed that the ADH* locus was significantly different from zero, due

to a deficiency of heterozygotes (Table 3.2). Additional information regarding deviations from

Hardy Weinberg proportions of populations from the Mulgrave-Russell and Johnstone

catchments are detailed in Chapter 4. Tests to detect linkage disequilibrium among nuclear loci,

to ensure the independence of each locus analysed, revealed no significant deviations after the

Bonferroni correction for multiple tests (α=0.05/271 possible comparisons = 0.00018).

Table 3.2. F-statistics for 45 populations of P. signifer in the present study. Numbers in
brackets (S.E.) are estimated from jackknifing over loci (see Weir and Cockerham 1984). Sites
BHA and BHB96, sites LMA and LMB were pooled as there was no evidence of significant
differentiation from exact tests. Sites MDC and EBC, and the 1996 samples of sites SJR, HYC
and BYC were used in the analysis. For full details refer to text. *** = P<0.0001, ns = not
significant.
Locus FIS FST FIT

GPI-1* 0.019ns 0.496*** 0.506***
ADH* 0.142*** 0.387*** 0.474***
PEPB* 0.025ns 0.612*** 0.621***
PGM* -0.014ns 0.814*** 0.811***
PGDH* 0.005ns 0.193*** 0.197***
GPI-2* 0.030ns 0.666*** 0.676***
Jackknife Mean (S.E.) 0.059 (0.038)*** 0.581 (0.068) *** 0.604 (0.054) ***

3.3.1.2 Descriptive patterns and F-statistics

There was considerable geographic variation in allele frequencies which was reflected in the

high mean FST estimate among 45 samples of P. signifer (FST=0.58±0.07, P<0.0001, Table 3.2).

There was significant heterogeneity at all six polymorphic loci (Table 3.2). The qualitative

geographic patterns of variation differed among the loci, with three general patterns being

evident. First, there was as much variation in allele frequencies among sites north of STR as

there was over the entire range at the GPI-1* and ADH* loci (Figure 3.2a-b, also refer to

Figures 4.2 and 4.3 for frequencies of sites in the Mulgrave-Russell and Johnstone drainages).

Second, there were abrupt frequency shifts between sites STR and MUR at the PGM* and



Figure 3.2a. Allele frequency diagrams for the GPI-1* locus for populations of P. signifer in the present study.
Refer to Figures 4.2a and 4.3a for allele frequency diagrams of sites within the Mulgrave-Russell and Johnstone
drainages. Site abbreviations and sizes are listed in Table 3.1. Connected diagrams represent common drainages.
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Figure 3.2b. Allele frequency diagrams for the ADH* locus for populations of P. signifer in the present study.
Refer to Figures 4.2b and 4.3b for allele frequency diagrams of sites within the Mulgrave-Russell and Johnstone
drainages. Site abbreviations and sizes are listed in Table 3.1. Connected diagrams represent common drainages.

38



STW

PRO

CAL

140°E 145°E

20°S

240 km

Cairns

Mackay

Brisbane

AMA

BUR

STR

STB

FWC

SMR

LOW

Townsville

KBC

BYC96

SLP

CTC

LTT

GRA

TAR

MUR

N

15°S

25°SBYC97

1
2
3
4

5
6
7

Alleles

Figure 3.2c. Allele frequency diagrams for the PEPB* locus for populations of P. signifer in the present study.
Refer to Figures 4.2c and 4.3c for allele frequency diagrams of sites within the Mulgrave-Russell and Johnstone
drainages. Site abbreviations and sizes are listed in Table 3.1. Connected diagrams represent common drainages.
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Figure 3.2d. Allele frequency diagrams for the PGM* locus for populations of P. signifer in the present study.
Refer to Tables 4.3 and 4.4 for allele frequencies of sites within the Mulgrave-Russell and Johnstone drainages.
Site abbreviations and sizes are listed in Table 3.1. Connected diagrams represent common drainages.
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Figure 3.2e. Allele frequency diagrams for the PGD* locus for populations of P. signifer in the present study.
Refer to Tables 4.3 and 4.4 for allele frequencies of sites within the Mulgrave-Russell and Johnstone drainages.
Site abbreviations and sizes are listed in Table 3.1. Connected diagrams represent common drainages.
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Figure 3.2f. Allele frequency diagrams for the GPI-2* locus for populations of P. signifer in the present study.
Refer to Tables 4.3 and 4.4 for allele frequencies of sites within the Mulgrave-Russell and Johnstone drainages.
Site abbreviations and sizes are listed in Table 3.1. Connected diagrams represent common drainages.
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PEPB* loci. For the PGM* locus, the sites north of STR had high frequencies of the PGM*4

allele, whereas south of STR the PGM*2 allele was most common (Figure 3.2d). At the PEPB*

locus a more chaotic pattern still revealed that, in general, the PEPB*2 and PEPB*3 alleles

were common north of site STR, however from STR and south, the PEPB*4 allele was

common (Figure 3.2c). There was a less obvious genetic break, but a revealing pattern

nonetheless, at the GPI-2* locus (Figure 3.2f). At this locus, there was little variation north of

site STR, where the GPI-2*5 allele was most common. South of STR there were more alleles

present in each population, especially at site BUR (Figure 3.2f), reflecting the high number of

alleles in this drainage as reported by Hadfield et al. (1979). Third, there was significant

heterogeneity at the PGDH* locus, but this was due mostly to the high frequency of the

PGDH*3 allele at site LOW (Table 3.2, Figure 3.2e).

Summarising these patterns with MDS ordination of Rogers� (1972) genetic distance revealed

two main groups (Figure 3.3). The groups were comprised of sites north of and including site

MUR (Upper Murray River) and those south of and including site STR (Herbert River). The

ordination resulted had a low stress (0.11) indicating that the ordination distance closely

represents the genetic distance between the sites. The amount of variation among northern sites

(FST=0.458 ±0.072, P<0.0001) was approximately equal to the FST among southern sites (0.504

±0.063, P<0.0001), and it was evident that there was substantial genetic differentiation among

sites within each region.

Finally, site EBC grouped with populations from the Johnstone drainage in the MDS

ordination. Examination of the allele frequencies showed that the common allele at site EBC

was also the common allele at sites within the Johnstone drainage (Table 3.3).

3.3.1.3 Hierarchical analysis

Hierarchical analyses of allozyme variation among populations revealed that there were high

levels of genetic divergence at each level of the hierarchy (Table 3.4). The divergence among

all sites was high (FST=0.58), which was mostly explained by the variation among drainages

(42.8% of total allelic variation) rather than among sites within drainages (15.1% of total allelic

variation) (Table 3.4). The differentiation of sites within a drainage (FSD=0.265) suggests that

these populations are not panmictic, and the relationships among sites within the Mulgrave-

Russell and Johnstone drainages are explored in Chapter 4.



Daintree Low Isles Mossman Barron Mulgrave-Russell

Ella Bay Johnstone Liverpool Tully Murray Upper

Proserpine Calliope Burnett

Mary

Pioneer

ManningClarence

Herbert
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Table 3.3. Allele frequencies, sample sizes (n) and expected heterozygosity (HO) for populations across the range of P. signifer. Site numbers as in Table
3.1. For allele frequencies of populations in the Mulgrave-Russell and Johnstone drainages, see Tables 4.3 and 4.4 respectively (Chapter 4).
Locus STW LOW SMR STB FWC MDC EBC KBC SLP LTT BYC96 BYC97 MUR STR PRO CTC CAL BUR AMA GRA TAR

GPI-1*

(n) 43 44 44 44 44 44 44 45 42 41 43 42 44 41 42 44 43 44 40 44 44

1 - - - - - - - - - - - - - - - - 0.012 - - - -

2 - 0.011 0.057 0.034 - 0.136 - 0.044 0.012 - - - - - - - 0.128 - - - -

3 0.953 0.989 0.943 0.920 1.000 0.864 1.000 0.878 0.964 0.110 0.233 0.119 - 1.000 1.000 0.989 0.640 0.955 0.950 1.000 1.000

4 - - - - - - - - - - - - - - - - - - - - -

5 0.047 - - 0.045 - - - 0.078 0.024 0.890 0.767 0.881 1.000 - - - 0.221 0.045 0.050 - -

6 - - - - - - - - - - - - - - - 0.011 - - - - -

HO 0.093 0.023 0.114 0.159 0.000 0.273 0.000 0.200 0.071 0.220 0.326 0.238 0.000 0.000 0.000 0.023 0.538 0.091 0.100 0.000 0.000

ADH*

(n) 43 44 44 42 44 44 43 43 44 39 44 41 44 41 42 44 41 35 40 44 44

1 - - - 0.012 - - 0.012 - - - - - - 0.098 - - - - - - -

2 - - - - - - - - - - - - - 0.012 - - - - - - -

3 0.012 0.102 0.091 0.262 - 0.648 0.430 0.744 0.670 0.936 0.682 0.768 - 0.854 - - 0.012 0.029 - - -

4 - - - - - - - - - - - - - - - - - 0.029 - - -

5 0.988 0.898 0.909 0.726 1.000 0.352 .558 0.256 0.330 0.064 0.295 0.232 1.000 0.037 1.000 0.989 0.988 0.371 0.988 1.000 1.000

6 - - - - - - - - - - 0.023 - - - - 0.011 - 0.571 0.013 - -

HO 0.023 0.205 0.182 0.333 0.000 0.386 0.465 0.372 0.341 0.128 0.409 0.268 0.000 0.293 0.000 0.023 0.024 0.457 0.025 0.000 0.000

PEPB*

(n) 42 44 44 43 44 42 44 45 44 41 42 42 43 41 42 44 43 43 40 43 44

1 - 0.102 - - 0.023 - - - - 0.024 0.012 - - - - - - - - - -

2 0.107 0.693 0.034 0.872 0.977 0.917 0.261 0.367 0.318 0.671 0.286 0.393 - - 0.012 - - - 0.013 - -

3 0.857 0.205 0.966 0.128 - 0.083 0.523 0.567 0.648 0.293 0.464 0.452 0.709 0.049 0.024 0.545 0.035 0.070 0.500 - -

4 0.036 - - - - - 0.193 0.067 0.034 0.012 0.238 0.155 0.291 0.951 0.964 0.455 0.942 0.791 0.488 0.058 0.114

5 - - - - - - - - - - - - - - - - - - - 0.047 0.080

6 - - - - - - 0.023 - - - - - - - - - 0.023 0.140 - 0.884 0.807

7 - - - - - - - - - - - - - - - - - - - 0.012 -

HO 0.286 0.186 0.058 0.163 0.015 0.167 0.636 0.600 0.455 0.439 0.667 0.524 0.395 0.098 0.071 0.591 0.116 0.349 0.500 0.186 0.341



Table 3.3. Continued
Locus STW LOW SMR STB FWC MDC EBC KBC SLP LTT BYC96 BYC97 MUR STR PRO CTC CAL BUR AMA GRA TAR

PGM*

(n) 43 44 44 44 43 44 42 43 44 39 43 42 44 41 41 44 43 44 40 44 44

1 - - - - - - - - - - - - - - - - 0.023 - - 0.114 0.034

2 - 0.011 - 0.057 - - 0.179 0.093 0.045 0.026 0.012 0.012 - 1.000 0.756 1.000 0.977 1.000 1.000 0.886 0.886

3 - - - 0.011 - 0.011 - - - - - - - - - - - - - - -

4 1.000 0.989 1.000 0.932 1.000 0.989 0.821 0.907 0.955 0.974 0.988 0.988 1.000 - 0.244 - - - - - 0.080

5 - - - - - - - - - - - - - - - - - - - - -

HO 0.000 0.023 0.000 0.136 0.000 0.023 0.310 0.140 0.091 0.051 0.023 0.024 0.000 0.000 0.439 0.000 0.047 0.000 0.000 0.182 0.182

PGD*

(n) 43 44 44 44 44 44 44 44 44 40 44 42 44 41 42 44 43 44 39 44 44

1 0.012 - - - - - - - - - - - - - 0.083 - - - - - -

2 0.988 0.602 1.000 0.989 1.000 1.000 1.000 0.977 1.000 1.000 0.989 0.976 1.000 1.000 0.917 0.943 1.000 1.000 1.000 1.000 1.000

3 - 0.398 - 0.011 - - - 0.023 - - 0.011 0.024 - - - 0.057 - - - - -

HO 0.023 0.477 0.000 0.023 0.000 0.000 0.000 0.045 0.000 0.000 0.023 0.048 0.000 0.167 0.114 0.000 0.000 0.000 0.000 0.000 0.000

GPI-2*

(n) 43 44 44 44 44 44 44 45 44 41 44 42 44 40 42 44 43 43 39 44 44

1 - - - - - - - - - - - - - - - - - 0.081 - - -

2 - - - - - - - - - - - - - - - - - 0.047 - - -

3 - - - - - - - - - - - - - - - - 0.012 0.291 - - -

4 - - - 0.045 - - - - - - - - - - - 0.023 0.012 0.372 0.372 1.000 1.000

5 1.000 1.000 1.000 0.955 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.966 0.800 0.929 0.557 0.826 0.081 0.628 - -

6 - - - - - - - - - - - - - - - 0.011 - 0.023 - - -

7 - - - - - - - - - - - - 0.034 0.200 0.071 0.409 0.151 0.105 - - -

HO 0.000 0.000 0.000 0.045 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.068 0.300 0.143 0.523 0.302 0.721 0.487 0.000 0.000
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As mentioned, the multidimensional scaling ordination plots suggested that there were two

major geographical groups of P. signifer populations � those north and south of the Herbert

River site STR. If a posteriori the variation is partitioned between the regions relative to the

total and among drainages within regions, then each level explains approximately the same

amount of the variation (Table 3.4). However, it is evident that there is less differentiation

among drainages within a region than among all drainages (FDR=0.283, FDT=0.483) (Table 3.4).

Table 3.4. Percentage of allelic diversity at various levels of hierarchy for populations of P.
signifer at six polymorphic loci. For details of the hierarchy see section 3.2.3.1.

Comparison σσσσ2
XY FXY

% allelic
diversity

Between regions 0.372 0.202 20.2
Among drainages within regions 0.417 0.283 22.6
Among all drainages 0.789 0.428 42.8

Among sites within subcatchments 0.164 0.174 8.89
Among subcatchments within
drainages 0.115 0.110 6.21

Among sites within drainages 0.279 0.265 15.1

Among all sites 1.068 0.579 57.9
Within sites 0.777 - 42.1
Total 1.845 - 100

Slatkin and Voelm (1991) reported that, at equilibrium, hierarchical F statistics can indicate the

extent of gene flow within and between each level of the hierarchy. The FXY estimates were

highest for among drainages relative to the total (FDT=0.43, Nem=0.33), least for among

subcatchments relative to drainages (FCD=0.11, Nem =2.02) but slightly higher for among sites

relative to subcatchments (FSC=0.16, Nem =1.19). This implies that levels of connectivity are an

order of magnitude less among drainages than within, but that within drainages levels of

connectivity among sites within a drainage are not a function of position within that drainage

(Table 3.4) (see Chapter 4 for discussion of levels of connectivity within systems). I was

interested to explore whether the high levels of differentiation among drainages was a function

of distance, and if there was therefore any evidence of an equilibrium between gene flow and

genetic drift assuming a stepping stone model of gene flow.

3.3.1.4 Isolation by distance

There was a significant negative relationship between the log of coastal or great circle distance

and log M^ between all drainages sampled in the present study (P<0.005 for both distance

measures) (Figure 3.4). The explanatory power was weak (r2=0.20 for coastal distance and

r2=0.22 for great circle distance), and the slope was �0.46 and -0.55, consistent with the two-

dimensional stepping stone model. Historical barriers can isolate populations and lead to a
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spurious isolation by distance relationship (Stewart et al. 1999) so each region was also

examined separately. Different patterns were evident: there was a significant relationship

between log distance and log M^ among southern drainages (P=0.005), but there was no such

relationship among northern drainages (P=0.18) (Figure 3.4). It should be noted that the extent

of geographic distance among northern sites was less than among southern sites.

3.3.1.5 Temporal variation in allele frequencies

Four sites were sampled in1996 and 1997 to test for differences in gene frequency over one

year, which is about two generations (Semple 1986; Howe 1987; Howe and Howe 1991). There

were no overall differences between times for any site, except there was a significant difference

between BHB96 and BHB97 at the ADH* locus, due to an increase of the ADH*3 allele (Table

3.5). However, after applying the Bonferroni correction there was no significant difference.

Table 3. 5. Exact P-values from exact tests of genic differentiation between temporal replicates
of P. signifer (Raymond and Rousset 1995). NP = no test possible.
Sites Locus

GPI-1* ADH* PEPB* PGM* PGDH* GPI-2* Over all loci
BHB96 vs
BHB97 0.340 0.034 0.090 1.0 0.495 NP 0.127

HYC96 vs
HYC97 NP 0.110 1.0 NP 0.246 NP 0.307

SJR96 vs
SJR97 0.121 0.579 0.940 0.245 NP NP 0.410

BYC96 vs
BYC97 0.071 0.237 0.264 1.0 0.614 NP 0.299

3.3.2 Intraspecific phylogeography

The 633bp fragment of the ATPase6 mitochondrial gene of 39 P. signifer revealed extreme

levels of nucleotide divergence among the 28 unique haplotypes (PS1-PS28) which were

resolved (GenBank Accession Numbers AF272096-AF272123). Table 3.6 lists the 170 variable

sites, of which 29 (17.1%) were first codon position, 7 (4.1%) were second and 135 (78.8%)

were third. The GenBank submission details the entire P. signifer mtDNA fragment that was

sequenced. The log likelihood ratio test rejected the null hypothesis of a clocklike evolution of

P. signifer ATPase6 sequences (likelihood ratio test statistic delta = 40.4, P <0.036).

Consequently, I did not estimate divergence times from levels of genetic divergence.

3.3.2.1 Large scale patterns

Mitochondrial DNA data were collected to infer phylogeographic patterns among the sites

collected. The phylogeny of the mtDNA haplotypes revealed that there were two obvious

clades of haplotypes in the present study: those north of and including the Tully River (site
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BYC), and those south of and including Cedar Falls Ck (site PRO) (Figure 3.5). The maximum

sequence divergence among haplotypes was 0.31±0.05 with a mean of 0.14±0.005. Haplotypes

of individuals from site STR (Herbert River) were more closely related to the northern group,

however displayed high levels of divergence from that group, a minimum sequence divergence

of 0.078±0.016 and a maximum of 0.11±0.021. This was in contrast to the allozyme data which

identified site STR as part of the southern group of populations (e.g. Figure 3.3).

3.2.2.2 Patterns within regions - northern region

The maximum sequence divergence among clade I haplotypes was 0.065±0.013, the minimum

was 0.002±0.002 and the mean was 0.039±0.002. Figure 3.5 shows the phylogenetic

relationships of the 28 resolved P. signifer mtDNA haplotypes. There were four minor clades

within clade I, which were supported by high bootstrap significance levels (>90) (Figure 3.5).

The minor clades were often comprised of individuals from different drainages, such that Clade

IA was comprised of individuals from the Barron, Johnstone and Tully drainages, clade IB

contained individuals from Cape Melville and the Low Isles, clade ID had individuals from the

Mulgrave-Russell and Trinity Inlet, but clade IC had individuals from only the Daintree.

Nevertheless, no mtDNA haplotypes were common between two drainages, except between the

Mulgrave-Russell and Trinity Inlet (Table 3.7). The relationships among the minor clades were

unresolved, with short internode distances, however, there were long node to tip branch lengths

leading to each minor clade (Figure 3.5). Interestingly, although the allozyme data for sites

within the Barron, Mulgrave-Russell and Trinity Inlet drainages were similar (as reflected in

the MDS ordination (Figure 3.3), the patterns revealed by the mtDNA data were strikingly

different. Individuals from MDC (Trinity Inlet) had haplotype PS6 which also occurred in

individuals from the Mulgrave- Russell drainage (Table 3.7). In contrast, haplotypes which

occurred in the Mulgrave-Russell or site MDC (PS6, PS7 PS8, PS9 and PS10) had an average

genetic distance of 0.052±0.011 from the haplotype discovered in Barron individuals (PS5) (see

also Figure 3.5). All sites of the three drainages share a common floodplain, however the mouth

of the Barron is 10km from the mouth of the Trinity, while the mouth of the Mulgrave-Russell

is separated by at least 50km of coastline from the mouth of the Trinity Inlet.

In the multidimensional scaling ordination of six allozyme loci, site LOW grouped with the

northern populations and was closer to Mulgrave-Russell and Barron sites than to Daintree,

South Mossman or Johnstone sites (Figure 3.3). Relative to all other sites sampled in the

present study, there was a high frequency of the PGDH*3 allele at site LOW (0.4, Table 3.3),

although frequencies at the other five polymorphic loci were similar to Mulgrave-Russell and

Barron sites. Individuals from site STW (Daintree River), the nearest continental sample to site



Table 3.6. Variable nucleotide positions in 28 P. signifer haplotypes of a 633bp fragment of the mtDNA ATPase 6 gene identified by DNA sequencing. Dots
indicate identity to haplotype PS1. Numbers refer to position of base pairs from the start of the fragment, which was 30 base pairs from the start of the ATPase
6 gene. Entire sequences can be retrieved from the GenBank database at accession numbers as indicated in the body of the table.
                                         1111111 1111111111 1111111111 GenBank
       11223333 4445555666 6677778888 9990000111 2233455556 6677888889 accession #
     6902140236 2581457046 8925681457 3790256123 0328403462 5817134695
PS1  CATTCAATGT TCCCGGCTTT ATCGTCAACG CGTATACAGC TCTGCACCAT GCCGGCCTGC AF272096
PS2  ..C....... ....A..... GCT......A T.C.C..... .......... ....A...AA AF272097
PS3  ..C....... ....A..... GCT......A T.C.C..... .......... ....A...AA AF272098
PS4  .......... ......A... .......... .......... .......... .......... AF272099
PS5  TCC....... ...AA...C. GC.......A ..C.C.T... .......... .........A AF272100
PS6  ..C......C ....A..C.. GCA......A ..C..G.... ....T..... ........AA AF272101
PS7  ..C......C ....A..C.. GCA......A ..C..G.... ....T..... ........AA AF272102
PS8  ..C......C ....A..C.. GCA......A ..C..G.... ....T..... ........AA AF272103
PS9  ..C......C ....A..C.. GCA......A ..C..G.... ....T..... ........AA AF272104
PS10 ..C......C ....A..C.. GCA......A ..C..G.... ....T..... ........AA AF272105
PS11 .CCC...... ...AA..... GC.......A ..C.C.TG.. .........C .........A AF272106
PS12 .CCC...... ...AA..... GC.......A ..C.C.T... .......... .........A AF272107
PS13 TCC....... ...AA..... GC.A.....A ..C.C.T... .......... .........A AF272108
PS14 .CCC...... ...AA....C GC.......A ..C.C.T... .......... .........A AF272109
PS15 .CCC...... ...AA....C GC.......A ..C.C.T... .......... .........A AF272110
PS16 TCC....... ...AA..... GC.......A ..C.C.T... .......... .........A AF272111
PS17 TCC....... ...AA..... GC.......A ..C.C.T... ...C...... .....TT..A AF272112
PS18 ..C...G... ..A...T... GCT...C..A TTC..G.G.. C.....T... .........A AF272113
PS19 ..C...G... ..A...T... GCT...C..A TTC..G.G.. C.....T... .........A AF272114
PS20 G.C..G.CT. CT.GATT.CC .C.CCG.GTA ..C.CGTG.G .TCA.GTAGG C.TA...A.. AF272115
PS21 G.C..G.CT. CT.GATT.CC .C.CCG.GTA ..CGCGTG.G .TCA.GTAG. CTTA...A.. AF272116
PS22 G.C..G.CT. CT.GATT.CC .C.CCG.GTA ..C.CGTG.G .TCA.GTAG. C.TA...A.. AF272117
PS23 G.CCT.GCT. .T.GATT.CC .C.CCG...A T.C.CGTG.G .TCA.GTACC ...A...G.. AF272118
PS24 G.CC..GCT. .T.GATT.CC ...CCG.G.A T.C.CGTG.G .TCA.GTATC ...A...G.. AF272119
PS25 G.CCT.GCT. .T.AATT.CC .C.CCG.G.A T.C.CGTG.G .TCA.GTAGC .......G.. AF272120
PS26 ACC..GCCC. .T.AATT... .CGTC..GTA ..C.CG.GAG .T.....AGC ..T....G.. AF272121
PS27 G.C..GCCC. .T.AATT... .CATC..GTA ..C.CG.GAG .T...G.AGC ..TA...G.. AF272122
PS28 G.C..GCCC. .T.AATT... .CATC..GTA ..C.CG.GAG .T...G.AGC .ATA...G.. AF272123



Table 3.6. Continued.
     1222222222 2222222222 2233333333 3333333333 3333333333 3333344444
     9011122234 4556677779 9900001111 1233334455 5666777788 8999900111
     6703926873 9581403694 5701390235 8103692515 7039256814 7036905147
PS1  CCCCCTCAGT TTCAAACCAC CTACGAGTGC CCTGACCACT AAACTTACCT CTTGTACATC
PS2  T...T..... C...G..... .....C.... ..C......C ....C..... ....C.....
PS3  T..TT..... C...G..... .....C.... ..C......C ....C..... ....C.....
PS4  ...T...... .......... .......... .......... .......... ..........
PS5  T...T..... .....C.... .....C...T .T.......C .G..C..... ..........
PS6  T...T..... ..T....... .....C...T ..C....... ....C..... ...A......
PS7  T...T..... ..T....... A....C...T ..C....... ....C..... ...A......
PS8  T...T..... ..T....... .....C...T ..C....... ....C..... ...A......
PS9  T...T..... ..T....... .....C...T ..C....... ....C..... ...A......
PS10 T...T..... ..T....... .....C...T ..C....... ....C..... ...A.G....
PS11 T...T..... .....C.... .....CA..T .T.......C .G..C..... ..........
PS12 T...T..... .....C.... .....C...T .T.......C .G..C.G... ..........
PS13 T...T..... .....C.... .....C...T .T.......C .G..C..... ..........
PS14 T...T..... .....C.... .....C...T .T.......C .G..C.G... ..........
PS15 T...T..... .....C.... .....C...T .T.......C .G..C.G... ..........
PS16 T...T..... .....C.... .....C...T .T.......C .G..C..... ..........
PS17 T...T..... .....C.... .....C...T .T.......C .G..C..... ..........
PS18 T..TT...CC .C....A.G. .C...C...T T.C....... ....C..T.. T..CCG....
PS19 T..TT...CC .C....A... .C...C...T T.C....... ....C..T.. T..CCG....
PS20 .TTTTCT..C CCAC.C.T.G .G...C...A T.C.CT.G.C ..TACC.TTC T.AT..T.C.
PS21 .TTTTCT..C CCAC.C.T.G .G...C...G T.C.CT.G.C ..TAC..TTC T.AT..T.C.
PS22 .TTTTCTC.C CCAC.C.T.G .G...C...A T.C.CT.G.C ..TACC.TTC T.AT..T.C.
PS23 .TTTTC...C CAACGC.T.G .GG..C...A T.C.C..G.C ..GAC..TTC T.AT..T.C.
PS24 .TTTTC...C CAACGC.T.G .GG..C...A T.C.C..G.C ..GAC..TTC T.AT..T.C.
PS25 .TTTTC...C CAACGC.T.G .GG..C..AA T.C.C.TG.C ..GAC..TTC TAAT..T.CT
PS26 .T..TCT..C C.ACGC.TGG .G.TAC.A.A T.C.C..GT. G.GAC...TC T.AA..TT..
PS27 .T..TCT..C C.ACGC.TGG .G..AC.A.A T.CAC..GT. G.GAC...TC T.AA..TT..
PS28 .T..TCT..C C.ACGC.TGG .G..AC.A.A T.CAC..GT. G.GAC...TC T.AA..TT..



Table 3.6. Continued.
     4444444444 4444444555 5555555555 5555555555 5566666666
     2334556678 8888999011 2223344444 5566777889 9900012223
     3287062510 1369028706 5683714567 2548036480 1703981453
PS1  CTCTAACATC TACGTAACTC TAACGATTGA CTCTATCTTT CACGTCTTTT
PS2  .......... ..T.C..... C..TA..... T.....T... TG......C.
PS3  .......... ..T.C..... C..TA..... T.....T... TG......C.
PS4  .......... .......... .......... .......... ..........
PS5  .....G.... ..T.C..... .......... ....GCT... .G.A..C.C.
PS6  A......... ..T.C..... ....A..... ......T... ........C.
PS7  A......... ..T.C..... ....A..... ......T... ........C.
PS8  A......... ..T.CG.... ....A..... ......T... ........C.
PS9  A.T....... ..T.C..... ....A..... ......T... ........C.
PS10 A......... ..T.C..... ....A..... ......T... ........C.
PS11 .....G.... ..T.C..... .......... .....CT... .G.A....C.
PS12 .....G.... ..T.C..... .......... .....CT... .G.A....C.
PS13 .....G.... ..T.C..... .......... .....CT... .G.A....C.
PS14 .....G.... ..T.C....T .......... .....CT... .G.A....C.
PS15 .....G.... ..T.C..... .......... .....CT... .G.A....C.
PS16 .....G.... ..T.C..... .......... .....CT... .G.A....C.
PS17 .....G.... ..T.C..... .......... .....CT... .G.A....C.
PS18 .C.....GC. ...AC..T.. .......... .CTC..T... ..T.....C.
PS19 .C.....GC. ...AC..T.. .......... .CTC..T... ..T.....C.
PS20 TC.C.....T CCTACG..CT ..G.A.GCA. ..T..GT.G. .G.ACTCCC.
PS21 TC.CG....T CCTACG..CT ....A.GCA. ..T..GT.G. .G.A.TCCC.
PS22 TC.C.....T CCTACG..CT ..G.A.GCA. ..T..GT.G. .G.ACTCCC.
PS23 .C.C..T..T CCTACGG.CT ..G.A.GCA. ..T..GTAG. ...A.TCCCC
PS24 .C.C..T..T CCTACGG.CT ..G.A.GCA. ..T..GT.GG ...A.TCCCC
PS25 ...C.....T CCTACGG.CT ..G.A.GCA. ..T..GT.G. ...A.TCCCC
PS26 .CAC.....T CCTACGG... ..G..GGCA. .....GT... G..A.TC..C
PS27 .CAC.....T CCTACGG... ..G...GCAG .....AT... G..A.TC..C
PS28 .CAC.....T CCTACGG... .GG...GCA. .....AT... G..A.TC..C
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LOW, had haplotypes highly divergent from the haplotype found at site LOW (0.065±0.014

and 0.062±0.013). Haplotypes from the Mulgrave-Russell individuals had a mean sequence

divergence of 0.056±0.0005 to the site LOW haplotype, and haplotypes from the Tully-

Johnstone-Barron group had a mean sequence divergence of 0.063±0.0009. However, the

sequence divergence between the one site LOW and one site MEL haplotypes was only

0.003±0.002. Cape Melville is approximately 250km straight line distance to the north of site

LOW.

3.2.2.2 Patterns within regions - southern region

Among the southern clade (clade III) haplotypes (Figure 3.5) the maximum sequence

divergence was 0.13±0.023, the minimum was 0.003±0.002 % and the mean was 0.073±0.007.

The phylogeny of haplotypes of clade III was characterised by three minor clades, with high

bootstrap support (>85) (Figure 3.5). In the southern clade all drainages contained a

reciprocally monophyletic assemblage of haplotypes, except the Pioneer and Cedar Falls Ck

sites which were paraphyletic. There were larger internode differences among the minor clades

of clade III than was evident among the minor groupings of clade I (Figure 3.5). There was

some indication that geographically distant sites were more divergent than geographically close

sites (e.g. relationship of haplotypes of Pioneer and Cedar Falls Ck drainages, Mary and

Burnett, and Clarence and Manning) (Figure 3.5). However, further sampling would be

necessary to ensure this was not an artefact of the sampling design.



Figure 3.5. Mid-point rooted neighbour joining tree (Saitou and Nei 1987) of Tamura-Nei’s
(1993) gamma distance clustering 28 P. signifer mtDNA haplotypes (PS1-PS28). The
gamma distribution α parameter=0.34, as estimated from the data set by PUZZLE (Strimmer
and von Haeseler 1996). Values at nodes represent bootstrap confidence levels (1000
replicates) if greater than 50. Drainages comprising the clades are indicated.
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Table 3.7. Distribution of 28 mtDNA haplotypes (PS1 - PS28) of a 633bp fragment of the ATPase 6 gene of P. signifer among sites. Site abbreviations as
in Table 3.1. Drainage of origin is indicated, noting that the subcatchment designations for the Mulgrave-Russell and Johnstone drainages are given.

Haplotype
Site
abbr. Drainage PS

1
PS
2

PS
3

PS
4

PS
5

PS
6

PS
7

PS
8

PS
9

PS
10

PS
11

PS
12

PS
13

PS
14

PS
15

PS
16

PS
17

PS
18

PS
19

PS
20

PS
21

PS
22

PS
23

PS
24

PS
25

PS
26

PS
27

PS
28 Total

MEL Cape Melville 2 2
STW Daintree 1 1 2
LOW Low Isles 2 2
STB Barron 2 2
MDL Trinity Inlet 2 2
LMB Mulgrave 1 1 2
BHB Mulgrave 1 1 2
WCT Russell 1 1 2
CLC Nth Johnstone 2 2
TRC Nth Johnstone 2 2
SJR Sth Johnstone 2 2
MSC Sth Johnstone 1 1 2
BYC Tully 1 1 2
STR Herbert 1 1 2
PRO Ceder Falls 1 1
CTC Pioneer 1 1 2
BUR Burnett 1 1 2
AMA Mary 2 2
GRA Clarence 2 2
TAR Manning 1 1 2
Total 2 1 1 2 2 4 1 1 1 1 2 2 2 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 39
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3.4 DISCUSSION

Populations of P. signifer displayed a remarkable level of genetic subdivision at many different

geographic scales at allozyme and mtDNA loci. An overall FST estimate of 0.58 and high FXY

values at the hierarchical levels of among sites within drainages, among drainages within

regions and between regions revealed that differentiation was apparent at all geographic scales.

There was extensive mtDNA ATPase6 gene divergence, which indicated two major groups of

P. signifer populations, which were approximately concordant with the two groups identified

by allozyme data. Below, I examine the extent and patterns of genetic differentiation among

populations of P. signifer in the context of the levels of gene flow among populations, the

consequences of drainage rearrangements and eustatic changes and the implications of the large

genetic divergence between P. signifer from northern and southern regions of east coastal

Australia.

3.4.1 Inferring levels of gene flow at different hierarchical scales

The extent of gene flow among populations of P. signifer appeared to be limited at several

spatial scales. It was evident that the two major groups have been isolated for an extensive

period, based on approximately concordant patterns at both genetic markers (Figures 3.5, 3.3).

Comparison to the study of Hadfield et al. (1979), which used a similar suite of allozyme

markers, revealed that the patterns they found were generally consistent to the present study.

For example, Hadfield et al. (1979) found a large number of alleles at the PGI-2* locus (my

nomenclature) in the Burnett River (their Munduberra site), which was also discovered in the

present study. Also, they discovered large allozyme gene frequency differences across their

sampling range. Nevertheless, while Hadfield et al. (1979) suggested that �� gene exchange is

not restricted� (p384), the same conclusions cannot be drawn from the present study.

The Stream Hierarchy Model of Meffe and Vrijenhoek (1988) predicts that more genetic

diversity will be distributed among drainages than within, and this was the case for populations

of P. signifer. It was revealed that there was approximately an order of magnitude more gene

flow among sites within drainages compared to among sites in separate drainages based on

crude approximations from the island model (Nem=2.02, 0.33respectively). The significant

correlation of geographic distance with genetic differentiation (Figure 3.3) is consistent with,

assuming a stepping stone model of gene flow, populations being in gene flow-drift equilibrium

at the species wide scale. That is, the gene flow-drift equilibrium cannot be rejected. However,

this comparison may be spurious. Stewart et al. (1999) noted that the comparison of two

essentially isolated groups can lead to patterns of isolation by distance.
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Within regions, there appeared to be little evidence of more extensive gene flow among

drainages, based on the high FST among sites within the northern region (FST=0.46) and the

southern region (FST=0.50). In addition, mtDNA haplotypes were often site specific (although

note low sample sizes) (Table 3.7), suggesting isolation may have led to some degree of lineage

sorting among drainages. It may be expected that floodplain or flood plume transport of fish at

times of high flow may lead to the dispersal of individuals between adjacent or nearby

drainages. The evidence was weak in support of this notion. There were large levels of genetic

differentiation, based on allozyme data, between the Mulgrave-Russell drainage and the

adjacent Johnstone, which were robust considering the extensive sampling effort within these

drainages (Table 3.1). There was also extensive mtDNA differentiation. Significant differences

in frequency at four allozyme loci between the Murray Upper and Tully drainages (data not

presented), which apparently coalesce at times of high flood (Pusey and Kennard 1996), also

demonstrate that dispersal may not be extensive between adjacent drainages that apparently

coalesce at times of flood. A third example was the extensive mtDNA divergence found

between individuals of the Mulgrave-Russell and Barron drainages (Figure 3.5, Table 3.7).

Metapopulation processes such as extinction and colonisation can result in elevated estimates

of FST (Whitlock and McCauley 1990; Whitlock 1992b), and may be important in these systems,

leading to inaccurate estimates of real gene flow rates under the assumption of models such as

the island model (see Chapter 4). Nevertheless, the extensive and consistently high levels of

differentiation argues for a high degree of isolation among drainages.

Levels of gene flow among drainages also appear to be limited in the southern region. Like the

northern populations, there were high levels of genetic subdivision with a mean jackknifed FST

of 0.50 at the allozyme loci. In addition, the generally monophyletic assemblage of mtDNA

haplotypes within drainages and high estimates of pairwise levels of genetic differentiation

(implied by negative log M^ values) lends support to there being little gene flow among

drainages in this region. The significant isolation by distance effect among populations of the

southern group suggests these populations may be in gene flow - genetic drift equilibrium,

which has been estimated to take 4N generations, where N is the effective population size

(Crow and Aoki 1984).

3.4.2 Drainage rearrangements and eustatic changes

Eustatic changes may result in complex patterns in the distribution of genetic diversity because

the intermittent rise and fall in sea level may allow for different opportunities for dispersal

(Bermingham and Avise 1986). Bermingham and Martin (1998) studied comparative patterns
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of mtDNA variation in three genera of lower central American freshwater fish. They found that

each genus shared a common history that was characterised by several extinction / colonisation

episodes. Nevertheless, the underlying shared history was masked by idiosyncratic dispersal

events that were unique to each genus. It may be sea level changes are being reflected in the

patterns of genetic diversity among populations of P. signifer. Allozyme and mtDNA data

revealed discordant patterns for populations of some northern drainages (Barron, Mulgrave-

Russell, Johnstone, Liverpool and Tully). The allozyme data suggested that, in general,

populations of these drainages were genetically distinct (Figure 3.3). For example, the

frequency of the ADH*3 and GPI*5 alleles were higher in Tully populations (sites LTT and

BYC) than those of the drainages to the north. The mtDNA data also revealed high levels of

divergence, however it was the Mulgrave-Russell which was the more divergent at this marker

(Figure 3.5, Table 3.7). While the individuals from the Barron, Tully and Johnstone drainages

had mtDNA haplotypes unique to each drainage, the levels of divergence among haplotypes

was low, and they were resolved to the same clade on the haplotype tree (Figure 3.5, Table 3.7).

These data are consistent with a scenario in which waves of dispersal at different times may

lead to connectivity among some drainages, but not others. The topology of the mtDNA

haplotype tree for all northern populations has long branches to tip nodes, but short internode

distances between clades. This is consistent with a former population being fragmented into

isolated populations at about the same time. The topology of the Barron, Johnstone-Tully clade

(clade IA) is similar, although in this case the shallow nature of the clade suggests that the

hypothesised dispersal event was more recent. In this case, the recent hypothesised connectivity

has rewritten the history that may have previously existed between these drainages. The fact

that there was no isolation by distance among the northern sites, with high genetic

differentiation among pairwise comparisons and large spread of values is also consistent with

little gene flow among populations following range fragmentation (Hutchison and Templeton

1999). These data are therefore consistent with a scenario in which sea level changes act to join

populations in presently isolated populations, but where there is little contemporary gene flow

among drainages or those that do not have, or have not had, a freshwater connection.

It has been suggested that the Mulgrave-Russell drainage formerly exited via the Trinity Inlet

delta. In addition, the Mulgrave, Barron and Trinity Inlet have only a low-relief drainage divide

in lowland areas that is often likely to be breached at times of high flood (Anonymous 1981).

This provides an opportunity to examine the relative contribution of historical connectivity and

contemporary movement via a floodplain. It was shown that site MDC was similar to

Mulgrave-Russell and Barron populations at allozyme loci (Figure 3.3), but mtDNA data
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revealed that fish from MDC, which drains to the Trinity Inlet, had the same haplotype as fish

from the Mulgrave-Russell, but were approximately 5% divergent from Barron River

haplotypes (see also Table 3.7, Figure 3.5). It was not possible to reject the hypothesis of no

differentiation among sites of the three drainages based on allozyme data, which by extension,

suggests connectivity between drainages. However, the mtDNA data support the suppositions

of Willmott and Stephenson (1989) and Willmott et al. (1988) who suggested that the Mulgrave

recently exited to Trinity Inlet, and the data also suggest that connectivity across the floodplain

between the Barron and Mulgrave does not occur (noting small sample sizes). The lack of

differentiation exhibited at allozyme loci may therefore be a function of a lack of resolution

inherent in this marker, due to the higher effective population size and lower net accumulation

of mutations (Birky et al. 1989), rather than being the result of gene flow between the Mulgrave

and Barron.

The population of P. signifer that inhabits the offshore, marine Low Isles (site LOW) are

presumably derived from current gene flow from mainland populations or remnants of former

populations that inhabited ancient drainages or wetlands that existed in the area. In their present

form, the Low Isles can only be as old as the last sea level rise at the end of the last glaciation

which was approximately 18000 years ago (Chappell 1983; Chappell and Shackleton 1986).

Populations of P. signifer on the Low Isles are part of the northern group of populations, based

on allozyme and mtDNA data. The mtDNA data revealed that there were large amounts of

sequence divergence between LOW fish haplotypes and those from the nearest mainland site

(STW). However, the haplotypes were only slightly divergent from those from Cape Melville,

200km to the north. Unless there is some long distance recruitment from the north, it would

appear that there is no contemporary gene flow between the Low Isles and mainland

populations, and that the similarity of mtDNA haplotypes to MEL haplotypes is the result of

ancestral retention of haplotypes. From the levels of divergence evident to other coastal

populations, it may be that the Low Isles population has been isolated even at times of lower

sea level, such that the streams in the vicinity of the Low Isles were not connected to the more

extensive ancestral drainages that presently only drain to the edge of the Australian landmass.

Populations at EBC would appear to be derived from Johnstone populations based on the

allozyme findings, although as the above discussion attests, the information contained within

allozyme data may not always be as sensitive. Mitochondrial DNA sequence data may be useful

in further elucidating mechanisms of dispersal in small ephemeral streams.
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3.4.3 Regional differences and the Burdekin Gap

Probably the most striking pattern evident in the data of the present study is the dichotomy

between northern and southern populations of P. signifer. The allozyme and mtDNA data did

not reveal concordant patterns of the relationship of site STR (Herbert River) to the two

regional groups, but there was no doubt as to the general pattern. The allozyme and mtDNA

data are strongly concordant in identifying an extensive genetic �break� between Proserpine

(Cedar Falls Ck) and the Tully River. The extensive genetic break suggests a long period of

isolation between the two groups, however divergence times are difficult to estimate because of

the rejection of the null hypothesis of a clock like evolution of the P. signifer mtDNA

haplotypes. Whitely (1932; 1958) recognised morphological differences between northern and

southern populations of P. signifer, naming them different species, although he did not indicate

a precise geographic distribution of either �species�. In addition, Merrick and Schmida (1984)

predicted that there may be more than one species of P. signifer. In contrast, a review of the

genus Pseudomugil by Saeed et al. (1989) agreed with Hadfield et al. (1979) that differences

among geographic locations of P. signifer were largely clinal and minor, although they did

recognise that there were genetic, morphological and osteological differences. It may be that

Whitley (1932; 1958) and Merrick and Schmida (1984) painted a more accurate picture of the

taxonomy of the P. signifer �complex�. It would be apparent that further work is warranted on

the taxonomic status of the P. signifer populations examined in the present study. A higher

level molecular phylogeny and further fine scale examination of the morphological

characteristics of the Pseudomugilidae may serve to solve this problem.

Lately, Unmack (1999) proposed that areas north and south of the Burdekin River were

probably two separate biogeographic regions, which is strikingly similar to the area known as

the �Burdekin Gap� by terrestrial biologists (Keast 1961; Simpson 1961; Cracraft 1986) (see

General Introduction). Avise et al. (1992) suggested that biogeographic breaks should be

consistent with phylogeographic breaks, one of the central tenets of the emergent field of

phylogeography. The genetic break between northern and southern populations of P. signifer is

remarkably concordant with the Burdekin Gap, and it may be that this area has been a long term

isolating barrier between northern and southern groups. Nevertheless, many other genetic

breaks were evident from the data, although they were of a lesser nature. The divergences

between the clade ID (Cape Melville / Low Isles), clade IC (Daintree) and clade II (Herbert)

could all be defined as �genetic breaks�, as could the dichotomy between clade IIIC (Grafton /

Taree), clade IIIB (Burnett / Mary) and clade IIIC (Pioneer / Cedar Falls Ck) (Figure 3.5).

Burton (1998) warned that apparent phylogeographic breaks could be fallacious without a

rigorous sampling scheme after detecting several genetic breaks subsequent to more thorough
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sampling efforts in a study of the copepod Tigropius californicus. There was a large geographic

gap in sampling between the northern and southern clades (650km coastal distance), and it

should be sampled to further refine the preliminary conclusions drawn here.

The extent of genetic subdivision among populations of P. signifer may be surprising given that

the species is found in habitats as diverse as marine offshore islands, mangrove swamps,

saltmarshes, brackish estuaries and pure freshwater systems. In addition, dispersal could be

possible via freshwater plumes, especially in the wetter northern regions. Despite the apparent

likelihood of dispersal, the present study revealed that populations in separate drainages are

generally isolated from other drainages, and that offshore populations appear to be unconnected

via contemporary gene flow to geographically close mainland populations. Based on their

phylogenetic position, the Pseudomugilid group and related Atheriniformes such as the

Melanotaenaiids have been thought to be recently derived from marine ancestors (e.g. Allen

1995). As McGuigan et al. (2000) have recently demonstrated, this may not be the case for the

Melanotaenaiids based on a molecular phylogeny using the cytochrome b mtDNA gene. A well

constructed molecular phylogeny of the Pseudomugilidae and related genera may help to

unravel a more accurate temporal scale of the invasion of Australia�s freshwater environments.

Indeed, it would be interesting to determine the frequency of freshwater invasions (cf Lee 1999;

Lee and Bell 1999) and whether there may have been invasions from freshwater to estuarine /

marine habitats by members of this group.
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CHAPTER 4

4.0 CONNECTIVITY AMONG POPULATIONS OF P. SIGNIFER WITHIN THE MULGRAVE-

RUSSELL AND JOHNSTONE DRAINAGES IN NORTH QUEENSLAND

4.1 INTRODUCTION

The nuclear (allozyme) and mtDNA data presented in Chapter 3 showed that populations of P.

signifer inhabiting separate drainages had high levels of genetic subdivision. This implied

limited gene flow among drainages, even between adjacent drainages with common

floodplains. For example, in northern Queensland, the large allozyme frequency differences and

approximately 4.5% mtDNA net nucleotide divergence at the ATPase6 demonstrated that the

Mulgrave-Russell and Johnstone drainages were demographically independent. This chapter is

an exploration of how the dendritic nature of stream structure might influence the extent of

genetic differentiation among populations within these demographically independent systems.

The structure of drainage networks isolates populations that inhabit different drainages, but also

partitions populations within a drainage. The probability of connectedness between two

populations within a drainage is likely to be influenced by extrinsic factors such as distance,

position in the stream hierarchy and uni-directional flow of streams, as well as the intrinsic

demographic dispersal and extinction / colonisation processes that may occur. Meffe and

Vrijenhoek (1988) proposed the stream hierarchy model to account for the hierarchical nature

of streams. If the isolation of populations is a function of the stream, subcatchment or drainage

they inhabit, then at equilibrium, one would expect differentiation to be greatest among

drainages, decreasing to the least differentiation among populations within streams (see

General Introduction). There are many studies which demonstrate that differentiation is greatest

among populations in different drainages (e.g. Avise and Felley 1979; Carvalho et al. 1991;

Echelle 1991; Ashbaugh et al. 1994; Moran et al. 1995; Hansen and Mensberg 1998).

However, there are fewer studies which have explored the levels of genetic differentiation

among populations within drainages to assess the influence of stream structure, distance and

historical processes on population structure (Lu et al. 1997).

Some studies have shown that populations within drainages or reservoirs have high levels of

inferred gene flow (e.g. Avise and Felley 1979; Moran et al. 1995; Tibbets and Dowling 1996),

however many have also shown evidence for restricted gene flow (e.g. McClenaghan et al.

1985; Alves and Coelho 1994; Baer 1998b; Hanfling and Brandl 1998). Carvalho and his
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associates (Carvalho et al. 1991; Shaw et al. 1991; Shaw et al. 1994) found that significant

shifts in allele frequency among populations within drainages occurred in the guppy Poecilia

reticulata based on studies of allozyme variation. These studies indicated that populations were

not homogeneous and suggested river order was an important component in determining

population substructuring (Shaw et al. 1994). Headwater streams were apparently strongly

influenced by founder effects which reduced levels of polymorphism, while downstream sites

were affected by isolation by distance and physical barriers. Another factor that may be

important is the possible bias towards downstream over upstream gene flow in stream systems.

It has been suggested this may result in fewer alleles in upstream populations, greater

differentiation and lower heterozygosity among upstream populations relative to among

downstream populations (Hernandez-Martich and Smith 1997). Studies of poeciliid fish have

found such a pattern, and it was suggested that this resulted from greater gene flow among

downstream populations compared to among upstream populations (Hernandez-Martich and

Smith 1990; Shaw et al. 1991; Shaw et al. 1994; Hernandez-Martich and Smith 1997).

Other factors may also be important in determining levels of genetic differentiation among

populations within a drainage. The dendritic nature of streams may inherently alter the

probability of migration between sites, which can have dramatic effects on estimates of FST

(Whitlock 1992b). Habitat size, and by inference population size, presumably diminishes with

distance upstream. Smaller upstream populations may be more prone to extinction /

recolonisation events. Whitlock and McCauley (1990) revealed that these metapopulation

processes can increase genetic differentiation among populations. Drainage patterns change

through time, and the isolation or coalescence of streams within or between drainages may

result in spatial heterogeneity of gene frequencies. There may be a shift in the equilibrium

between genetic drift and gene flow depending on the frequency of demographic or

environmental perturbation and the time that has elapsed since they occurred. In such cases,

estimates of gene flow based on genetic models which assume populations are at equilibrium

may be inaccurate (Slatkin 1993; Hutchison and Templeton 1999).

The aims of this part of the study were to investigate the levels of genetic subdivision among

populations of P. signifer within drainages. Specifically, I examined (i) whether there was

significant differentiation among populations, (ii) if the variation among populations was a

function of stream hierarchy, (iii) if an equilibrium pattern was evident and (iv) if it was

possible to elucidate contemporary or historical levels of connectedness among populations

within drainages.
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4.2 METHODS

4.2.1 Sampling strategy

The Mulgrave-Russell and Johnstone Rivers were selected to assess patterns of variation among

populations within drainages. They share similar structures, in that two major subcatchments

coalesce at an estuarine confluence, and then empty to the Coral Sea (Figure 4.1a,b).

Hypothetically, this estuarine confluence may act as a barrier to dispersal among freshwater

organisms. No information exists as to the extent of genetic variation within drainages of P.

signifer, so I attempted to collect samples from throughout the lowland sections of the two

drainages. In addition, I was interested in the amount of variation within a reach of stream, so I

collected two samples within Behana Ck (BHA and BHB) which were three km distant, and

two samples from the Little Mulgrave River and a tributary (LMA and LMB) which were

approximately 500 m apart. A mixture of tributary and main channel sites were collected.

Sample locations are given in Figure 4.1 (and Table 2.1), and sample sizes are detailed in Table

3.1.

4.2.2 Laboratory procedures

4.2.2.1 Allozyme electrophoresis

Laboratory procedures followed the methods in sections 2.5.1 and 3.2.2 (Chapters 2 and 3).

4.2.2.2 mtDNA techniques

Laboratory procedures followed the methods in sections 2.5.2 and 3.2.2 (Chapters 2 and 3).

4.2.3 Statistical analysis

4.2.3.1 Allozyme data

Statistical treatment of the data collected in this study followed the general outlines detailed in

section 2.6 (Chapter 2) for the testing for deviations from Hardy-Weinberg proportions,

descriptive and summary statistics, hierarchical F-statistics and isolation by distance analyses.

Exact tests of population differentiation were used to assess the significance of frequency

differences between temporal replicates from sites where these were collected. There were two

levels to the hierarchical analysis to partition the variation among samples into the respective

components: among subcatchments within drainages (FCD) and among sites within a

subcatchment (FSC). Each site was assigned to its respective subcatchment to form the

hierarchies as detailed in notation below. For the Mulgrave-Russell drainage, sites were

assigned to the Mulgrave or Russell subcatchment:
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Mulgrave (MGA, LMB, BHB96, 3BC, FIG, THC, MGB), Russell (HYC96, DBC, RSB, DNC,

RSR, CCK, WCT)

For the Johnstone drainage, sites were assigned to either the North Johnstone or South

Johnstone subcatchments:

North Johnstone (PYC, NJT, CLC, NJN, TRC, NJD), South Johnstone (SJR96, MNC, UTC,

STJ, MSC)

4.2.3.2 mtDNA data

The sequence divergence among haplotypes was measured using Tamura-Nei gamma distance

(1993). A haplotype tree representing the relationships among haplotypes was presented in

Chapter 3 (Figure 3.5). In addition, the subtree of haplotypes that were resolved from the

Mulgrave-Russell and Johnstone drainages was generated.
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4.3 RESULTS

4.3.1. Variation within populations

4.3.1.1 Mulgrave Russell

There were 18 sites sampled within the Mulgrave-Russell drainage and these were analysed for

allozyme variation at 6 polymorphic loci  (99% level). Consequently, in tests of conformity to

Hardy-Weinberg proportions, there were 108 possible combinations of sites and loci of which

37 were polymorphic. No tests were significant at the adjusted level of significance of

α=0.0013 after the Bonferroni correction. Nevertheless, the global FIS value (0.12±0.024) for

populations within the Mulgrave-Russell was significantly different from zero

(P<0.0001)(Table 4.1a), due to high positive FIS values for the ADH*, PEPB* and PGDH* loci,

which indicates a significant deficiency of heterozygotes. Table 4.2a lists the locus / site

comparisons and shows that global estimates were dependent on the few sites which were

variable at each locus. The occurrence of some homozygotes for rare alleles at some sites was

responsible for the significant outcomes.

Table 4.1. Summary F-statistics at six polymorphic allozyme loci among a) Mulgrave Russell
sites and b) Johnstone sites. ns= not significant, *P<0.05, P<0.001, ***P<0.0001.
a) Mulgrave-Russell sites

Locus FIS FST FIT

GPI-1*  0.054* 0.022**  0.075*
ADH*  0.130*** 0.207***  0.310***
PEPB*  0.182*** 0.060***  0.231***
PGM* -0.039ns 0.033** -0.005ns

PGDH*  0.242* 0.006*  0.246***
GPI-2* -0.007ns 0.006ns -0.001ns

Jackknife
Mean (S.E.)

 0.124***
(0.024)

0.192***
(0.099)

 0.295***
(0.104)

b) Johnstone sites

Locus FIS FST FIT

GPI-1*  0.032ns 0.372***  0.392***
ADH*  0.239*** 0.097***  0.313***
PEPB*  0.019ns 0.298***  0.312***
PGM* -0.029ns 0.098***  0.072*
PGDH* -0.071ns 0.055*** -0.013ns

GPI-2* -0.004ns 0.004ns  0.000ns

Jackknife
Mean (S.E.)

 0.064*
(0.056)

0.280***
(0.064)

 0.323***
(0.040)



Chapter 4 - Pseudomugil signifer B

71

4.3.1.2 Johnstone

Twelve sites were sampled within the Johnstone drainage and analysed for variation at 6

allozyme loci. Consequently, in tests of conformity to Hardy-Weinberg proportions of each

population, there were 72 possible combinations of sites and loci, of which 37 were

polymorphic. There were two tests that were significant at the Bonferroni adjusted level of

0.0015: locus ADH* at PYC and CLC. These were both due to the occurrence of homozygotes

for rare alleles. The global FIS estimate was also significant over loci and populations within the

Johnstone drainage (FIS=0.064±0.056, P<0.05) (Table 4.1b). This was due to a deficiency of

heterozygotes at the ADH* locus, especially at sites PYC and CLC (see Table 4.2b).

4.3.2. Descriptive and summary statistics

4.3.2.1 Mulgrave-Russell

Samples were collected at small spatial scales from LMA and LMB (500 m apart) and BHA

and BHB (three km apart). There was no evidence of significant heterogeneity at any of the six

allozyme loci using exact tests of differentiation (Raymond and Rousset 1995) for LMA / LMB

(P=0.75) or BHA / BHB (P=0.65). Data were therefore combined from sites LMA and LMB

(forming site �LMR�), and BHA and BHB (forming site �BHC�) in subsequent analyses of

MDS ordination of Rogers� (1972) genetic distance, overall and hierarchical F-statistics, and

isolation by distance.

There was considerable variation in allozyme gene frequencies among populations of the

Mulgrave-Russell drainage (Table 4.3, Figure 4.2). Figure 4.2 depicts allele frequencies at the

three most variable allozyme loci. Of particular note is the high frequency of the ADH*3 allele

among populations in Behana Ck (BHA, BHB96 and BHB97) relative to other Mulgrave River

populations (Figure 4.2b). MDS ordination of Rogers� (1972) genetic distance revealed that

sites from a particular subcatchment were often closer together in ordination space than sites

from different subcatchments. This suggested that sites within a subcatchment are genetically

more similar (Figure 4.4a); but see section 4.3.3.1 below. However, the position of site BHC in

ordination space was widely divergent from other Mulgrave River populations, due mainly to

the high frequency of the ADH*3 allele.

These divergent allele frequencies were reflected in the high FST value overall (FST=0.19,

P<0.0001) (Table 4.1a). Most of the variation could be attributed to the ADH* locus,



Table 4.2. FIS estimates for each site / locus combination within the a) Mulgrave-Russell and b) Johnstone drainages. Significant FIS values at the 0.05 level are
indicated in bold, however none were significant after applying the Bonferroni correction. P = estimate of P-value from exact tests (Raymond and Rousset,
1995), - = monomorphic at that site / locus comparison. Mean values for each locus are given in Table 4.1.
a)

Population
Locus MGA LMB LMA BHA BHB

96
BHB

97
3BC FIG THC MGB RSB RSR CCK WCT HYC

96
HYC

97
DBC DNC

PGI-1* FIS 0.118 -0.097 -0.047 -0.051 0.184 0.199 -0.061 -0.062 -0.024 - -0.024 -0.026 0.481 0.186 - - -0.037 -
P 1 1 1 1 0.300 0.214 1 1 1 - 1 1 0.083 0.294 - - 1 -

ADH* FIS - - 0.292 0.319 0.168 0.042 -0.18 0.397 -0.067 - -0.002 0.295 -0.014 0.190 -0.025 - 0.199 -0.052
P - - 0.213 0.054 0.416 1 0.561 0.049 1 - 1 0.102 1 0.012 1 - 0.214 1

PEPB* FIS - - - 0.325 - -0.039 0.234 0.015 - - 0.337 -0.026 -0.031 0.49 - - -0.012 -
P - - - 0.0361 - 1 0.267 1 - - 0.059 1 1 0.068 - - 1 -

PGM* FIS - - - - - - -0.059 - - - - - - -0.036 - - -0.012 -
P - - - - - - 1 - - - - - - 1 - - 1 -

PGD* FIS - - - 1 - - - - - - - - - - -0.024 - - -
P - - - 0.012 - - - - - - - - - - 1 - - -

PGI-2* FIS - - - - - - -0.014 - - - - - - - - - - -
P - - - - - - 1 - - - - - - - - - - -

b)
Population

Locus PYC NJT CLC NJN TRC NJD SJR96 SJR97 MNC UTC STJ MSC
PGI-1* FIS 0.13 0.212 - 0.116 0 -0.079 0.188 -0.081 - -0.102 -0.104 -

P 0.421 0.146 - 0.515 1 0.756 0.072 0.769 - 0.268 1 -
ADH* FIS 0.484 -0.025 0.567 0.119 0.096 0.251 -0.096 -0.062 - 0.032 -0.062 -

P 0.0001 1 0.0003 0.437 0.475 0.056 1 1 - 0.117 1 -
PEPB* FIS -0.02 0.079 - 0.073 0.206 -0.104 0.119 0.063 - 0.02 -0.151 -0.079

P 0.959 0.387 - 0.682 0.084 0.775 0.096 0.145 - 0.315 0.688 0.756
PGM* FIS 0.019 -0.161 - - -0.044 -0.049 - -0.024 - - - -

P 1 1 - - 1 1 - 1 - - - -
PGD* FIS -0.098 - - - - -0.062 - - - - - -

P 1 - - - - 1 - - - - - -
PGI-2* FIS -0.005 - - - - - - - - - - -

P 1 - - - - - - - - - - -
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although all loci were significantly different from zero except the GPI-2* locus. The FST value

at the ADH* locus was an order of magnitude greater than the other loci. This was due to the

high frequency of the ADH*3 allele in the Behana Ck sites.

4.3.2.2 Johnstone

There was more variation in gene frequencies among Johnstone River sites (Table 4.4 and

Figure 4.3). For example, the frequency of the PEPB*2 allele at site CLC (North Johnstone)

was 1.0, while at NJN, little more than eight km stream distance away, the frequency was 0.24

(Table 4.4). For these same two sites, the frequency of the GPI-1*3 allele was 1.0 at CLC and

0.16 at NJN. At the PEPB* locus, site MNC was fixed for an alternate allele to that found at

CLC, PEPB*3, sites that are within the same drainage (Table 4.4 and Figure 4.3). At MSC

(South Johnstone) the frequency of the PEPB*3 allele was 0.57, while at STJ five km

downstream it was 0.84 (Table 4.4). Some sites also showed very low levels of heterozygosity

at all loci (e.g. MNC) (Table 4.4). The MDS ordination of Rogers� (1972) genetic distance

revealed that, as with the Mulgrave-Russell, sites within a subcatchment were generally more

similar to each other than to sites from the other subcatchment (Figure 4.4b) (however see

section 4.3.3.2). In addition, an outlier site was obvious, site CLC, which had large gene

frequency differences at the ADH* and PEPB* loci. This was a similar pattern to that involving

site BHC of the Mulgrave-Russell drainage (Figure 4.4b).

These divergent allele frequencies were reflected in the high FST value overall (FST=0.28,

P<0.0001). The GPI-1* and PEPB* loci contributed to most of the variation among sites,

however as for the Mulgrave-Russell, all loci were significantly different from zero except the

GPI-2* locus. As noted above, sites CLC, MNC and MSC had allele frequencies that were

extremely different to many of the other populations (Table 4.4).



Table 4.3. Allele frequencies, sample sizes (n) and observed heterozygosity (HO) for populations of P. signifer from the Mulgrave-Russell drainage. Site
numbers as in Table 4.1. If allele is absent from all populations, the allele has been discovered in other populations (see Johnstone sites and Chapter 3).

Mulgrave sites Russell sites
Locus MGA LMB LMA BHB96 BHB97 3BC BHA FIG THC MGB HYC96 HYC97 DBC RSB DNC RSR CCK WCT
GPI-1*

(n) 16 18 37 43 44 36 42 44 43 42 43 44 43 43 44 41 36 44
2 0.219 0.111 0.054 0.093 0.148 0.069 0.060 0.068 0.035 0.012 - - 0.047 0.035 - 0.037 0.056 0.091
3 0.781 0.889 0.932 0.907 0.852 0.931 0.940 0.932 0.965 0.988 1.000 1.000 0.953 0.965 1.000 0.963 0.944 0.909
5 - - 0.014 - - - - - - - - - - - - - - -

HO 0.313 0.222 0.135 0.140 0.205 0.139 0.119 0.136 0.070 0.024 0.000 0.000 0.093 0.070 0.000 0.073 0.056 0.136
ADH*

(n) 15 20 34 43 44 37 42 43 41 42 42 44 44 43 44 40 36 43
1 - - - 0.012 - - - - - - - - - - - - - -
3 - 0.025 0.074 0.581 0.750 0.162 0.595 0.093 0.073 0.012 0.017 0.036 0.148 0.221 0.239 0.425 0.417 0.267
4 - - - - - - - - - - - - - - - - - 0.023
5 1.000 0.975 0.912 0.407 0.250 0.838 0.405 0.895 0.927 0.988 0.983 0.964 0.852 0.779 0.761 0.575 0.583 0.709
6 - - 0.015 - - - - 0.012 - - - - - - - - - -

HO 0.000 0.050 0.118 0.419 0.364 0.324 0.333 0.116 0.146 0.024 0.071 0.000 0.205 0.349 0.386 0.350 0.500 0.349
PEPB*

(n) 16 18 37 43 44 37 42 44 44 42 44 44 44 43 44 41 34 44
1 - - - - 0.011 0.014 - 0.023 - - - - - - - - - 0.011
2 0.969 1.000 1.000 1.000 0.943 0.905 0.964 0.841 1.000 1.000 1.000 0.989 0.977 0.837 1.000 0.963 0.956 0.955
3 0.031 - - - 0.045 0.081 0.024 0.136 - - - 0.011 0.023 0.151 - 0.037 0.044 0.034
4 - - - - - - 0.012 - - - - - - 0.012 - - - -

HO 0.063 0.000 0.000 0.000 0.114 0.135 0.048 0.273 0.000 0.000 0.000 0.023 0.045 0.186 0.000 0.073 0.088 0.045
PGM*

(n) 15 18 37 43 44 37 40 44 43 41 44 44 44 43 44 40 38 44
2 - - - - 0.011 0.068 - - - 0.012 - - - - - - - 0.045
4 1.000 1.000 1.000 1.000 0.989 0.932 1.000 1.000 1.000 0.988 1.000 1.000 0.977 1.000 1.000 1.000 1.000 0.955
5 - - - - - - - - - - - - 0.023 - - - - -

HO 0.000 0.000 0.000 0.000 0.023 0.135 0.000 0.000 0.000 0.024 0.000 0.000 0.045 0.000 0.000 0.000 0.000 0.091



Table 4.3. continued.

Mulgrave sites Russell sites
Locus MGA LMB LMA BHB96 BHB97 3BC BHA FIG THC MGB HYC96 HYC97 DBC RSB DNC RSR CCK WCT
PGD*

(n) 16 19 36 43 44 37 42 44 44 41 44 44 44 43 44 41 37 44
2 0.969 1.000 1.000 0.988 1.000 0.986 0.976 1.000 1.000 1.000 0.966 1.000 1.000 1.000 1.000 1.000 1.000 1.000
3 0.031 - - 0.012 - 0.014 0.024 - - - 0.034 - - - - - - -

HO 0.063 0.000 0.000 0.023 0.000 0.027 0.000 0.000 0.000 0.000 0.068 0.000 0.000 0.000 0.000 0.000 0.000 0.000
GPI-2*

(n) 16 20 34 43 44 37 42 44 43 42 44 44 44 43 44 41 37 44
4 - - - - - 0.027 - - - - - - - - - - 0.014 -
5 1.000 1.000 1.000 1.000 1.000 0.973 0.988 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.986 1.000
7 - - - - - - 0.012 - - - - - - - - - - -

HO 0.000 0.000 0.000 0.000 0.000 0.054 0.024 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.027 0.000
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Table 4.4. Allele frequencies, sample sizes (n) and observed heterozygosity (HO) for
populations of P. signifer from the Johnstone drainage. Site numbers as in Table 4.1. If
allele is absent from all populations, the allele has been discovered in other populations (see
Mulgrave-Russell sites and Chapter 3).

North Johnstone sites South Johnstone sites
Locus PYC NJT CLC NJN TRC NJD SJR96 SJR97 MNC UTC STJ MSC

GPI-1*
(n) 46 19 41 44 48 43 41 44 44 44 44 44
2 0.022 0.132 - 0.023 - - 0.098 0.023 - 0.011 0.011 -
3 0.891 0.711 1.000 0.159 0.406 0.430 0.610 0.636 1.000 0.670 0.886 1.000
4 - - - - 0.010 - - - - - - -
5 0.087 0.158 - 0.818 0.583 0.570 0.293 0.341 - 0.318 0.102 -

HO 0.174 0.368 0.000 0.273 0.500 0.535 0.439 0.523 0.000 0.500 0.227 0.000
ADH*

(n) 46 19 41 44 48 44 41 44 44 44 44 44
1 0.011 - - - - - - - - 0.011 - -
3 0.272 0.342 0.012 0.102 0.104 0.159 0.098 0.068 - 0.091 0.068 -
4 - - 0.244 0.011 - 0.080 - - - - - -
5 0.685 0.658 0.744 0.886 0.885 0.761 0.902 0.932 1.000 0.898 0.932 1.000
6 0.033 - - - 0.010 - - - - - - -

HO 0.239 0.474 0.171 0.182 0.188 0.295 0.195 0.136 0.000 0.182 0.136 0.000
PEPB*

(n) 48 19 38 44 47 44 42 44 44 44 44 43
1 0.021 - - - 0.021 0.011 0.012 0.023 - 0.011 - -
2 0.260 0.316 1.000 0.239 0.128 0.284 0.083 0.068 - 0.102 0.136 0.570
3 0.594 0.421 - 0.761 0.606 0.670 0.833 0.807 1.000 0.830 0.841 0.430
4 0.115 0.237 - - 0.245 0.034 0.071 0.091 - 0.057 0.023 -
6 0.010 0.026 - - - - - 0.011 - - - -

HO 0.583 0.632 0.000 0.341 0.447 0.523 0.262 0.318 0.000 0.295 0.318 0.535
PGM*

(n) 47 19 41 44 48 44 42 44 44 44 44 44
1 0.021 - - - - - - - 0.011 - - -
2 0.191 0.158 - 0.011 0.052 0.057 - 0.034 - 0.011 0.011 -
4 0.787 0.842 1.000 0.989 0.948 0.943 1.000 0.966 0.989 0.989 0.989 1.000

HO 0.340 0.316 0.000 0.023 0.104 0.114 0.000 0.068 0.023 0.023 0.023 0.000
PGD*

(n) 46 17 41 44 48 44 40 44 44 44 44 44
2 0.902 1.000 1.000 1.000 0.990 0.932 1.000 1.000 1.000 1.000 1.000 0.989
3 0.098 - - - 0.010 0.068 - - - - - 0.011

HO 0.196 0.000 0.000 0.000 0.021 0.136 0.000 0.000 0.000 0.000 0.000 0.023
GPI-2*

(n) 48 19 41 44 48 44 42 44 44 44 44 43
4 0.010 - - - - - - - - - - -
5 0.979 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
7 0.010 - - - - - - - - - - -

HO 0.042 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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4.3.3 Hierarchical analysis of variation

4.3.3.1 Mulgrave-Russell

When the genetic variation was partitioned hierarchically, more of the variation was explained

by the differences among sites within a subcatchment than between the subcatchments (11.9%

compared to 0%) (Table 4.5a). This relationship was consistent across the six polymorphic loci.

The apparent pattern of the MDS ordination in which sites within a subcatchment were

generally closer to other sites in the same subcatchment was not supported by the hierarchical

analysis. When site BHC was removed from the analysis, there was only a small increase in the

variation attributed between subcatchments within a drainage (data not shown).

Table 4.5. Hierarchical F-statistics (Wright 1978) for sites in the Mulgrave-Russell and
Johnstone drainages. SC is the variation among populations within a subcatchment, CD is the
variation between pooled subcatchments relative to the total and SD is variation attributed to
sites relative to the total. TLV is the total limiting variance for each locus. a) Mulgrave-Russell
drainage comparisons; b) Johnstone drainage comparisons.

a) Mulgrave-Russell
Comparison

Within subcatchments Between subcatchments Among all sites
Locus σσσσ2

SC FSC σσσσ2
CD FCD σσσσ2

SD FSD TLV
GPI-1* 0.0039 0.035 -0.0001 0.000 0.0038 0.035 0.111
ADH* 0.0564 0.176 -0.0006 -0.002 0.0557 0.174 0.320
PEPB* 0.0051 0.060 -0.0008 -0.010 0.0043 0.051 0.084
PGM* 0.0007 0.035 -0.0001 -0.006 0.0006 0.029 0.021
PGDH* 0.0001 0.007 -0.0000 -0.003 0.0001 0.004 0.137
GPI-2* 0.0001 0.008 -0.000 -0.003 0.000 0.005 0.007
All loci 0.0663 0.119 -0.0017 -0.003 0.0645 0.116 0.556
% of TLV
(all loci) 11.9 - -0.3 - 11.6 - -

b) Johnstone

Comparison
Within subcatchments Between subcatchments Among all sites

Locus σσσσ2
SC FSC σσσσ2

CD FCD σσσσ2
SD FSD TLV

GPI-1* 0.1425 0.331 -0.0003 -0.001 0.1422 0.330 0.430
ADH* 0.0173 0.069 0.0080 0.030 0.0256 0.097 0.263
PEPB* 0.1416 0.279 0.0031 0.006 0.1448 0.283 0.511
PGM* 0.0063 0.070 0.0014 0.015 0.0076 0.084 0.091
PGDH* 0.0017 0.051 -0.0000 0.000 0.0017 0.051 0.034
GPI-2* 0.0000 0.006 -0.0000 -0.002 0.0000 0.004 0.004
All loci 0.3098 0.232 0.0121 0.009 0.3219 0.241 1.336
% of TLV
(all loci) 23.2 - 0.9 - 24.1 - -
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4.3.3.2 Johnstone

The pattern among the Johnstone River sites was similar to the Mulgrave-Russell River sites.

Genetic variation among sites within subcatchments (23.2 %) was greater than between the

subcatchments within the drainage (0.9%) (Table 4.5b). This was consistent over all loci. When

site CLC was removed from the analysis, there was only a small increase in the variation

attributed between subcatchments relative to the drainage (data not shown).

4.3.4 Isolation by distance

4.3.4.1 Mulgrave-Russell

There was a significant relationship between log (M^) and log (distance) among all sites of the

Mulgrave-Russell when either stream distance or great circle distance was used as the distance

measure (Figure 4.5a). However, the coefficients of determination were low (less than 0.10)

(Figure 4.5a). The regression slopes describing the relationship between M^ and geographic

distance for all populations of the Mulgrave-Russell were approximately -0.5.

Geographic distance was subsequently plotted against M^ for populations of the Mulgrave and

Russell subcatchments separately. Relationships were inconsistent and generally non-

significant; only the test involving Russell populations using great circle distance revealed a

significant relationship (P=0.028, r2=0.22) (Figure 4.5b-c). Inspection of the scatterplots among

Mulgrave sites only (Figure 4.5b) identified comparisons that had pairwise values of log M^

that were near zero or less. These were identified as comparisons involving site BHC (reflected

in the MDS ordination, Figure 4.4a), which when removed from the analysis resulted in a

significant relationship between distance and genetic differentiation among populations within

the Mulgrave subcatchment (for stream distance, P=0.048, r2=0.20 for great circle distance,

P=0.044, r2=0.26) (Figure 4.5d).

4.3.3.2 Johnstone

Similar patterns in the isolation by distance analyses to the Mulgrave-Russell were evident

among populations of the Johnstone River in that when all populations were considered, there

was a significant relationship between both distance measures and genetic differentiation (for

stream distance, P=0.0003, r2=0.19; for great circle distance, P=0.025, r2=0.07) (Figure 4.6a).

Neither stream or great circle distance explained any of the differentiation among populations

of the North or South Johnstone subcatchments when considered separately (Figure 4.6b-c).

Inspection of the North Johnstone scatterplot (Figure 4.6b) revealed comparisons which had

pairwise M^ values of less than -0.5. These were identified as involving site CLC (reflected in

the MDS ordination, Figure 4.4b) that when removed from the analysis, revealed a strong
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Figure 4.5. Scatterplots of log (coastal or great circle distance) versus log (M^) for populations of P.
signifer in the Mulgrave-Russell drainage. See text for more details.
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Figure 4.6. Scatterplots of log (coastal or great circle distance) versus log (M^) for populations of P.
signifer in the Johnstone drainage. See text for more details.
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correlation between both distance measures and log M^ (for stream distance, P=0.002, r2=0.78;

for great circle distance, P=0.004, r2=0.72) (Figure 4.6d).

4.3.4 Temporal stability of gene frequencies

See section 3.3.1.5, Chapter 3.

4.3.5 Aspects of mtDNA variation

4.3.5.1 Mulgrave-Russell

Six individuals were sequenced for 633 bp of the ATPase6 gene from three sites in the

Mulgrave-Russell. There were five unique haplotypes with a low mean sequence divergence of

0.003±0.0003. Haplotype PS6 was found in individuals from sites BHB (Mulgrave) and WCT

(Russell) (Table 3.7), however haplotype PS7 and PS8 were only discovered at site LMB,

haplotype PS9 was only at site BHB and haplotype PS10 was unique to site WCT. Figure 4.7

shows a haplotype network of the haplotypes found in the Mulgrave-Russell drainage.

4.3.5.2 Johnstone

Eight individuals were sequenced from four sites from the Johnstone drainage. There were five

unique haplotypes with mean sequence divergence =0.006±0.001. Haplotypes were unique to

each site, such that haplotype PS11 was only found at site CLC, haplotype PS12 was only

found at site TRC, haplotype PS13 was only found at site SJR and haplotypes PS14 and PS15

were only found at site MSC. Although sample sizes were low, this may suggest some

association of haplotype with geographic position (Table 3.7). Figure 4.7 shows a haplotype

network of the haplotypes found in the Johnstone drainage.
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MDL (Trinity Inlet)

LMB (Mulgrave)

BHB (Mulgrave)

WCT (Russell)

TRC (Nth Johnstone)

SJR (Sth Johnstone)

MSC (Sth Johnstone)
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Figure 4.7. Mid-point rooted neighbour-joining tree (Saitou and Nei 1987) of Tamura-Nei�s
(1993) gamma distance clustering 10 P. signifer haplotypes (PS6-PS15) collected from
individuals of the Mulgrave-Russell and Johnstone drainages. The site (and subcatchment)
where the haplotypes were discovered is indicated with the symbols (see key). The gamma
distribution α parameter=0.34, estimated from the entire dataset (PS1-PS28) as described in
Chapter 3. Values at nodes represent bootstrap confidence levels (1000 replicates) if greater
than 50.
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4.4 DISCUSSION

Several features are evident from allozyme and mtDNA data collected among populations of P.

signifer from the Mulgrave-Russell and Johnstone drainages of north Queensland. First, there

was significant spatial variation in allozyme gene frequencies within drainages in both

drainages. Second, hierarchical analyses indicated that the variation in allele frequencies was

distributed among sites within subcatchments, rather than at the higher hierarchical level of

among subcatchments. Third, there was a significant, but weak association of distance and level

of genetic differentiation when all sites within a drainage were considered, but in general not

among sites within a subcatchment. Allele frequencies were stable within sites between years.

The data of both drainages is punctuated by �outlier� populations which have low variabilities

at many allozyme loci, and are sometimes fixed, or nearly so for alleles which are rare at nearby

sites. This occurred at sites in Behana Ck (BHA, BHB96, BHB97) in the Mulgrave

subcatchment, and at CLC (North Johnstone) and MSC (South Johnstone). These sites were all

tributary populations.

Populations of P. signifer within drainages appear to have higher levels of connectivity than

populations which inhabit separate drainages (Chapter 3). The levels of genetic differentiation

as measured by FST of populations within the Mulgrave-Russell and Johnstone drainages were

no more than half of that found among populations in different drainages (Mulgrave-Russell FST

= 0.19, Johnstone FST = 0.28, all P. signifer populations FST = 0.58). However, the significant

FST values among sites within drainages indicate that there is not a single panmictic population

within drainages. The estuarine confluences that are a feature separating the Mulgrave from the

Russell and the North Johnstone from the South Johnstone do not appear to be an important

determinant of population structure in these systems. If they were, the partitioning of genetic

variation among sites within systems should have been greater between subcatchments than

among populations within subcatchments, which was not the case (Table 4.5). Although the

MDS ordination plots appeared to show some affiliation of sites of a particular subcatchment to

sites in the same subcatchment, this was not evident from hierarchical analyses of variation.

In species where the lifetime dispersal distance is less than the range, at equilibrium between

gene flow and genetic drift an isolation by distance relationship should be apparent (Wright

1943). When all populations within a drainage were considered, there was a significant

association between genetic differentiation and distance (Figures 4.5 and 4.6), which means

that a gene flow-drift equilibrium cannot be rejected. The slopes of the relationships

approximated -0.5 (Figures 4.5 and 4.6), which Slatkin (1993) demonstrated is the theoretical
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expectation from the two-dimensional stepping stone model. This implies that for populations

of P. signifer the dendritic nature of streams may approximate a two-dimensional habitat more

than a one-dimensional habitat. In other words, connectivity between populations is not

necessarily decreased between populations separated by nodes in the stream hierarchy,

compared to populations inhabiting the same linear stretch of stream.

Given that populations at the drainage scale appear to be in equilibrium, sufficient time in the

presence of limited gene flow has presumably passed since any demographic events such as

population expansions or contractions occurred. However, there are several mitigating factors

which must be noted. First, although significant, the relationships were weak; distance

explained less than 20% of the genetic differentiation among populations inhabiting the

Mulgrave-Russell and Johnstone drainages (Figures 4.5 and 4.6). Second, the relationship

between genetic differentiation and geographic distance should be monotonic and the

scattergram should have little spread in values (Hutchison and Templeton 1999), which was not

the case in the present study. Third, theoretical predictions suggest that nearer populations

should approach equilibrium before more distant populations (see Slatkin 1993). When

populations within subcatchments only were considered, there was little evidence for isolation

by distance (noting the power of the analysis was reduced through lower site numbers). Also,

nearer sites often had a large spread of values in genetic differentiation - geographic distance

comparisons. It may be that there are simply high levels of recurrent gene flow between nearer

sites, however, there were often large frequency differences between geographically close sites

(e.g. CLC and NJN).

A better model of the pattern of gene flow among populations of P. signifer within drainages

than one invoking distance may involve consideration of metapopulation processes such as

extinction / colonisation events and other demographic parameters. Slatkin (1977) and

Whitlock and McCauley (1990) discussed that the genetic consequences of founding events can

be complex, and depend on the number of founders and the characteristics of the founding

population(s). Metapopulation models predict that there will be temporal fluctuations in gene

frequencies and that in areas that have been recently colonised, the populations of these areas

may have decreased within population genetic variability, but increased variation among

populations (Whitlock 1992b). That is, different populations may have high frequencies of

different alleles, depending on the composition of the successful founders. McCauley et al.

(1995) showed that populations of the weed Silene alba that had newly colonised an area, had

higher variances in allele frequencies than established populations and Whitlock (1992a)

revealed the same pattern in forked fungus beetles. In addition, the effects of founder events
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can persist for many generations (Boileau and Taylor 1994; Hernandez-Martich and Smith

1997).

Stream systems have several characteristics which may influence the demographic processes of

populations. They have unidirectional flow, have habitats which are smaller and presumably

more intermittent in headwater areas than larger streams which have a more predictable flow in

downstream areas. Also, intermittent flood events may disrupt the stability of demographic

processes. In the current study, distinctive populations which were recognised from MDS

ordination of Rogers� (1972) genetic distance. For instance, site CLC was fixed at allozyme loci

which were variable just down stream (e.g. GPI-1* and PEPB* loci) (Figure 4.3, Table 4.4).

Sites in Behana Ck in the Mulgrave River had high frequencies of the ADH*3 allele that had a

reduced frequency in other nearby sites (Figure 4.2, Table 4.3). These �outlier� populations

were in small, upstream habitats which may be more prone to stochastic extinction /

colonisation events. When these sites were removed from their respective analyses, the

predictive power of distance increases dramatically, especially when site CLC was removed

(Figures 4.5 and 4.6).

A more powerful model of gene flow may thus involve a mixed model which considers the

distance between sites as well as the probability of connectivity  and size of populations that

inhabited various parts of a stream system. It may be that nearby populations are more likely to

be connected than more distant populations (e.g. isolation by distance plots without outlier

sites, Figures 4.5d, 4.6d), but that populations in smaller headwater streams are more prone to

the stochastic effects of drift which increases the variance in gene frequency of these sites

compared to other downstream populations (e.g. isolation by distance plots with outlier sites,

Figures 4.5b, 4.6b). If gene flow is reduced to the smaller, more isolated headwater streams

they will take longer to approach equilibrium than populations that have greater levels of gene

flow, because equilibrium approaches faster at higher migration rates (Whitlock 1992b).

Although this may be offset by the fact that larger populations (i.e. downstream) take longer to

approach equilibrium than smaller populations (Whitlock 1992b), the weak relationship

between genetic differentiation and distance among sites of the present study may be

exacerbated by the inclusion of the smaller, isolated headstream populations which are out of

equilibrium with the other populations. Whitlock (1992b) demonstrated that estimates of FST

can vary between 0.1 and 0.5 over approximately 20 generations with random fluctuations of

migration rate. Values of FST in the present study were encompassed by this range.
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The temporal stability of gene frequencies of sites which were sampled in 1996 and 1997

(approximately two generations) is not necessarily consistent with the predictions from

metapopulation models. Rather, it lends support to the notion that sites sampled are subdivided

with low levels of gene flow (e.g. Spruell et al. 1999). However, the small number of

generations between sampling periods precludes firm conclusions, and it may be useful to

sample the same populations in the future to document temporal changes in gene frequencies.

It is also important to consider other factors that may be contributing to variation of allele

frequencies among populations of P. signifer in the Mulgrave-Russell and Johnstone drainages.

Genetic drift and gene flow are expected to have the same average effect on all nuclear loci,

whereas selection only effects the loci under selection (e.g. Slatkin 1987). The high FST

estimate among populations in the Mulgrave-Russell drainage was largely due to the ADH*

locus, in which the frequency of the ADH*3 allele was high in Behana Ck and Russell River

populations. If selection is favouring the ADH*3 allele in these populations, there would be a

substantial genetic load to account for the frequency differences. Further mtDNA data may be

useful in resolving the possibility of selection acting on the ADH* locus causing the allele

frequency differences. The preliminary patterns of mtDNA data of the present study were

equivocal; haplotypes were shared among sites in the Mulgrave-Russell, but not the Johnstone,

making it difficult to use these data to inform us further about selection at the ADH* locus.

Reeb and Avise (1990) demonstrated the utility of using mtDNA data in revealing the likely

presence of balancing selection by studying patterns of mtDNA variation in the mussel

Crassostrea virginica. They showed that previously discovered homogeneity at allozyme loci in

the Florida peninsula area was overlayed by large divergences in mtDNA between the same

comparisons. This conclusion was further strengthened by studies with nuclear RFLPs which

also revealed a startling genetic break (Karl and Avise 1992). Examples of diversifying

selection have been reported in the literature. Koehn et al. (1976) demonstrated that that

leucine amino-peptidase (LAP*) allele frequencies in the mussel Mytilus edulis were strongly

correlated with salinity. In the present study, the overall deficiency of heterozygotes at ADH*

among Mulgrave-Russell and Johnstone sites (Table 4.1) may indicate that there is selection for

homozygotes. Identifying environmental gradients in the Mulgrave-Russell system would be

difficult, however further investigation of this problem by sampling in conjunction with

environmental data and increasing the scope of the mtDNA sampling may help resolve this

issue.

Another possible source of variation in the observed allele frequencies is that there was a bias

in the sampling of individuals from only one or a few related families. Recently, Hansen et al.
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(1997) showed that sampling only limited numbers of families of the trout Salmo trutta which

exhibited non-random distributions, led to biased estimates of allele frequencies. They found

that many juveniles within the same reach of stream had an otherwise rare mtDNA haplotype

and microsatellite analysis showed that there was likely only three full-sib families represented

(Hansen et al. 1997). Two assumptions underlying the Hardy-Weinberg equilibrium are that

there is random mating within a large population (Richardson et al. 1986). In the present study

it is possible that some of the small tributary streams are inhabited by only a small number of

families, which may have led to the deficit of heterozygotes at some loci (Table 4.2). Little is

known of P. signifer abundance in the sampled streams, or about their spawning behaviour and

life history. However some local groups of fish are dominated by a single male which

aggressively defends an area (Semple 1986; Howe 1987), which may lead to assortative

associations at a localised scale. The sampling strategy was designed to avoid the problem of

sampling families in that a reach of stream was sampled and not just a small area, however in

some of the smaller upstream sites it may be that there was a bias toward a few families. By

chance some of these families may be monomorphic at one or more loci, thus biasing allele

frequencies compared to samples gathered from larger, randomly mating populations.

Finally, we must consider the history of the populations within the drainages. Although the

genetic data suggest that the Mulgrave-Russell and Johnstone drainages have been separate for

some time (see Chapter 3), perturbations within each catchment may have affected the levels

and patterns of genetic differentiation. The patterns of differentiation among populations of the

Mulgrave-Russell and Johnstone drainages were generally similar, however, the extent of

variation indicated by mean FST was slightly greater among Johnstone populations (0.28±0.06

compared to 0.19±0.1 for Mulgrave-Russell populations). In addition, although small, the

amount of divergence among Johnstone mtDNA haplotypes was almost twice that among

Mulgrave-Russell haplotypes (mean sequence divergence = 0.006 among Johnstone haplotypes

and 0.003 among Mulgrave-Russell haplotypes), and the Johnstone mtDNA haplotypes had

discrete geographic distributions, whereas not all the Mulgrave-Russell mtDNA haplotypes

were geographically discrete (given low sample sizes). If populations within each drainage are

at equilibrium, as suggested by the analyses of isolation by distance, it could be that gene flow

among Johnstone populations is less on average than among Mulgrave-Russell populations.

Alternatively, historical events may have left a signal to the patterns of gene frequencies among

populations from each drainage. The Mulgrave and Russell Rivers were mobile through much

of the Pleistocene, with the mouth switching between Trinity Inlet at the north and Mutchero

inlet in the south (see Figure 4.1a for locations) (Willmott et al. 1988; Willmott and Stephenson

1989). This may have increased the connectivity among Mulgrave and Russell populations
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compared to among Johnstone populations at this time. Incidentally, a large basaltic lava plume

flowed down the �ancestral� Johnstone River about two million years ago (De Keyser 1964; De

Keyser and Lucas 1968) which must have greatly affected these populations. The decreased

genetic differentiation among Mulgrave-Russell sites may be a reflection of the historical

events. Further mtDNA sampling may be able to further elucidate the importance of historical

events on the extent and distribution of genetic diversity among populations of the Mulgrave-

Russell and Johnstone drainages.

It is evident that populations of P. signifer within the Mulgrave-Russell and Johnstone

drainages are not panmictic. Distance was revealed to be an important, but not exclusive

component of the variation at six allozyme loci. It may be that a more complex model in which

populations that are in equilibrium and non-equilibrium states with other populations may

better describe the patterns of variation. It may be that the structuring of streams that divides

populations in terms of size and probability of connectedness may result in a complex

metapopulation of interconnected demes. Future work may profit from modelling how the

hierarchical structure of streams and the resultant effect on connectedness and population size

can influence population structure and gene flow among obligate stream populations.
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CHAPTER 5

5.0 RECONCILING PATTERNS OF GENETIC VARIATION WITH STREAM STRUCTURE,

EARTH HISTORY AND BIOLOGY IN THE AUSTRALIAN FRESHWATER FISH

CRATEROCEPHALUS STERCUSMUSCARUM (ATHERINIDAE)

5.1 INTRODUCTION

Craterocephalus stercusmuscarum (Günther), the fly specked hardyhead (Atherinidae), has a

moderate to low dispersal potential based on its life history characteristics (Milton and

Arthington 1983; Semple 1985; Ivantsoff et al. 1988), and is a small, schooling, locally

abundant freshwater fish. C. stercusmuscarum live for approximately two years and mature at

about 12 months; the breeding season is October to March (Milton and Arthington 1983;

Semple 1985; Ivantsoff et al. 1988). They have a low fecundity (~80) and relatively large,

demersal and adhesive eggs. New reports suggest larval abundance peaks before the onset of

the monsoon (B. Pusey, personal communication). Crowley (1990) suggests C.

stercusmuscarum are morphologically �identical� either side of the major east-west watershed

(Great Dividing Range). Laboratory studies on salinity tolerance of Murray-Darling C.

stercusmuscarum indicate stress is induced in fish at 30gL-1, and mortalities occur between 28

and 52gL-1 (Hart et al. 1991; Williams and Williams 1991). Like the majority of Australia�s

freshwater fish species, it is of marine origin, but Crowley (1990) suggests an Oligocene /

Miocene invasion of the �stercusmuscarum� group, a time of renewed marine transgressions to

the Australian mainland.

C. stercusmuscarum has an interesting distribution (Figure 2.5) (Allen 1989) and, unusually for

an Australian freshwater fish, penetrates long distances upstream to upland areas above

waterfalls (Pusey and Kennard 1996). It has a widespread distribution, from the Northern

Territory to the northern east coast, south to northern NSW, but also occurs in the Murray-

Darling Basin of inland south eastern Australia. There are disjunctions between the Northern

Territory and east coast populations and the east coast and Murray-Darling populations (Allen

1989; Ivantsoff and Crowley 1996a) (Figure 2.5). C. stercusmuscarum is currently divided into

two subspecies, C. stercusmuscarum stercusmuscarum and C. stercusmuscarum fulvus. C. s.

fulvus are reputedly in the Murray-Darling River, a western flowing catchment, but also in

eastern flowing drainages from northern NSW to approximately Fraser Island in southeast

Queensland (Allen 1989; Ivantsoff and Crowley 1996a). On the other hand, C. s.

stercusmuscarum occur from north of Fraser Island to the drainages of far north Queensland, as
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well as in many of the drainages of the Northern Territory. This pattern of distribution within

drainages (i.e. in lowland and upland areas above waterfalls) and across the Australian

landmass offers excellent opportunities to investigate (i) the consequences of putative barriers

and connectivity among populations within streams (ii) the population genetic structure of a

freshwater fish along a continental margin, subject to the effects of eustasy and (iii) the

relationship of individuals from western flowing drainages to eastern flowing rivers.

For the first question above, I expected that if C. stercusmuscarum were able to traverse

instream barriers, then levels of genetic subdivision among populations within a drainage

would be lower than among populations in different drainages. However, if barriers such as

waterfalls restricted gene flow and have kept populations isolated, then there should be high

levels of genetic differentiation between populations either side of the barrier. If historical

drainage rearrangements were important in determining the patterns of genetic diversity, then

sharing of alleles across drainage divides may be evident depending on the idiosyncratic nature

of these events (e.g. Bermingham and Martin 1998). That is, the specific drainage

rearrangement event in a specific location may determine the distribution of alleles between

systems.

Various authors have recognised the importance of eustasy in shaping population genetic

structure of stream organisms (e.g. Bermingham and Avise 1986; Dodson et al. 1995). As C.

stercusmuscarum are distributed along the east coast of Australia, I examined the patterns of

genetic diversity to infer the effects of eustasy, distance and drainage structure on population

structure. Eustasy may serve to disrupt equilibrium patterns of population structure such as

isolation by distance and conformity to the tenets of the Stream Hierarchy Model (Meffe and

Vrijenhoek 1988) by the intermittent coalescence and separation of drainages along the coastal

margin. Long term isolation of populations in separate drainages may lead to extensive genetic

differentiation among drainages.

The interesting distribution of C. s. fulvus across the Great Dividing Range in south east

Queensland / northern New South Wales, is shared by approximately 16 fish species or species

complexes (from Allen 1989; McDowall 1996). In itself this suggests that some mechanism has

acted to transport fish from one geographic province to the other. Various authors have

recognised that earth history events in the southern Queensland / northern New South Wales

area may have led to one or more east coast drainages capturing western flowing drainages

(Fried and Smith 1992; Haworth and Ollier 1992), similar to the situation along other sections

of the Australian east coast (e.g. Burdekin) (see Pusey et al. 1998) and Barron (Ollier 1978).
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The prevailing taxonomic nomenclature of the two subspecies implies that the disjunct eastern

and western C. s. fulvus were once connected in some way, and would be genetically more

similar to each other than to other C. s. stercusmuscarum. I used this to test the hypothesis that

the origin of south east Queensland coastal C. stercusmuscarum were derived from a western

flowing drainage.
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5.2 MATERIALS AND METHODS

5.2.1 Sampling strategy

Details of collecting methods, target sample sizes and sampling dates were listed in Chapter 2,

section 2.4. Sampling was designed to address the three broad aims listed in the Introduction.

One specimen of Craterocephalus randi was sequenced for the mtDNA ATPase6 fragment to

be used as an outgroup in the mtDNA haplotype tree.

5.2.1.1 Examining the consequences of barriers and earth history on population structure

To investigate the consequences of barriers and the influence of earth history 16 populations

from five drainages were sampled in north Queensland (Figure 5.1). Eight sites were sampled

from the Atherton Tableland in �upland� areas above waterfalls, and eight sites were sampled

from the �lowland� coastal plain. Sites in the Mulgrave River (sites LMA and MGA) were

separated by an estuary from sites in the Russell River (sites RSR and RSB), and sites in the

lower North Johnstone River (sites NJN and TRC) were also separated by an estuary from the

lower South Johnstone River (site SJR). Barriers such as waterfalls separated sites NJR, NJP

and ITA from site BTC of the upper North Johnstone River, and the respective lowland and

upland populations of the North Johnstone and Herbert Rivers (Figure 5.1). Note that for

mtDNA sampling, four individuals were sequenced from site NJN, and one from site TRC for

the lower North Johnstone. As the mtDNA sequences were identical, fish from the lower North

Johnstone were pooled in further analyses. No fish were captured in the Tully River or the

lower Barron River despite equal sampling effort at a number of sites. Fish were preserved in

liquid nitrogen while transported to the laboratory, then stored at -70°C until processed. The

sites used for this section were thus: UBN, MGA, LMA, NJP, NJR, RSB, ITA, RSR, NJN,

TRC, BTC, SJR, MLE, KBC, MLS, UPH, and STR (Figure 5.1). Sample sizes for the allozyme

and mtDNA markers are listed in Table 5.1.

5.2.1.2 Relationships among east coast C. s. stercusmuscarum

To investigate the population structure of lowland east coast sites, thirteen sites from nine

drainages were sampled; all fish were putatively C. s. stercusmuscarum based on published

distributions (Allen 1989; Ivantsoff and Crowley 1996a). The sites spanned approximately 10°

latitude from the Mulgrave-Russell (~17°S) drainage in north Queensland to Calliope (~24°S)

in southern Queensland. The sites (drainage in parentheses) were: MGA, LMA, RSR, RSB

(Mulgrave-Russell); NJR, SJR (Johnstone); KBC (Liverpool); STR (Herbert); BLW

(Bluewater); ELC (Eden Lassie); PIO (Pioneer); AGC (Fitzroy); CAL (Calliope) (refer also to

Table 5.1, Figures 5.1 and 5.2).
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Table 5.1. Sampling sites, drainage, sub-specific status and number of individuals analysed for
allozymes and mtDNA for C. stercusmuscarum. For latitude, longitude and date collected data
see Table 2.1 in General Methods, Chapter 2. Abbreviations for putative sub-specific status are:
Css - C. s. stercusmuscarum; Csf - C. s. fulvus. NT = Northern Territory. Drainage designation
for Mulgrave-Russell and Johnstone sites lists the respective subcatchments.
Site name Drainage Site

abbr.
Sub specific

status
Sample

size
(allozymes)

Sample
size

(mtDNA)
Howard Springs Howard (NT) HWS Css 44 5
Manton Dam Adelaide (NT) MTD Css 44 -
Barron R Barron UBN Css 44 5
Mulgrave R A Mulgrave MGA Css 44 -
Little Mugrave R A Mulgrave LMA Css 24 -
North Johnstone R Malanda Nth Johnstone NJP Css 44 -
North Johnstone R A Nth Johnstone NJR Css 44 5
Russell R B Russell RSB Css 49 -
Ithica Ck Nth Johnstone ITA Css 16 5
Russell R A Russell RSR Css 44 5
North Johnstone R-Nerada Nth Johnstone NJN Css 43 4
Tregonthanaan Ck Nth Johnstone TRC Css - 1
Beatrice R Nth Johnstone BTC Css 30 5
South Johnstone R Sth Johnstone SJR Css 14 5
Herbert R-Mandalee Herbert MLE Css 39 -
Kittabah Ck Liverpool KBC Css 11 3
The Millstream Herbert MLS Css 45 5
Cameron Ck Herbert UPH Css 6 -
Stone R Herbert STR Css 44 5
Bluewater Ck Bluewater Ck BLW Css 19 5
Eden Lassie Ck Eden Lassie ELC Css 51 4
Pioneer R Pioneer PIO Css 44 5
Alligator R Fitzroy AGC Css 44 3
Calliope R Calliope CAL Css 44 3
Eliot R Eliot ELT Csf 44 5
Amamoor Ck Mary AMM Csf 44 5
Nerang R Nerang NER Csf 30 5

Dumaresq R Murray-
Darling DSQ Csf 44 4

5.2.1.3 Relationships among south east Queensland C. s. stercusmuscarum and C. s. fulvus

The relationship between putative C. s. fulvus and C. s. stercusmuscarum was examined by

collecting fish from eight sites in eight drainages. Four sites were putatively C. s. fulvus based

on published distributions (Allen 1989; Ivantsoff and Crowley 1996a): DSQ (Murray-Darling -

western flowing), ELT, AMM and NER (east coast flowing lowland). Four lowland sites of

putative C. s. stercusmuscarum, spanning approximately the same geographic scale as the

above C. s. fulvus sites were sampled from the east coast of Queensland. The sites were: ELC,

PIO, AGC and CAL. The coastline distance between the nearest C. s. stercusmuscarum and C.

s. fulvus sites (ELT and CAL) was approximately 250km compared to the maximum coastline

distance between sites of the C. s. stercusmuscarum group which was over 1100km (ELC to
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CAL) (Figure 5.2).

5.2.2 Laboratory procedures

5.2.2.1 Allozyme electrophoresis

The electrophoretic methods used in this study are described in section 2.5.1 (Chapter 2). After

screening, there were five polymorphic enzymes representing seven polymorphic loci that were

reliably scorable. The enzymes used were: glucosephosphate isomerase (EC 5.3.1.9; GPI-1*,

GPI-2* loci), aspartate aminotransferase (EC 2.6.1.1; AAT-1* and AAT-2* loci),

phosphoglucomutase (EC 5.4.2.2; PGM* locus), tripeptide aminopeptidase (EC 3.4.-.-; PEPB*

locus) and phosphogluconate dehydrogenase (EC 1.1.1.44; PGDH* locus). All systems were

run using tris-glycine buffer (pH 8.5), except the PGDH enzyme system which was run on Tris

citrate buffer (pH 7.0).

5.2.2.2 mtDNA techniques

Total genomic DNA extraction, PCR and sequencing protocols were as listed in section 2.5.2.

(Chapter 2). Further details are as follows. Sequences resulting from amplification with primers

ATP8.2 and COIII.2 (Chapter 2) were used to design an internal primer CSATP6L (5�-AGC

TCA CAT TTC CCC TAA TGA AC-3�). DNA fragments PCR amplified with CSATP6L and

COIII.2 were purified with Qiaquick spin columns (Qiagen), following manufacturers

protocols. PCR thermocycling conditions were: CSATP6L and COIII.2 an initial denaturing

step of 94°C / 5 min, then 94°C 30s, 57°C 30s, 68°C 60s, for 35 cycles and a final step of 68°C

for 7min. After purification and visualisation with gel electrophoresis, sequences were gathered

using CSATP6L as the sequencing primer. Each unique haplotype was then sequenced in the

other direction using new primer CSH (5�-GCT ACT ATA GGC ATA AGT GC-3�). Multiple

sequences of ten individuals were also gathered to ensure the reliability and accuracy of

sequencing. A 498bp fragment was chosen for further analysis.

5.2.3 Statistical analysis

Methods to assess the extent and geographic distribution of genetic variation within and among

the sites sampled for C. stercusmuscarum were detailed in Chapter 2, section 2.6, as were the

pairwise geographic distance estimates. Information specific to the present chapter is detailed

below. For the allozyme data among southern Queensland populations, pairwise FST values and

their significance were estimated using Arlequin (version 1.1) (Schneider et al. 1997).



Chapter 5 - Craterocephalus stercusmuscarum

104

5.2.3.4 Models used in Analysis of Molecular Variance (AMOVA)

The AMOVA approach of Excoffier et al. (1992) was used to partition the allozyme and

mtDNA variation among populations at different levels according to models constructed below

using the Arlequin program (version 1.1) (Schneider et al. 1997). In the present chapter, I

follow the notation of Schneider et al. (1997) for the components of variation, such that FST or

ΦST, is the variation among sites compared to the total for a particular comparison; FSC or ΦSC is

the variation among sites compared to the second level of the hierarchy (e.g. among sites within

drainages); FCT or ΦCT is the variation among components of the second level of the hierarchy

compared to the total (e.g. among drainages compared to the total).

First, a model which considered all populations sampled for allozyme variation was constructed

by assigning populations according to their drainage of origin, as listed in Table 5.1.

A more involved analysis was conducted on the data collected for the study of 16 north east

Queensland populations on the effects of barriers and earth history on population genetic

structure. Specifically, for the allozyme data, a two level hierarchy was constructed, whereby

the proportion of genetic diversity could be attributed to among drainages, among sites within

drainages, and within sites. The model was (designated model A): Barron (BTC), Mulgrave-

Russell (LMA, MGA, RSR, RSB), Johnstone (NJP, NJR, ITA, BTC, NJN, SJR), Liverpool

(KBC), and Herbert (STR, UPH, MLE, and MLS) where site designations refer to sites in

Figure 5.1. Barriers may restrict gene flow between upland and lowland populations, so a

model with two groups based on the particular affiliation of each site was erected (model B):

lowland (LMA, MGA, RSR, RSB, NJN, SJR, KBC, STR), and upland (BTC, NJP, NJR, ITA,

BTC, UPH, MLE, MLS). Models constructed for the mtDNA data were similar to those for the

allozyme data, but were restricted to the sites sampled for mtDNA variation. Explicitly, the

models were: model A (BTC), (LMA, RSR), (NJR, ITA, BTC, NJN, SJR), (STR, MLS) and

model B (LMA, RSR, NJN, SJR, STR), (BTC, NJR, ITA, BTC, STR). Allozyme data only

generates information about the frequency of alleles, while mtDNA sequence data reveals

additional information about the evolutionary relationships among alleles (haplotypes), as well

as their frequency among populations. Three data types were thus used in the AMOVA

analyses: allozyme frequency data, mtDNA haplotype frequency data, and mtDNA haplotype

frequency data incorporating the Tamura-Nei�s (1993) gamma distance among haplotypes, as

described above. The significance levels of the fixation indices were calculated as described in

Excoffier et al. (1992) and Schneider et al. (1997) and references therein.
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For the dataset involving the comparison between putative C. s stercusmuscarum and C. s

fulvus, the AMOVA model was constructed as: C. s. stercusmuscarum (ELC, PIO, AGC and

CAL) and C. s. fulvus: (ELT, AMM, NER, and DSQ) for both the allozyme and mtDNA data.
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5.3 RESULTS

5.3.1 Allozyme variation within populations

There were 27 sites sampled and analysed for allozyme electrophoretic variation at 7

polymorphic loci. Consequently, in tests of conformity to Hardy-Weinberg proportions of each

population there were 189 possible combinations of sites and loci, of which 99 were

polymorphic. Of the possible 99 tests for deviation from Hardy-Weinberg proportions, exact

tests revealed four significant departures from Hardy-Weinberg proportions at the 0.05 level

(AAT-2* at sites LMA and UBN, GPI-2* at site RSB, and PEPB* at site MTD). However none

was significant after applying the Bonferonni correction (0.05/99=0.00051). There was no

pattern evident in the mean FIS values per locus. Three were slightly negative, and four were

slightly positive, while no FIS values were significantly different from zero (Table 5.2). Tests to

detect linkage disequilibrium among nuclear loci, to ensure the independence of each locus

analysed, revealed no significant deviations after the Bonferroni correction for multiple tests

(α=0.05/158 possible comparisons = 0.00032).

Table 5.2. F-statistics for 27 populations of C. stercusmuscarum in the present study. Numbers
in brackets (S.E.) are estimated from jackknifing over loci (see Weir and Cockerham 1984).
***P<0.0001, ns = not significant.
Locus FIS FST FIT

GPI-1* 0.018ns 0.688*** 0.694***
GPI-2* -0.0002ns 0.736*** 0.736***
AAT-1* -0.011ns 0.646*** 0.642***
AAT-2* 0.015ns 0.940*** 0.941***
PGM* -0.022ns 0.699*** 0.692***
PGDH* 0.105ns 0.576*** 0.620***
PEPB* 0.020ns 0.714*** 0.720***
Jackknife Mean
(S.E.)

0.010ns

(0.011)
0.726***
(0.037)

0.729***
(0.037)

5.3.2 General patterns of genetic variation

5.3.2.1 Allozyme variation

The allozyme data revealed that there were significant and large levels of differentiation among

sites overall (overall FST±S.E.=0.73±0.037, P<0.001). The extensive variation was consistent

among loci: FST estimates at all seven loci were significantly different from zero at P<0.001

(Table 5.2). Figures 5.3a-c and 5.4a-c illustrate the distribution of alleles for the allozyme loci

GPI-2*, PGM* and PEPB* as examples of the striking differences in allele frequencies among

sites (see also Table 5.3). There were striking differences in allele frequency between upland

and lowland populations within some drainages of north Queensland (e.g. at PGM* locus,
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Figure 5.3c. Allele frequency diagrams for the PGM* locus for populations of C. stercusmuscarum.
Site abbreviations and sizes are listed in Table 5.1. Refer to Figure 5.4c for allele frequencies of sites
within the area defined by the inset A. The star for site DSQ indicates that it is a western flowing
stream (Murray-Darling).
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Table 5.3. Allele frequencies, sample sizes (n) and observed heterozygosity (Ho) for 27 populations of C. stercusmuscarum. Site abbreviations as in
Table 5.1.

Locus HWS MTD UBN LMA MGA RSR RSB NJP NJR ITA BTC NJN SJR KBC STR UPH MLE MLS BLW ELC PIO AGC CAL ELT AMR NER DSQ

GPI-1*
1 - - - - - - - - - - - - - - 0.011 - - - - - - - - - - - -
2 - - 0.864 - - - - 0.909 0.920 0.969 - - - 0.136 0.227 - - - - - - 0.011 0.023 - - - -
3 - - 0.125 1.000 1.000 1.000 1.000 0.091 0.080 0.031 1.000 1.000 1.000 0.818 0.705 1.000 1.000 1.000 0.057 - 0.011 - 0.170 - 0.080 - -
4 1.000 0.920 0.011 - - - - - - - - - - 0.045 - - - - 0.943 1.000 0.989 0.898 0.773 1.000 0.920 1.000 0.977
5 - 0.080 - - - - - - - - - - - - 0.057 - - - - - - 0.091 0.034 - - - 0.023
6 - - - - - - - - - - - - - - - - - - - - - - - - - - -

(n) 44 44 44 24 44 44 49 44 44 16 30 43 14 11 44 6 39 45 44 51 44 44 44 44 44 30 44
Ho 0.000 0.159 0.205 0.000 0.000 0.000 0.000 0.182 0.114 0.063 0.000 0.000 0.000 0.364 0.477 0.000 0.000 0.000 0.068 0.000 0.023 0.182 0.386 0.000 0.159 0.000 0.045

GPI-2*
1 - - - - - - - - - - - - - - - - - - - - - - - - - - -
2 - - 0.989 - 0.034 0.102 0.316 1.000 1.000 1.000 - - - 0.182 0.023 - - - - - - - - 0.375 - - 0.045
3 0.568 0.011 0.011 1.000 0.966 0.898 0.684 - - - - 1.000 1.000 0.818 0.932 - - - - - 0.023 0.036 0.045 0.466 0.512 - 0.500
4 0.432 0.989 - - - - - - - - 1.000 - - - 0.045 1.000 0.962 1.000 1.000 1.000 0.966 0.964 0.932 0.159 0.465 1.000 0.443
5 - - - - - - - - - - - - - - - - 0.038 - - - 0.011 - 0.023 - 0.023 - 0.011
6 - - - - - - - - - - - - - - - - - - - - - - - - - - -

(n) 44 44 44 24 44 44 49 44 44 16 30 43 14 11 44 6 39 45 44 51 44 42 44 44 43 30 44
Ho 0.500 0.023 0.023 0.000 0.068 0.205 0.306 0.000 0.000 0.000 0.000 0.000 0.000 0.364 0.136 0.000 0.077 0.000 0.000 0.000 0.068 0.071 0.136 0.636 0.558 0.000 0.614

AAT-1*
1 - - - - - - - - - - - - - - 0.159 - - - - - - - 0.011 0.045 - - -
2 - 0.011 0.023 - - 0.159 0.173 - - - 1.000 1.000 1.000 0.318 0.807 1.000 1.000 1.000 0.784 0.029 0.239 0.267 0.375 0.455 0.443 1.000 -
3 - - - 0.021 - - - - - - - - - 0.091 - - - - - - 0.023 - - - - - -
4 1.000 0.989 0.875 0.979 1.000 0.841 0.827 1.000 1.000 1.000 - - - 0.591 0.034 - - - 0.216 0.971 0.739 0.733 0.614 0.500 0.534 - 1.000
5 - - 0.102 - - - - - - - - - - - - - - - - - - - - - 0.023 - -

(n) 44 44 44 24 44 44 49 44 44 16 30 43 14 11 44 6 39 44 44 51 44 43 44 44 44 30 44
Ho 0.000 0.023 0.250 0.042 0.000 0.273 0.224 0.000 0.000 0.000 0.000 0.000 0.000 0.455 0.341 0.000 0.000 0.000 0.341 0.059 0.386 0.302 0.545 0.591 0.636 0.000 0.000



Table 5.3. Continued.
Locus HWS MTD UBN LMA MGA RSR RSB NJP NJR ITA BTC NJN SJR KBC STR UPH MLE MLS BLW ELC PIO AGC CAL ELT AMR NER DSQ

AAT-2*
1 - - - - - 0.045 0.061 - - - - - - - - - 0.013 - - - - - - - - - -
2 - - 0.023 1.000 1.000 0.955 0.939 - - - 1.000 1.000 1.000 1.000 1.000 1.000 0.987 1.000 - - 0.011 0.023 0.011 - 0.048 - -
3 - - 0.011 - - - - - - - - - - - - - - - 1.000 1.000 0.989 0.977 0.966 1.000 0.952 1.000 1.000
4 - - 0.966 - - - - 1.000 1.000 1.000 - - - - - - - - - - - - - - - - -
5 1.000 1.000 - - - - - - - - - - - - - - - - - - - - 0.023 - - - -

(n) 44 44 44 24 44 44 49 44 44 16 30 43 9 11 44 6 39 44 44 51 44 44 44 44 42 30 44
Ho 0.000 0.000 0.045 0.000 0.000 0.091 0.122 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.026 0.000 0.000 0.000 0.023 0.045 0.068 0.000 0.095 0.000 0.000

PGM*
1 - - - - - - - - - - - - - - - - 0.038 - - - - - - - - - -
2 - 0.011 0.034 - - 0.023 - - - - 0.917 - - - 0.330 1.000 0.859 1.000 0.455 - - - - - - - 0.091
3 1.000 0.955 0.966 1.000 1.000 0.977 1.000 1.000 1.000 1.000 0.083 1.000 1.000 1.000 0.670 - 0.103 - 0.545 1.000 0.989 0.966 0.966 1.000 0.943 0.967 0.909
4 - 0.034 - - - - - - - - - - - - - - - - - - 0.011 0.034 0.034 - 0.057 0.033 -

(n) 44 44 44 24 44 44 49 44 44 16 30 43 14 11 44 6 39 45 44 51 44 44 44 44 44 30 44
Ho 0.000 0.091 0.068 0.000 0.000 0.045 0.000 0.000 0.000 0.000 0.167 0.000 0.000 0.000 0.523 0.000 0.231 0.000 0.500 0.000 0.023 0.068 0.068 0.000 0.114 0.067 0.136

PGD*
1 - - - - - - - - - - 0.767 - - - 0.045 0.833 0.711 0.389 - - - - - - - - -
2 - - 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.233 1.000 1.000 1.000 0.955 0.167 0.289 0.611 - - - - - 0.057 0.045 - -
3 1.000 1.000 - - - - - - - - - - - - - - - - 1.000 1.000 1.000 1.000 0.988 0.943 0.955 1.000 1.000
4 - - - - - - - - - - - - - - - - - - - - - - 0.012 - - - -

(n) 44 44 44 24 42 44 49 44 44 16 30 40 14 8 44 6 38 45 44 51 44 44 43 44 44 30 44
Ho 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.400 0.000 0.000 0.000 0.091 0.000 0.474 0.378 0.000 0.000 0.000 0.000 0.023 0.068 0.045 0.000 0.000

PEPB*
1 0.209 0.341 0.023 - - - - - - - - - - - - - - - - - - - - - - - -
2 0.791 0.659 0.545 - - - - 0.295 0.193 0.344 - - - - - - - - - - - - - - - - -
3 - - 0.420 - - - 0.010 0.705 0.807 0.656 0.700 - - - 0.102 1.000 1.000 0.967 - - - - 0.011 - 0.198 - 0.023
4 - - 0.011 0.958 0.977 0.898 0.816 - - - 0.300 1.000 - 0.727 0.705 - - 0.033 - 1.000 1.000 0.989 0.977 1.000 0.802 1.000 0.977
5 - - - 0.042 0.023 0.102 0.173 - - - - - 1.000 0.273 0.034 - - - 1.000 - - 0.011 - - - - -
6 - - - - - - - - - - - - - - 0.159 - - - - - - - 0.011 - - - -

(n) 43 44 44 24 44 44 49 44 44 16 30 43 14 11 44 6 39 45 44 51 44 44 44 44 43 30 44
Ho 0.372 0.273 0.568 0.083 0.045 0.205 0.327 0.545 0.250 0.438 0.533 0.000 0.000 0.182 0.455 0.000 0.000 0.067 0.000 0.000 0.000 0.023 0.045 0.000 0.256 0.000 0.045
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Figure 5.4c), In contrast, lowland populations the extent of the Queensland coast were more

similar (Figure 5.3c).

I examined spatial patterns of variation among populations at the seven polymorphic loci (see

Table 5.3) for all 27 sites with MDS ordination of Rogers� (1972) genetic distance. Three broad

groups were revealed at this scale. The first group consisted of lowland sites spanning the

length of the Queensland coast sampled (plus the C. s. fulvus sampled from the Murray-

Darling), the second group consisted of upland sites of two northern east coast flowing

drainages and the Northern Territory sites, and the third group consisted of another set of

upland sites of two northern east coast flowing rivers (Figure 5.5a). Further details of these

patterns are discussed below.

An analysis of molecular variance (AMOVA) which partitioned the distribution of allozyme

variation among sites as a function of drainage revealed that only 14.6% of the total variation

was distributed among drainages (Table 5.4). The non-significance of the FCT estimate

Table 5.4. AMOVA analysis of 27 populations of C. stercusmuscarum collected from the
Northern Territory to south east Queensland. Populations were grouped by drainage. Analyses
were performed for a) Allozyme data, b) mtDNA haplotype frequency data and mtDNA data
which incorporated the evolutionary relationships among haplotypes. Tamura-Nei (1993)
gamma distances (α=0.26) were used to estimate the genetic distance among haplotypes. See
text for further details. % total variation comparisons are within populations, while FST
estimates are among all populations.

a) allozyme data
By drainage

% total
variation

F-
statistics P

Among drainages 14.6 FCT=0.15 0.136±0.009
Among populations
within drainages 58.2 FSC=0.68 <0.0001

Within /among
populations 27.2 FST=0.73 <0.0001

b) mtDNA data

By drainage haplotype frequency mtDNA sequence data
% total

variation ΦΦΦΦ statistics P % total
variation ΦΦΦΦ statistics P

Among drainages -1.2 ΦCT=-0.012 0.576±0.005 -1.2 ΦCT=-0.012 0.509±0.00
4

Among populations
within drainages 75.4 ΦSC=0.746 <0.0001 98.3 ΦSC=0.971 <0.0001

Within / among
populations 25.87 ΦST=0.743 <0.0001 2.9 ΦST=0.972 <0.0001
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Figure 5.5. Multi-dimensional scaling plots for a) Rogers’ (1972) genetic distance for 27
populations (7 allozyme loci) and b) net nucleotide divergence (Nei, 1987) for 21 populations
(mtDNA data), of C. stercusmuscarum. Legend shows information about the origin of the
populations. See Table 5.1 for site abbreviations.
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(FCT=0.14, P=0.14±0.009) implies that the grouping of sites based on the designation of

drainage of origin is not supported (Excoffier et al. 1992) and that sites within a drainage are

not necessarily more similar to each other compared to populations in other drainages. This was

evident in a qualitative sense from the MDS ordination (Figure 5.5a).

5.3.2.2 mtDNA variation

A 498 bp fragment of the ATPase6 gene revealed 26 putative mtDNA haplotypes from the 97

individuals sequenced from 21 sites (Table 5.5). Tamura and Nei (1993) gamma distances

among the haplotypes of C. stercusmuscarum ranged from 0.002±0.0022 to 0.060±0.022

(sequences submitted to GenBank with Accession numbers AF169861-AF169868 and

AF272124-AF272141). There were 58 variable sites of which eight (13.8%) were first position,

one was second position (1.7%) and 49 (84.5%) were third position changes. Seven of the

variable sites resulted in amino acid substitutions.

A phylogeny of mtDNA haplotypes sequenced, constructed with the Neighbour-Joining method

based on the Tamura-Nei (1993) gamma distances (α parameter=0.26) (Figure 5.6) showed

(with high bootstrap support):

a) two major clades which were comprised of haplotypes of individuals from the

Northern Territory and upland rivers of north Queensland in one clade, and individuals

from lowland east coast rivers (C. s. stercusmuscarum and C. s. fulvus) and the Murray-

Darling River in the other;

b) that putative east coastal C. s. fulvus individuals grouped with Murray-Darling C. s.

fulvus, and not coastal C. s. stercusmuscarum;

c) little genetic divergence of haplotypes found from the east coastal sites CAL, AGC,

PIO and ELC which spans approximately four degrees latitude or greater than 1000km

coastal distance and;

d) that some haplotypes of individuals from geographically close north Queensland east

coast rivers had high levels of divergence to each other and other coastal C.

stercusmuscarum individuals.

MDS ordination of the net nucleotide differences among populations revealed a similar picture

because many of the sites had haplotypes unique to their respective sites (Figure 5.5b, Table

5.6). The major dichotomy between upland and lowland patterns was evident, as well as the

close genetic similarity of putative C. s. fulvus individuals and other lowland C. s.

stercusmuscarum.



Table 5.5. Variable nucleotide positions in 26 C. stercusmuscarum haplotypes of a 498bp fragment of the mtDNA ATPase 6 gene identified by DNA
sequencing. Dots indicate identity to haplotype PS1. Numbers refer to position of base pairs from the start of the fragment. Entire sequences can be retrieved
from the GenBank database at accession numbers as indicated in the body of the table.

1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 GenBank

2 3 5 6 8 8 9 9 1 2 2 3 4 5 6 8 9 9 1 3 3 4 5 5 6 6 6 7 7 8 8 9 9 0 0 1 3 3 3 4 4 Accession #

5 7 6 5 6 1 5 3 9 7 0 9 2 4 3 2 9 2 5 9 4 7 7 5 8 1 4 7 0 3 2 5 1 7 3 9 9 0 3 9 3 5

CS1 C T C C C A G C G T T C A C T T C A A A A T C G A C T C C C A A T C A A A A G A A T AF169861

CS2 . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . G . . . . . AF169862

CS3 . . . . T . . . A . . . . . . . . G . . . C . . G T . . A . . . C . G . G G . . . . AF169863

CS4 . . . . T . . . A . . . . . . . . G . . . C . . G T . . A . . . C . G . G G . . . . AF169864

CS5 . . . . . . A T . C . . . . . C T . . . . C . . . T . . G . . . . . . . G G . . . . AF169865

CS6 . . . . . . . . . . . . . . . . . . . G . C . . . . . . . . . . . . . . G . . . . . AF169866

CS7 . . . . . . A T . C . . . . . . T . . . . C . . . T . . G . . . . . . . G . . . . . AF169867

CS8 . . T . . . . . . . . . G . . . . G . . . C . . . T . . A . G G C . G . G . . . G . AF169868

CS9 . . . . . . . . . . . . . . . . T . . . . C . . . T C . G T . . . . . . G G . . . . AF272124

CS10 T . . . . . . . . . . . . . . . T . . . . C . . . T C . G . . . . . . . G G . . . . AF272125

CS11 . . . . . . . . . . C . G T . . . G . . . C . . . T . . A . G G C . G . G . A . . . AF272126

CS12 . C . . . C . . . . . G . . . . . . . . . C T . . T . T . . . . . . . G G . . . . . AF272127

CS13 . . . . . . . . . . . . . . . . T . . . G C . . . T . . G . . . . . . . G G . . . . AF272128

CS14 . . . . . . . . . . . . . . . . T . . . . C . . . T . . G . . . . . . . G G . . . . AF272129

CS15 . . . . . . . . . . . . . . . . T . . . . C . . . T . . G . . . . . . . G G . . . . AF272130

CS16 . . . . . . . . . . . G . . . . T . . . . C . . . T . . G . . . . . . . G G . . . . AF272131

CS17 . . . . . . . . . . . . . . . . T . . . G C . . . T . . G . . . . T T . G G . . . . AF272132

CS18 . . . . . . . . . . . . . . . . T . . . . C . . . T C . G . . . . . . . G G . . . . AF272133

CS19 . . . . . . . . . . . . . . . . T . . . . C . . . T C . G . . . . . . . G G . . . . AF272134

CS20 . . . . . . A T . C . . . . . . T . . . . C . . . T . . G . . . . . . . G G . . . . AF272135

CS21 . C . . . C . . . . . G . . . . . . . . . C . . . T . . . . . . . . . G G . . . . . AF272136

CS22 . C . . . . . . . . . G . . . . . . . . . C . . . T . . A . . . . . T G G . . . . . AF272137

CS23 . C . . . . . . . . . G . . . . . . . . . C . . . T . . A . . . . . T G G . . . . . AF272138

CS24 . . . . . . . . . . . G . . . . . . . . . C . . . T . . A . . . . . T G G . . . . . AF272139

CS25 . C . T . . . . . . . G . . C C . . . . . C . . . T . . A . . . . . . . G . . T . C AF272140

CS26 . . . T . . . . . . . G . . C C . . . . . C . . . T . . A . . . . . . . G . . T . C AF272141

C. randi . . . . . . . . . . . . . . . . . G T . . C . A . T . . A . . . C . . . G . . . . . AF271895



Table 5.5. Continued
3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 4 4 4

5 6 7 8 9 1 1 2 3 4 5 5 5 6 7 8 9 9

2 3 5 8 0 1 4 0 2 4 0 3 9 5 7 0 0 5

CS1 A A T C G T A A T T C T C G T A A G

CS2 . . . . . . . . . . . . . . . . . .

CS3 . G . T A . . . C . . . A . . G . A

CS4 . G . T A . . G C . . . A . . G . A

CS5 . G . . . . . . . C . . . . . . . .

CS6 . . . . . . . . . . . . . . . . T .

CS7 . G . . . . . . . C . . . . . . . .

CS8 . G . T . C . . C . . . A . . G . .

CS9 . G . . . . . . . . . . . . . . . .

CS10 . G . . . . . . . . . . . . . . . .

CS11 . G C T . . . . C . T . A . . G . .

CS12 . G . . . . . . . . . . A . C G . .

CS13 . G . . . . . . . . . . . A . . . .

CS14 . G C . . . . . . . . . . . . . . .

CS15 . G . . . . . . . . . . . . . . . .

CS16 . G . . . . . . . . . . . . . . . .

CS17 . G . . . . . . . . . . . A . . . .

CS18 . G . . . . . . . . . . . . . . . .

CS19 . G . . . . G . . . . . . . . . . .

CS20 . G . . . . . . . C . . . . . . . .

CS21 . G . . . . . . . . . . A . C G . .

CS22 . G . . . . . . . . . A A . C G . A

CS23 . G . . . . . G . . . A A . C G . A

CS24 . G . . . . . G . . . A A . C G . A

CS25 T G . . . . . . . . . . A . C G . .

CS26 T G . . . . . . . . . . A . C G . .

C. randi . G . . . . . . C . . . A . . . . .



Figure 5.6. Mid-point rooted neighbour-joining tree (Saitou and Nei 1987)
showing phylogenetic relationships of 26 mtDNA haplotypes (CS1-CS26) of C.
stercusmuscarum and one haplotype of Craterocephalus randi. The Tamura-Nei
model of sequence evolution was assumed, with the empirically derived gamma
distribution alpha paramter of 0.26. Values at nodes represent bootstrap
confidence levels (1000 replicates) if greater than 50. Scale bar indicates 1%
sequence divergence. Symbols refer to geographic origin of haplotypes and major
clades are indicated at right.
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The AMOVA in which sites were grouped by drainage of origin, demonstrated that none of the

variation could be attributed to differences among drainages (-1%), for both haplotype and

sequence based analyses. The ΦCT values were not significantly different from zero (haplotype

based ΦCT = -0.012, P=0.58±0.005; sequence based ΦCT = -0.012, P=0.51±0.004) (Table 5.4).

Table 5.6. Distribution of 26 mtDNA haplotypes (CS1 - CS26) of a 498bp fragment of the
ATPase6 gene of C. stercusmuscarum among sites. Site abbreviations as in Table 5.1. * site
NJN includes one individual collected from site TRC which was identical to the NJN haplotype
(CS5).

Site
Haplotype HWS UBN LMA RSR NJR ITA NJN* BTC SJR KBC MLS STR BLW ELC PIO AGC CAL ELT AMM NER DSQ Total

CS1 2 5 7

CS2 3 3

CS3 5 3 8

CS4 5 2 7

CS5 5* 5

CS6 5 5

CS7 1 5 6

CS8 5 5 10

CS9 1 1

CS10 1 1

CS11 5 5

CS12 5 5

CS13 1 1

CS14 1 1

CS15 1 1

CS16 1 1

CS17 2 2

CS18 2 1 2 5

CS19 2 2

CS20 2 5 7

CS21 5 5

CS22 1 1

CS23 2 2

CS24 1 1

CS25 4 4

CS26 1 1

5 5 5 5 5 5 5 5 5 3 5 5 5 4 5 3 3 5 5 5 4 97

The log likelihood ratio test rejected the null hypothesis of a clocklike evolution of all 26 C.

stercusmuscarum ATPase6 sequences (likelihood ratio test statistic delta=40.0, P=0.022).

However, when the eight mtDNA haplotypes (CS1-CS8) that were collected from 16 north

Queensland populations were considered, the log likelihood ratio test could not reject the null

hypothesis of a clocklike evolution of the sequences (likelihood ratio test statistic delta=8.8

P=0.19). Also, when the 16 mtDNA haplotypes in the comparison involving coastal C. s.

stercusmuscarum and C. s. fulvus were considered, the log likelihood ratio test could not reject

the null hypothesis of a clocklike evolution of the sequences (likelihood ratio test statistic
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delta=22.9 P=0.062). I thus made some tentative approximations of divergence times from the

data collected (see below).

5.3.3 Examining the consequences of barriers and earth history on population structure

This section details an analysis of 16 populations in five drainages of north Queensland to

examine the consequences of barriers and earth history within and among drainages at a smaller

spatial scale. Details of deviations from Hardy Weinberg proportions within populations were

detailed above.

A 498 bp fragment of the ATPase6 gene revealed eight putative mtDNA haplotypes from the 50

individuals from 10 sites (Table 5.1). Tamura and Nei (1993) genetic distances among the

haplotypes of C. stercusmuscarum ranged from 0.0021±0.0022 to 0.060±0. There were 33

polymorphic sites of which five (15.2%) were first position, no second position and 28 (84.8%)

were third position changes. Four of the variable sites resulted in amino acid substitutions.

5.3.3.1 Extent and geographic distribution of allozyme and mtDNA variation

The allozyme data revealed that there were significant and large levels of differentiation among

the sixteen sites (overall FST±S.E.=0.79±0.047, P<0.001). Figure 5.4a-c illustrates the

distribution of alleles for the allozyme loci GPI-2*, PGM* and PEPB* as examples of the

striking differences in allele frequencies among sites. To summarise variation among

populations for all 7 polymorphic loci (see Table 5.3), I performed multidimensional scaling

ordination of Rogers� (1972) genetic distance which revealed three main groups: two upland

groups and a lowland group (Figure 5.7a). Interestingly, upland groups were not related to

drainage structure: the upland Barron site (site BTC) grouped with the northern most upland

North Johnstone sites (sites NJP, NJR and ITA), while the southern most upland North

Johnstone site (site BTC) grouped with the upland Herbert sites (sites UPH, MLE, and MLS).

The mtDNA data revealed the same general patterns as the allozyme data. There were four

clades (I-IV) of haplotypes identified by the Neighbour-Joining tree that were well supported

by high bootstrap confidence levels (Figure 5.8). Figure 5.4a shows the distribution of the

haplotype clades (Roman numerals in circles), and the relationships among populations were

also evident by summarising the pairwise net nucleotide divergence among were also evident

by summarising the pairwise net nucleotide divergence among populations by MDS (Figure

5.7b). The two population groups in the upland area identified by the allozyme data were

exactly concordant with the groups identified by the mtDNA data (Figure 5.4, 5.7b). That is,

the upland Barron site (site UBN) grouped with the northern most upland North Johnstone sites
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Figure 5.7. Multi-dimensional scaling plots for a) Rogers’ (1972) genetic distance
for 16 north Queensland populations (allozyme data) and b) net nucleotide
divergence (Nei, 1987) for 10 north Queensland populations (mtDNA data), of C.
stercusmuscarum. Legend shows drainage of origin and altitude where upland sites
are open shapes, and lowland sites are closed shapes.
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(sites NJR and ITA), while the southern most upland North Johnstone site (site BTC) grouped

with the upland Herbert site (site MLS) (Figure 5.7b). Among lowland sites, the MDS plot

identified two groups of lowland sites that were not congruent with contemporary drainage

structure (Figure 5.7b). The lower North Johnstone sites (sites NJN and TRC) grouped with

lower Herbert site (site STR), the Mulgrave-Russell sites (sites LMA and RSR) grouped with

the lower South Johnstone site (Figure 5.7b).

There were two opportunities to directly compare upland and lowland populations inhabiting

the same drainage (North Johnstone and Herbert). Among the North Johnstone sites, there were

fixed differences at the GPI-2* locus among the two upland groups and the lowland site in

which each group was fixed for a different allele (Figure 5.4a, Table 5.3). There were also fixed

differences at the AAT-1* and AAT-2* loci between the two upland groups of the North

Johnstone, and there were fixed differences at these loci among one of the upland groups (sites

NJP, NJR, ITA) and the lowland site (site NJN) (Table 5.3). In addition, there were large

frequency differences among groups at the four remaining loci (Table 5.3). No mtDNA

haplotypes were shared among the three North Johnstone groups, and there were large genetic

distances between haplotypes from different groups (see Figure 5.8). Among Herbert River

sites (sites STR, UPH, MLE, and MLS), there were no fixed differences at any of the seven

allozyme loci, however there were large frequency differences at five loci between upland and

lowland areas (Table 5.3). Interestingly, the lower Herbert site had copies of the PGDH*2

allele, absent in all other sites except those of the upper Herbert and site BTC in the upper

North Johnstone (Table 5.3). Also, in contrast to other lowland sites, the lower Herbert site had

low frequencies of the PGM*2 and GPI-2*4 alleles that had a high frequency in upper Herbert

sites. This may suggest that there is some gene flow downstream from upland Herbert sites.

However, there was a large genetic distance between the mtDNA haplotype found in the upland

site (site MLS) and the haplotype found in the lowland site (site STR) of the Herbert River

(sequence divergence = 0.055±0.017), although the low sample sizes may have led to low

frequency �upland� haplotypes not being discovered.

5.3.3.2 Tests of alternative genetic structure

Two basic models were proposed to partition the genetic variation among populations. The

models grouped populations as a function of contemporary drainage structure (model A),

upland or lowland affiliation (model B).



Site / Drainage
UBN LMA RSR ITA NJR BTC NJN SJR STR MLS
BN MR MR JN JN JN JN JN HB HB Total

3 3

5 5

2 5 7

4,1* 5

5 5

5 5 10

5 3 8

5 2 7
5 5 5 5 5 5 5 5 5 5 50
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98

96

99
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99

Total

II
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Figure 5.8. Mid-point rooted neighbour joining tree (Saitou and Nei 1987) of Tamura-Nei’s (1993) gamma distance (gamma distribution α
parameter = 0.14) clustering eight mtDNA haplotypes (CS1-CS8) from 10 north Queensland populations of C. stercusmuscarum, and their
geographic distribution. Values at nodes represent bootstrap confidence levels (1000 replicates) if greater than 90. Scale bar indicates 1%
sequence divergence. Site abbreviations refer to sampling sites identified in Figure 5.1, drainages are: BN=Barron; MR=Mulgrave-Russell;
JN=Johnstone; HB=Herbert. Integers in the body of the table below sampling sites / drainage are haplotype counts for each site. Principal
mtDNA clades are identified with vertical lines and indicated as I, II, III or IV. * denotes the one individual sampled from site TRC which was
identical to the mtDNA haplotype from site NJN.
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For the allozyme data, analysis of molecular variance (Excoffier et al. 1992) showed that there

was significant differentiation among groups for all models (Table 5.7a). However, models A

and B explained more of the total variation among populations within groups, rather than

among the hypothesised groups. I then constructed an a posteriori model based on the patterns

described above, to explore the extent of variation that could be explained by the obvious

groups (from the MDS ordination and patterns of allele frequencies). Explicitly, the populations

were grouped as: lowland (LMA, MGA, RSR, RSB, NJN, SJR, KBC, STR), upland group 1

(BTC, NJP, NJR, ITA) and upland group 2 (BTC, UPH, MLE, MLS). For this �model�, model

C, the different groups accounted for 76% of total variation (Table 5.7a). The significant levels

of differentiation among populations within groups in model C (FSC=0.34, P<0.0001 Table

5.7a), was most likely due to the variation among lowland populations, illustrated by the spread

of lowland sites represented in the MDS plot (Figure 5.7).

AMOVA analyses of the mtDNA sequence data took two forms. In the first analysis, only

information about the haplotype frequencies in populations was used to partition the genetic

variation among populations and is analogous to F-statistics performed with allozyme data (see

Michalakis and Excoffier 1996). The amount of variation explained by F-statistics for the

allozyme data and mtDNA haplotype frequency based data were approximately equal (FST or

equivalent ~0.8; Table 5.7a-b). However, for the mtDNA haplotype frequency only data, both

models were equally poor at explaining the variation among the hypothesised groups; the

percent of total variation was 1% or less among groups (Table 5.7b). A similar pattern was

evident for the a posteriori model derived from groups evident from the relationship of

haplotypes and their distribution among populations (see Figure 5.7), which for the mtDNA

data were grouped: lowland group 1 (LMA, RSR, SJR), lowland group 2 (NJN,STR), upland

group 1 (BTC, NJR, ITA), and upland group 2 (BTC, MLS). Site abbreviations are as in Table

5.1. This was most likely due to the haplotype composition of the lowland sites which were

often characterised by unique, fixed haplotypes (Figure 5.8), thus rendering the analysis

uninformative for this type of data. However, when information about the evolutionary

relationships among haplotypes was included in the hierarchical partitioning of the variation

among populations, a pattern similar to the allozyme AMOVA analysis became apparent.

Model A explained very little of the total variation occurring among groups (4.5%, ΦCT=0.05,

P=0.421±0.015) suggesting that present day drainage structure is not a good predictor of the

genetic similarities of populations (Table 5.7c). Model B revealed that 64% of the total

variation was among the hypothesised groups and that there was significant variation as a

function of the upland-lowland affinities (ΦCT=0.64, P<0.0001). However, the a posteriori

model C showed that greater than 90% of the mtDNA sequence variation was partitioned



Table 5.7. AMOVA analyses of the distribution of genetic variation among 16 north Queensland populations of C. stercusmuscarum for three models of
genetic structure. Models were based on drainage structure (model A), altitude (model B) or a posteriori derivation based on haplotype relationships and their
distribution (model C). Analyses were performed for a) Allozyme data, b) mtDNA haplotype frequency data, and c) mtDNA data which incorporated the
evolutionary relationships among haplotypes. Tamura-Nei (1993) gamma distances (α=0.14) were used to estimate the genetic distance among haplotypes.
See text for further details. % total variation comparisons are within populations, while FST estimates are among all populations.
a) Allozyme data

Model
A (drainage) B (altitude) C (mixed)

% total
variation

F statistics P % total
variation

F statistics P % total
variation

F statistics P

Among groups 30.6 FCT=0.31 0.029±0.006 39.6 FCT=0.40 <0.0001 75.9 FCT=0.76 <0.0001
Among populations
within groups 49.7 FSC=0.72 <0.0001 43.1 FSC=0.71 <0.0001 8.2 FSC=0.34 <0.0001

Within / among
populations 19.7 FST=0.80 <0.0001 17.3 FST=0.82 <0.0001 15.9 FST=0.84 <0.0001

b) Haplotype frequency data

Model
A (drainage) B (altitude) C (mixed)

% total
variation

ΦΦΦΦ statistics P % total
variation

ΦΦΦΦ statistics P % total
variation

ΦΦΦΦ statistics P

Among groups 1.1 ΦCT=0.01 0.431±0.013 0.0 ΦCT=0.00 1.0 1.3 ΦCT=0.01 0.332±0.001
Among populations
within groups 87.0 ΦSC=0.88 <0.0001 88.0 ΦSC=0.88 <0.0001 86.7 ΦSC=0.87 <0.0001

Within / among
populations 11.9 ΦST=0.88 <0.0001 12.0 ΦST=0.88 <0.0001 12.0 ΦST=0.88 <0.0001

c) Sequence data

Model
A (drainage) B (altitude) C (mixed)

% total
variation

ΦΦΦΦ statistics P % total
variation

ΦΦΦΦ statistics P % total
variation

ΦΦΦΦ statistics P

Among groups 4.5 ΦCT=0.04 0.421±0.015 64.2 ΦCT=0.64 0.005±0.003 94.5 ΦCT=0.94 <0.0001
Among populations
within groups 94.5 ΦSC=0.98 <0.0001 35.1 ΦSC=0.98 <0.0001 4.7 ΦSC=0.85 <0.0001

Within / among
populations 1.0 ΦST=0.99 <0.0001 0.7 ΦST=0.99 <0.0001 0.8 ΦST=0.99 <0.0001
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among the four groups of populations as identified by the Neighbour-Joining tree of mtDNA

haplotypes and distribution of the haplotypes among sites (ΦCT=0.94, P<0.0001) (Table 5.7c).

This demonstrated that a simple partitioning of genetic diversity based on upland or lowland

affiliation was not sufficient to totally describe the patterns of genetic diversity among

populations.

5.3.4 Relationships among lowland east coast C. s. stercusmuscarum populations

This section details further analysis of the 13 lowland east coast C. s. stercusmuscarum sites.

5.3.4.1 Extent and geographic distribution of genetic variation - allozymes

The sections above indicated that lowland east coast populations of C. s. stercusmuscarum form

a monophyletic group compared with their respective upland river counterparts and putative C.

s. fulvus individuals, which suggests that lowland haplotypes have a common origin. In addition

allozyme data showed that east coast lowland populations formed a broad group when

visualised using MDS ordination of Rogers� (1972) genetic distance (Figure 5.5a).

Nevertheless, there was significant variation among lowland sites of C. s. stercusmuscarum

overall (FST=0.47±0.097, P<0.0001). I sampled sites within drainages, as well as at larger

spatial scales. At the finer geographic scale, sites in the Mulgrave and in the Russell

subcatchments, unhindered by an estuarine confluence, exhibited low levels of allozyme

differentiation (FST±S.E. between sites LMA and MGA=-0.001±0.011, P>0.05; FST±S.E.

between sites RSR and RSB=0.046±0.043, P>0.05). Among all sites of the Mulgrave-Russell,

higher levels of genetic differentiation were apparent (FST±S.E.=0.10±0.04, P<0.001). The

pattern of genetic differences between the sites of the lower Johnstone drainage was different to

the Mulgrave-Russell - there was a fixed difference at the PEPB* locus, however the other six

loci which were assayed were fixed for the same allele (Table 5.3).

At larger scales, the MDS ordination of Rogers� (1972) genetic distance did not appear to group

populations by their geographic position (Figure 5.5a). Indeed, lowland east coast C. s.

stercusmuscarum were not distinguishable from putative C. s. fulvus (Figure 5.5a).

Furthermore, an analysis of the log of geographic distance against log genetic differentiation as

measured by M^ (Slatkin 1993), revealed no association when all sites (i.e. 13) were included

(coastal distance r2 =0.004, P>0.05; great circle distance r2 =0.006, P>0.05) (Figure 5.9). The

approach of Hellberg (1994) was used to test the significance of the relationship in this case

because of the undefined value of M^ between SJR and NJN (due to a fixed difference at the

PEPB* locus) which resulted in the failure of a Mantels�s test using PATN (Belbin 1995).
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Figure 5.9. Scatterplots of log (coastal or great circle distance) versus log
(M^) for 13 coastal lowland populations of C. stercusmuscarum, ranging from
north Queensland (site MGA) to south Queensland (site CAL). See text for
further details.
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Hellberg (1994) showed that the significance of the relationship between geographic and

genetic distance using ordinary least squares regression was equivalent to a Mantel�s test to two

decimal places when the number of sites minus one were used as the degrees of freedom.

Interestingly, many of the pairwise comparisons of log M^ resulted in negative values (i.e. M^ <

1), a situation which Slatkin (1993) suggested may be consistent with a scenario of no gene

flow, but with some genetic similarity being maintained by recurrent mutation.

5.3.4.2 Extent and geographic distribution of genetic variation - mtDNA

The mtDNA haplotype data showed similar general patterns to the allozyme data, however

there were some important differences. There were three clades evident from the haplotype tree

(Figure 5.6). Clade 2A consisted of individuals from CAL, AGC, PIO and ELC in which there

were nine closely related haplotypes from the 15 individuals sequenced (average nucleotide

divergence = 0.006±0.001). Haplotype CS18 was discovered in individuals from sites CAL and

ELC, two geographically distant sites. Clade 2B consisted of haplotypes of individuals from

sites further to the north (sites BLW, STR, KBC and NJN), while clade 2C was also composed

of individuals from northern sites (Figure 5.6, Table 5.6). Interestingly, the Tamura-Nei (1993)

gamma distance between the mtDNA haplotype found in the North Johnstone (haplotype CS5,

Clade 2B) and the mtDNA haplotype found in the South Johnstone (haplotype CS6, Clade 2C)

was 0.029±0.01. Thus there was a mixed pattern of haplotype distribution in which some

distant sites shared haplotypes, while other geographically close sites had unique, and

genetically divergent haplotypes.

The MDS ordination of the net nucleotide divergence among populations revealed three

equidistant groups of populations (see Figure 5.5b). The southerly sites of CAL, AGC, PIO and

ELC formed one group, the more northerly populations of BLW, STR, KBC and NJN the

second and SJR, RSR and LMA the third (Figure 5.5b). Intriguingly, sites of the lower

Johnstone River were in separate groups.

5.3.5 Relationships among south east Queensland C. s. stercusmuscarum and C. s. fulvus

populations

In this section four putative C. s. fulvus and four putative C. s. stercusmuscarum populations

were sampled to investigate the differences within and between the two groups.

There was significant genetic variation among the eight populations based on the allozyme data

(FST=0.34±0.071, P<0.0001). As mentioned in preceding sections, the MDS ordination failed to

resolve any obvious association with current taxonomy. When AMOVA was used to partition
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the allozyme genetic variation within and between the two groups, only 13.7% of the total

variation was between the groups, although the associated FCT was significant, indicating some

support (FCT=0.14, P=0.029±0.002), but FCT was less than FSC (FSC=0.25, P<0.0001) (Table

5.8a). Tests of the significance of pairwise FST values revealed that most pairs of populations

had significantly different FST values at the Bonferonni corrected level of 0.018 (Table 5.9).

Only some of the northern C. s. stercusmuscarum populations were not significantly different

(Table 5.9).

The mean Tamura-Nei gamma distance between the 16 mtDNA haplotypes resolved from 34

individuals was 0.021±0.001 and ranged from 0.002±0.002 to 0.042±0.01. The haplotype tree

revealed that haplotypes from putative C. s. stercusmuscarum individuals were on different

branches of the tree to haplotypes from individuals from putative coastal C. s. fulvus, with high

bootstrap support (bootstrap confidence levels >80) (Figure 5.6). There was no sharing of

haplotypes between the two groups (Table 5.6). The MDS ordination of net nucleotide

divergence among populations reflected the haplotype tree, although the C. s. fulvus group sites

were widespread in the ordination (Figure 5.5b).

There was a net nucleotide divergence among the four coastal C. s. stercusmuscarum

populations of 0.0007±0.0000002. Among the coastal C. s. fulvus populations the net

nucleotide divergence was 0.016±0.00004, and among all C. s. fulvus it was 0.016±0.00001.

The net nucleotide divergence between pooled coastal C. s. fulvus and pooled C. s.

stercusmuscarum was 0.022, and between pooled coastal C. s. fulvus and the Murray-Darling

site, 0.011.

Table 5.8. AMOVA analysis of eight populations of C. stercusmuscarum collected from
southeast Queensland. Populations were grouped by their taxonomic position, that is, either C.
s. stercusmuscarum or C. s. fulvus based on published accounts of the distribution of the two
subspecies (Allen 1989; Ivantsoff and Crowley 1996a). Analyses were performed for a)
Allozyme data, b) mtDNA haplotype frequency data, and c) mtDNA data which incorporated
the evolutionary relationships among haplotypes. Tamura-Nei (1993) gamma distances
(α=0.26) were used to estimate the genetic distance among haplotypes. See text for further
details. % total variation comparisons are within populations, while FST estimates are among all
populations.

a) allozyme data

% total
variation

F
statistics P

Among groups 13.7 FCT=0.14 0.029±0.002
Among populations
within groups 21.3 FSC=0.25 <0.0001

Within /among
populations 65.0 FST=0.35 <0.0001
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Table 5.8 Continued

b) mtDNA data c)
Haplotype frequency only Sequence data
% total

variation ΦΦΦΦ statistics P % total
variation

ΦΦΦΦ
statistics

P

Among groups 0.40 ΦCT=0.004 0.629±0.005 50.0 ΦCT=0.50 0.027± 0.002

Among populations
within groups 41.9 ΦSC=0.42 <0.0001 34.5 ΦSC=0.69 <0.0001

Within /among
populations 57.7 ΦST=0.42 <0.0001 15.5 ΦST=0.84 <0.0001

Table 5.9. Pairwise FST values for putative C. s. stercusmuscarum (sites ELC-CAL) and
putative C. s. fulvus (sites ELT-DSQ) (above horizontal), and their significance (below
horizontal). + signifies significant pairwise FST at the Bonferroni adjusted level of α=0.018, -
signifies not significant at this level.

ELC PIO AGC CAL ELT AMM NER DSQ
ELC 0.145 0.152 0.220 0.540 0.373 0.940 0.413
PIO - 0.004 0.052 0.373 0.221 0.618 0.318
AGC + - 0.025 0.328 0.186 0.527 0.276
CAL + - - 0.287 0.149 0.362 0.285
ELT + + + + 0.092 0.504 0.237
AMM + + + + + 0.362 0.159
NER + + + + + + 0.714
DSQ + + + + + + +

The AMOVA to partition the mtDNA genetic variation between the groups based on haplotype

frequency only showed that there was significant variation among sites overall (FST=0.42,

P<0.0001). However, the model showed no support for the grouping by taxonomy when only

haplotype data were considered, with only 0.4% of the total variation between the groups,

similar to the result based on the allozyme data (FCT=0.004, P=0.63±0.005) (Table 5.8b).

However, when information regarding the evolutionary relationships between the haplotypes

was included in the analysis, there was good support for the model, with 50% of the total

variation distributed between C. s. stercusmuscarum and C. s. fulvus (ΦCT=0.50,

P<0.027±0.002) (Table 5.8c). This was higher than the amount of differentiation among

populations within groups which was 34.5% (Table 5.8c).
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5.4 DISCUSSION

There were considerable levels of genetic variation among the populations of C.

stercusmuscarum sampled in the present study. There was an overall FST based on allozyme

data of 0.73 (±0.04) and high levels of genetic divergence among mtDNA haplotypes which

were often unique to particular sites. Instances of sharing of haplotypes indicated a degree of

historical connectivity between sites which are presently geographically isolated. In the

following sections I explore the effects of barriers, stream capture events and the role of eustasy

in shaping current patterns of genetic diversity in C. stercusmuscarum. These processes are

presented on a backdrop of the biology of C. stercusmuscarum which implies that it has a

moderate-low dispersal potential.

5.4.1 Examining the effects of barriers and earth history on population structure

The hypothesis that there was no genetic differentiation among sites within drainages was

rejected. The analysis of molecular variance at both genetic markers showed that contemporary

drainage structure served as a poor model in explaining high levels of genetic differentiation

among sites (Tables 5.4 and 5.7). This is in contrast to the �Stream Hierarchy Model� (SHM)

(Meffe and Vrijenhoek 1988) which proposed that the distribution of genetic variation would

follow drainage lines. It is also in contrast to many of the studies reported in Ward et al. (1994)

in which the majority of variation was distributed among drainages in many freshwater fish

species. However, there have been studies which have not conformed to the tenets of the SHM.

For example, Schmidt et al. (1995) showed that the winged adult phase and localised egg

deposition in a stream insect led to complex patterns of genetic variation unrelated to

contemporary stream structure. Currens et al. (1990) demonstrated that instream barriers and

complex invasion histories played an important role in the determination of population genetic

structure of a salmonid, revealing the inadequacy of using contemporary drainage structure to

predict the genetic relationships among populations.

Instream barriers appeared to be an effective limiter of gene flow between sites in the present

study. Genetic differentiation was low among sites unhindered by barriers (e.g. among sites

NJP, NJR and ITA, between sites LMA-MGA and between sites RSR-RSB) implying dispersal

is possible between spatially separated sites. Given that there were genetic discontinuities

between sites either side of a waterfall, the data implied that C. stercusmuscarum do not

traverse waterfalls in either direction. Nevertheless, although instream barriers are effective in

restricting gene flow, their occurrence does not entirely explain the patterns of genetic diversity

among populations of C. stercusmuscarum. This was evident from the AMOVA analyses
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(Table 5.7) that showed some support for model B (for mtDNA data incorporating evolutionary

relationships among haplotypes) (Table 5.7c) which grouped the sites by their upland / lowland

affiliation. However, it was evident from the MDS ordination (Figure 5.7) and phylogeny of

mtDNA haplotypes (Figure 5.8) that the distribution of genetic diversity could not be explained

entirely by the upland / lowland affiliation of sites. This was demonstrated by the amount of the

variation that was explained by the AMOVA using a posteriori groups - over 90% when

considering the mtDNA data that took account of the evolutionary relationships between

haplotypes (Table 5.7).

The data of the present study revealed the surprising occurrence of two highly divergent groups

of C. stercusmuscarum within the same subcatchment (upper North Johnstone), albeit that these

sites were separated by waterfalls and downstream lowland confluences. Barriers may be

effective in keeping groups isolated in the present time, but they cannot explain the origin of

the upland / lowland dichotomy and the two highly divergent upland groups. It may be that

ancient Tertiary geomorphological events such as uplift and subsidence (De Keyser 1964; De

Keyser and Lucas 1968) or headwater incision (Willmott et al. 1988; Willmott and Stephenson

1989) isolated previously panmictic upland and lowland populations, which have diverged due

to instream barriers keeping populations separate. The smallest net nucleotide divergence

between any lowland / upland group was 4.9% (between the Mulgrave-Russell / lower South

Johnstone and upper North Johnstone / upper Herbert groups) (data not shown). Bermingham et

al. (1997) demonstrated that the ATPase6 mtDNA gene diverges at approximately 1.3% per

million years based on data from several geminate Panamanian fish species. Given the

congruence to a clock-like evolution of the sequences of the present study, the extent of

divergence implies that the lowest divergence time of any of the sampled upland and lowland

populations was approximately 4 million years ago. The levels of mtDNA divergence observed

would only be consistent with a separation in the late Tertiary scenario if the geomorphological

events which formed the present day topography isolated populations at that time.

Unfortunately, the precision of geomorphological data cannot provide an independent estimate

of this scenario.

The ancient Tertiary events may be responsible for the origin of the upland and lowland groups,

but they do not explain the presence of two upland groups. Another explanation might be that

the distribution of genetic diversity in C. stercusmuscarum is the result of several invasion

events (due to historical drainage rearrangements) of independent lineages, which have

subsequently remained isolated due to barriers such as waterfalls. This would be consistent

with the conclusions of other studies of freshwater animals in these systems (Hughes et al.
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1996; Hurwood and Hughes 1998). I found similar patterns to Currens et al. (1990) who

suggested different lineages of the rainbow trout Oncorhynchus mykiss within and among some

north western American drainages may be due to separate invasion events to different sections

of a river. In the present study area, there probably have been recent drainage rearrangements

(Ollier 1978) which would have facilitated movement between drainages. It has been suggested

that the Barron River, among others (e.g. Burdekin, Pusey et al. 1998)), has captured western

flowing drainages (Ollier 1978), and therefore transported fish to the eastern flowing drainages.

The sequence data of C. stercusmuscarum from the Northern Territory (~1500km west) shows

that Northern Territory individuals are less divergent from Atherton Tableland populations than

the Tableland stream populations are to their lowland river counterparts (Figure 5.6). This

supports the notion that upland populations may have been derived form western flowing

rivers. Recent connectivity of C. stercusmuscarum populations between different drainages of

the Atherton Tableland was indicated by the genetic similarity of sites UPH, MLE, and MLS

(Herbert River) and site BTC (North Johnstone River), and site NJP, NJR and ITA (North

Johnstone River) and site BTC (Barron River) (Figure 5.5). Movement may have been

facilitated, subsequent to invasion from western flowing drainages, by more recent

geomorphological activity. It is one of the few areas on the Australian mainland to have

experienced volcanism in the Pleistocene to as recently as 12000 - 8000 years ago (Willmott et

al. 1988; Willmott and Stephenson 1989) which undoubtedly altered drainage structure, as

exemplified by the basaltic plume which flowed down an ancient �Johnstone� River (De

Keyser 1964). The fact that such divergent groups were found in so geographically close an

area of recent intense geomorphological activity argues against in situ divergence on the

Atherton Tablelands, but rather suggests a more recent congregation of the groups in upland

rivers. To discover the origin of each group would involve collecting from adjacent westerly

flowing sites and at wider taxonomic scales than the present study.

5.4.2 Consequences of eustasy on population structure

Lowland populations, although more similar genetically to each other than to upland

populations, exhibited significant levels of genetic differentiation as revealed by allozyme

electrophoresis (FST of 13 coastal C. s. stercusmuscarum populations=0.51±0.18, P<0.001).

There was also evidence of high levels of genetic divergence at the ATPase6 mtDNA locus. For

example, between lowland populations of the North and South Johnstone, there was a Tamura-

Nei (1993) gamma distance of 0.029±0.01 between mtDNA haplotypes CS5 (North Johnstone)

and CS6 (South Johnstone). Given there was also a fixed difference at the PEPB* allozyme

locus between the two sites, this implied very limited gene flow between sites which are only

separated by an estuarine confluence that is regularly flooded. That there were significant levels
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of genetic differentiation between sites inhabiting a coastal fringe was not unexpected,

especially between sites that are in isolated drainages (Ward et al. 1994). In contrast, and

perhaps unexpectedly, there were also instances of the sharing of haplotypes between

geographically distant sites. For example, sites ELC, AGC and CAL (ELC to CAL 4° of

latitude and >1000km distant coastal distance) shared mtDNA haplotype CS18, and had similar

allozyme gene frequencies (see Figure 5.5a, Table 5.3). Another example was site KBC which

shared haplotypes with STR (haplotype CS7) and BLW (haplotype CS20) (Table 5.6), although

it had relatively different allozyme gene frequencies (See Figure 5.5a, Table 5.3).

Bermingham and Avise (1986) recognised that both a taxon�s dispersal capability and temporal

changes to the structural landscape determine the effectiveness of barriers (such as drainage

divisions) and so these factors are important in shaping contemporary population genetic

structure. Assuming, for the present, that the high levels of genetic differentiation between sites

such as those in the Mulgrave-Russell and North Johnstone, or between the North and South

Johnstone are due to the lack of gene flow, then we can deduce that the dispersal capability of

C. stercusmuscarum is low, even at small spatial scales. The lack of dispersal and isolation of

populations could allow genetic drift to lead to the high degree of genetic divergence between

near sites and little divergence between more distant sites that is evident in the data. Neigel and

Avise (1986) recognised that demographic processes that led to lineage sorting of haplotypes in

descendant populations from polymorphic ancestral populations (leading to stochastic patterns

of retention and extinction) could be important in determining the distribution of haplotypes

among populations, and this may be the case in the present study. If the low mtDNA haplotype

diversity within some sites, allowing for low sample sizes (Table 5.6), suggests low effective

population sizes, then in circumstances where there is limited gene flow stochastic extinction

events are probably quite common. It should also be remembered that volcanic activity in this

area may have caused the disruption to many rivers in the northern area. Bermingham and

Martin (1998) recognised that populations of three Central American freshwater fishes that

were intermittently severed and joined promoted genetic diversity among populations, but

obscured previous history leading to apparently chaotic patterns. The distribution of closely

related haplotypes among geographically near sites, such as KBC and NJN, may be a result of

ancestral retention and / or rare inter-drainage dispersal events which over long time scales

might be essentially random.

There were high genetic similarities among geographically very distant sites, such as the level

of mtDNA divergence among haplotypes from ELC, PIO, AGC and CAL (Figure 5.6). Among

these populations there was a relatively large number of closely related haplotypes (CS9-10,
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CS13-19) that were shared between sites, which may be indicative of higher gene flow or a

recent expansion event among these sites. In addition there was a concomitantly low level of

allozyme differentiation among these sites, which was not the case among the more northerly

populations (Figure 5.5a). It is possible that these patterns result from eustasy intermittently

joining these drainages, allowing for fish movement.

Eustasy acts to intermittently join and sever drainages on a coastal fringe over time (Maxwell

1968; Maxwell 1973; Coventry et al. 1980). At times of lower sea level, more of the

continental shelf is exposed, leading to opportunities for the anastomisation of particular

drainages depending on the geographic proximity and the underlying geomorphology of the

region. At times of higher sea level, the continental shelf is obliterated, drainages are shortened

and isolated depending on the extent of the sea level rise (Willmott and Stephenson 1989).

Importantly in the context of the present study, the lowering of sea levels will have most effect,

in terms of the potential coalescence of drainages, where the continental shelf is at its broadest.

This is because the greater area exposed allows for a more extensive drainage catchment, thus

having greater potential to have joined drainages that are contemporarily isolated. The marginal

shelf section of the continental shelf is defined as the area presently at depths of 36-90m, and

while being virtually nonexistent in the north, widens progressively southward at about latitude

20°S (the approximate latitude of site ELC), and �narrows� again in the area just north of site

CAL (~24°S) (Maxwell 1968; Maxwell 1973). The largest drainage of this region is the Fitzroy

River (site AGC) which Maxwell (1968; 1973) suggests was mobile in the Holocene, the mouth

of the river exiting at different times at Shoalwater Bay (22°S) 1 ½° north of the present mouth.

In addition, Maxwell (1968; 1973) interpreted current marine channels in terms of ancient

drainage structure, and revealed that the ancient Fitzroy River appeared to drain a large portion

of the area from site ELC to site CAL when sea levels were 90m below current highs. Sea

levels have been as low as this twice in the last 300000 yr  (Figure 2.4) (Chappell 1983;

Chappell and Shackleton 1986), and have been below current highs for much of this time.

Therefore, the pattern of genetic diversity which shows low levels of genetic differentiation

from ELC to site CAL may be in some part due to the coalescence of drainages in this region

during the Pleistocene which allowed the transport and dispersal of fish between

contemporarily isolated drainages. Obviously caution must be taken to not over interpret the

data collected. If some northern drainages had not been sampled as intensively (e.g. Johnstone

River), different patterns would have emerged. However, the data collected in the present study

offer good grounds for further research into a topic that is poorly understood. It may be that

further comparative study of other freshwater fish species at smaller spatial scales in this region

may be able to inform us of the historical connectivity of central coastal Queensland.
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It may be expected that because floodwaters often join adjacent drainages, the resulting gene

flow may dampen the historical record. If these drainages are more likely to coalesce in these

circumstances, then nearby drainages would be more likely to exchange genes than distant

drainages and an isolation by distance effect should be apparent. However, there was no

evidence based on analysis of the allozyme data for isolation by distance (Figure 5.9). This

result is not inconsistent with the scenario painted above because the coastal distance between

contemporary drainages is almost �independent� of the distance between hypothesised ancient

drainages. Unfortunately I could not test isolation by distance within, for example, the site ELC

to site CAL area due to lack of samples, so it is not possible to rule out that distance may be

structuring populations if tested at the appropriate spatial scale. It may be also be useful, but

difficult, to reconstruct a pairwise distance matrix of ancient interdrainage distance in order to

test whether there was some correlation with contemporary genetic differentiation. This may

further our understanding of the effect of distance in structuring populations of C.

stercusmuscarum.

It is possible that sites from ELC to CAL were not necessarily once drained by the same

system. It is difficult with the present data to separate the ancient signal of a once large

panmictic population inhabiting the same hypothesised drainage and the possibility of an

ancient population expansion in this area when drainages were isolated. It may be that the two

events coincided and we are seeing the reflection of a population expansion in an ancient

Fitzroy drainage that has not been hidden by current gene flow or lineage sorting. Although the

sample size is small, the nine closely related haplotypes from the 15 individuals sampled from

the sites ELC, PIO, AGC and CAL may be symptomatic of a population expansion (Rogers and

Harpending 1992) (Chapter 6). Future sampling may shed new light on this question.

5.4.3 The C. s. fulvus distribution - evidence of cross Great Divide historical connectivity?

Eustasy is not the only geomorphological event that can promote the complication of

population genetic structure by joining isolated drainages. The C. s. fulvus disjunct distribution

may be an example of stream capture across a watershed transporting fish from one

geographical province to another. Many Australian freshwater fish have distributions similar to

C. s. fulvus - that is, in coastal streams of south east Queensland and the Murray-Darling River

(Allen 1989; McDowall 1996). Examples include freshwater catfish (Tandanus tandanus),

golden perch (Macquaria ambigua), the purple spotted and western carp gudgeons (Mogurnda

adspersa and Hypseleotris klunzingeri) and the olive perchlet (Ambassis agassizii) among a
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total group of up to about 16 species or species complexes (Allen 1989; McDowall 1996).

Previous allozyme electrophoretic studies have examined populations either side of the Great

Dividing Range for golden perch (Musyl and Keenan 1992) and freshwater catfish (Musyl and

Keenan 1996; Jerry and Woodland 1997); all studies showed relatively low levels of genetic

divergence between populations east and west of the Great Divide.

In the present study, there was significant genetic differentiation among the four putative C. s.

fulvus and four C. s. stercusmuscarum populations based on patterns of allozyme variation

(FST=0.34, P<0.0001). This implied that gene flow is restricted among these populations, in

concordance with other regions examined. There were significant pairwise differences between

the Murray-Darling population (site DSQ) and each of the putative coastal C. s. fulvus and the

more northerly C. s. stercusmuscarum (Table 5.9). In addition, AMOVA of allozyme data

revealed that little (~14%, Table 5.8a) of the total variation among the eight populations was

distributed between the two putative subspecies. The AMOVA result offers little support for

the current taxonomic designation, in that coastal C. s. fulvus are as different to the Murray-

Darling populations as they are to other more northerly coastal populations. The pattern of large

pairwise FST estimates that were significant suggests that any connectivity between the Murray-

Darling and coastal populations would be quite ancient.

The allozyme data do not support the recent connectivity of western flowing and eastern

flowing streams in south-east Queensland. Nevertheless, it was evident from the MDS

ordination of Rogers� (1972) genetic distance (Figure 5.5) that the Murray-Darling population

was more similar to coastal populations of C. stercusmuscarum than it was to any of the other

identified groups (e.g. upland east coast rivers or Northern Territory). The advantage of

mtDNA sequencing is that it provides information about the extent of differentiation among

resolved alleles. When the mtDNA sequence data were examined, a different picture to that

painted by the allozyme data emerged. The AMOVA that grouped populations by their

taxonomic designation and used information about the evolutionary relationships between

haplotypes revealed that 50% of the total variation was distributed between the two groups

(Table 5.8c). This was reflected in the MDS ordination, where the two groups are clearly

defined (Figure 5.5b) and in the haplotype tree which revealed that C. s. fulvus and coastal C. s.

stercusmuscarum formed two monophyletic clades. The patterns of net nucleotide divergence

among populations were informative. While there was a net nucleotide divergence among the

four C. s. stercusmuscarum populations of only 0.0007, between C. s. stercusmuscarum and

coastal C. s. fulvus it was 0.022, and between coastal C. s. fulvus and the Murray-Darling site it
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was 0.011. If the coastal and Murray-Darling C. s. fulvus populations were connected in the

past, the level of net nucleotide divergence suggests that it was in the order of ~1 million yeas

ago (based on a divergence rate of 1.3% (Bermingham et al. 1997)). There were relatively high

levels of divergence among lowland C. s. fulvus (net nucleotide divergence of 0.016), and

further investigation of the patterns among putative C. s. fulvus are warranted to resolve fully

the possible timing of connectivity between populations. The mtDNA data thus suggests that

there may well be a genetic basis for the taxonomic nomenclature and that there was a definite

link between coastal C. s. fulvus and the Murray-Darling population.

An interesting issue raised by these data is the apparent geographic separation of coastal C. s.

fulvus and coast C. s. stercusmuscarum. The distance between the two nearest populations of C.

s. fulvus and C. s. stercusmuscarum on the coastal fringe was approximately 250km (CAL to

ELT). It would be interesting to examine if there is a genetic disjuncture between the two

groups, if secondary intergradation may be occurring, or if the two groups are sympatric, but

reproductively isolated in any of the intervening drainages. A final interesting point is that

although the C. stercusmuscarum that inhabit the upland, western flowing drainage of the

Murray-Darling are relatively similar to lowland east coast populations, populations in the

upland areas of northern Queensland east coast flowing drainages are considerably divergent

from their lowland river counterparts, and more similar to fish in the Northern Territory

1500km west. It may be that the area of south east Queensland / northern New South Wales has

been a conduit for fish movement between western and eastern flowing drainages.

5.4.4 C. stercusmuscarum - a species complex?

The data of the present study raise questions about the possibility of undescribed species�

among the C. stercusmuscarum populations sampled in the present study. There was a pattern

of fixed allozyme differences among upland and lowland groups, and between the two upland

groups (Figure 5.4, Table 5.3), which was mirrored by large mtDNA divergences (Figure 5.6,

5.8). This indicated that there were independently evolving groups, even within the same

system (e.g. Johnstone River) among fish that are apparently morphologically identical

(Crowley 1990). This is in common with other studies within Australia (Musyl and Keenan

1992; Musyl and Keenan 1996; Jerry and Woodland 1997), and elsewhere (Gorman and Kim

1977; Allibone et al. 1996), that have discovered cryptic genetic divergence in freshwater and

marine fish. The fact that there is little or no gene flow between upland and lowland forms may

be due to the instream barriers being effectively impassable, or that gene flow is prevented by

any number of physiological or reproductive mechanisms.
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In the first case the populations are in essence allopatric, which as many authors have

recognised (e.g. Richardson et al. 1986; Allibone et al. 1996), makes the determination of

specific status under Mayr�s (1942) biological species concept impossible: there is no

information about the potential to interbreed in sympatry. The specific status of the divergent

�C. stercusmuscarum� populations in the present study is therefore difficult to judge, and

illustrates deficiencies of the biological species concept. Nevertheless, it would be remarkable

that no fish washed from upland to lowland areas have survived in the long time scales of

isolation indicated by the mtDNA data. In light of the supposition that upland populations of

the Murray-Darling have successfully invaded lowland streams of south east Queensland (see

above), the lack of northern upland C. stercusmuscarum in lowland east coast areas is

intriguing. The second possibility may be more likely - that there is some mechanism which

prevents interbreeding or makes hybrids or the upland form inviable in lowland areas. The

implication is that there is more than one species of Craterocephalus in the Wet Tropics, and

more importantly, questions the taxonomic status of other unstudied freshwater animals with

similar life histories and dichotomous distributions. Interestingly, recent work indicates there

are differences in growth and reproductive strategy between upland and lowland populations

within the Johnstone River of C. stercusmuscarum (B. Pusey, personal communication). In

addition to the relatively high genetic similarity of C. randi to both major groups - upland and

lowland (Figure 5.6), the distribution of the genetic diversity between the putative subspecies

C. s. stercusmuscarum and C. s. fulvus argues that the populations of C. stercusmuscarum

sampled in the present study are difficult to categorise. Further examination of more

populations in the Wet Tropics may find �upland� individuals in lowland areas. Morphological

variation of the groups identified, samples nearer to putative barriers, and a higher level

molecular phylogeny would be useful in unravelling the complex system evident in the present

study.
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CHAPTER 6

6.0 LOW LEVELS OF MITOCHONDRIAL DNA AND ALLOZYME DIFFERENTIATION

AMONG POPULATIONS OF THE FRESHWATER FISH HYPSELEOTRIS COMPRESSA

(GOBIIDAE: ELEOTRIDINAE): IMPLICATIONS FOR ITS BIOLOGY, POPULATION

CONNECTIVITY AND HISTORY

6.1 INTRODUCTION

Few genetic studies have examined the population structure of Australian freshwater fish that

inhabit lowland coastal streams; most have concentrated on examining populations inhabiting

inland drainages or those that are separated by barriers such as ranges (e.g. Musyl and Keenan

1992; Musyl and Keenan 1996) or escarpments (Watts et al. 1995). I examined genetic

variation among populations of the Pacific blue eye Pseudomugil signifer (Chapter 4) and the

fly-specked hardyhead Craterocephalus stercusmuscarum (Chapter 5) in several Queensland

drainages and found that gene flow was restricted, even between adjacent lowland drainages.

Estuarine species generally exhibit less differentiation and often demonstrate patterns of

isolation by distance implying greater dispersal among nearby compared to distant estuaries

(e.g. Ayvazian et al. 1994; Keenan 1994; Jerry and Baverstock 1998). Genetic differentiation

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

either estuarine or freshwater species, which implies gene flow is more extensive (e.g. Doherty

et al. 1995; Begg et al. 1998). However, historical isolation followed by secondary contact or

recolonisation associated with Pleistocene sea level changes have influenced patterns of genetic

variation among populations of several marine species (e.g. Keenan 1994; Chenoweth et al.

1998b).

A generally accepted model is that freshwater fish display high levels of genetic differentiation

among populations from different drainages. I was interested in examining if this model was a

good fit in a species which has the dispersal potential to overcome the isolation imposed by

drainage structure. According to available life history data and other information, the empire

gudgeon Hypseleotris compressa (Krefft) (Gobiidae: Eleotridinae) is a good test organism. It

has been suggested that like most of Australia�s freshwater fish, H. compressa was derived

from recent marine ancestors (Allen 1989). Fecundity is high (~40000) and egg diameter is

small (0.3mm), although the eggs are demersal and adherent (Auty 1978). Newly hatched

larvae are able to swim actively, but are poorly developed (Auty 1978). In addition, the species

has a widespread distribution across northern Australia from mid-Western Australia to southern
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New South Wales, and is also found in the southern drainages of New Guinea (Figure 2.5,

Chapter 2) (Allen 1989).

The level of connectivity of populations among drainages is unknown, but anecdotal evidence

suggests it may be high within rivers. For example, schools of juveniles are often found in

estuaries (Larson and Hoese 1996) and there are reports which suggest that large numbers

migrate upstream after rain (Herbert et al. 1995). Adults are generally found in downstream

areas near river mouths, although they do penetrate far upstream (Pusey and Kennard,

unpublished data and personal observation). Tolerance to elevated salinities is implied by the

fact that H. compressa have been captured from intermittent tidal swamps (Robertson and

Blaber 1992). There are three scenarios which may describe the levels of gene flow among

populations of H. compressa: (i) gene flow among drainages has been negligible for long

periods resulting in genetic differentiation among drainages, (ii) there is some gene flow among

drainages facilitated by marine routes such as via fresh water plumes, but is limited at larger

scales (isolation by distance), or (iii) there is or has been extensive gene flow resulting in little

genetic differentiation among drainages and no phylogeographic structure. I examined patterns

of genetic variation among populations of H. compressa from a large section of their range to

investigate these possibilities.
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6.2 METHODS AND MATERIALS

6.2.1 Sampling

Five sites within the Mulgrave-Russell River and three sites within the Johnstone River were

analysed to obtain an estimate of variation among populations within a drainage (Figure 6.1).

To assess variation among drainages, samples of H. compressa were collected from an

additional seven drainages along the Queensland coast, and one sample from the Northern

Territory (Figure 6.1). I thus collected fish from 16 sites and ten drainages, resulting in a

collection of 571 individuals (Table 6.1). Dates of collection are detailed in Table 2.1. To

assess mtDNA variation, three randomly chosen individuals from ten sites were sequenced

representing the ten drainages. When there were multiple sites within a drainage, one of the

sites was randomly selected from that drainage.

Table 6.1. Sampling sites, drainage, geographic position and number of individuals analysed
for allozymes and mtDNA of H. compressa.

Site Drainage Site
abbr.

N
allozymes

N
mtDNA

Daintree R Daintree STW 44 3
Behana Ck Mulgrave-Russell BHB 44 -
Little Mulgrave R Mulgrave-Russell LMB 11 -
Mulgrave R Mulgrave-Russell MGA 35 -
Woopen Ck Tributary Mulgrave-Russell WCT 21 -
Russell R Mulgrave-Russell RSR 22 3
Bramston Beach Drain Bramston Beach BBD 44 3
Bamboo Ck (South) Johnstone BBC 42 -
Nind�s Ck (South) Johnstone NDS 44 -
Polly Ck (North) Johnstone PYC 44 3
Banyan Ck Tully BYC 33 3
Stone R Herbert STW 44 3
Bluewater Ck Bluewater BLW 32 3
Eden Lassie Ck Eden Lassie ELC 26 3
Calliope Calliope CAL 41 3
Howard Springs Howard (NT) HWS 44 3

6.2.2 Laboratory procedures

6.2.2.1 Allozyme Electrophoresis

Allozyme techniques were those as described in section 2.5.1 (Chapter 2). Four enzymes

encoding six loci were found to be reliably polymorphic: aspartate aminotransferase (EC

2.6.1.1; AAT-1*, AAT-2* loci), glucosephosphate isomerase (EC 5.3.1.9; GPI-1*, GPI-2* loci),

phosphoglucomutase (EC 5.4.2.2; PGM* locus), and tripeptide aminopeptidase (EC 3.4.-.-;

PEPB* locus) using leu-gly-gly as the substrate.
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6.2.2.2 mtDNA Techniques

Total genomic DNA extraction, PCR and sequencing techniques were as described in Section

2.5.2 (Chapter 2). For individuals of H. compressa, the light strand primer HCATP6L (5� AGC

CCA CTC CTT CCC TAA CGA GC 3�) was designed to achieve reliable initial amplification

from the primers ATP8.2 and COIII.2 (Section 2.5, Chapter 2). Cycling conditions for PCR

amplification using the specific primers HCATP6L and COIII.2 were: 94°C 30s, 55°C 30s,

68°C 45s, 35 cycles, 68°C, 7 mins. Reagent volumes and concentrations for PCR reactions

were as in section 2.5.2.2 (Chapter 2). After purification, and visualisation with gel

electrophoresis, the sequencing primer HC2L (5�-TAC TTA GGA ATC CCA CTA ATT GC-

3�) was designed to improve the final sequences. Individuals were also sequenced using the

heavy strand primer HCH (5�-TAC TAT GTG AAA TGC GTG TG-3�). A 567 bp fragment of

the ATP6ase gene was resolved.

6.2.3 Statistical analysis

Methods to assess extent and geographic distribution of genetic variation within and among

populations of H. compressa were detailed in section 2.6 (Chapter 2), including the estimation

of allele frequencies, F-statistics, Rogers� (1972) genetic distance, MDS ordination, isolation

by distance and mtDNA analyses (except as below). There were two levels to the hierarchical

analysis that partitioned allozyme variation among samples: among sites within a drainage (FSD)

and among drainages relative to the total (FDT).

Two measures of pairwise geographic distance between drainages were plotted against pairwise

values of M^, estimated from GST of Nei (1973) (program kindly supplied by M. S. Johnson).

First, I considered coastal distances between drainages, and used the mouth of each drainage as

the reference measuring point. Coastal distances were measured as in section 2.6.3.1 (Chapter

2). The Daintree to Northern Territory coastal distance was estimated from a function in

ARC/INFO software (Environmental Systems Research Institute, USA). Second, I estimated

great circle distance using sites as the reference measuring point, and chose the site nearest to

the mouth where there was more than one site per drainage.

The pairwise nucleotide divergences among haplotypes were generated assuming the Tamura

and Nei (1993) model of substitution and rate heterogeneity. The gamma distribution parameter

alpha was estimated from the data set using the PUZZLE (Strimmer and von Haeseler 1996)

program and equalled 97.
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Mismatch distributions describe the amount of genetic difference between pairs of individuals

in a sample and can be informative about the demographic history of a sample of sequences

(Rogers and Harpending 1992). In a stable population, the expected distribution conforms to a

geometric distribution, while in an expanding population a unimodal distribution is expected

(see e.g. Harpending et al. 1993). The mismatch distribution among the 27 sequences from east

coast sites was generated using DnaSP (Rozas and Rozas 1999) and compared to both expected

geometric and expanding population distributions. The conformity of the observed distribution

to that generated under the assumptions of the expanding population model was tested in

Arlequin (Schneider et al. 1997). Tajima�s D test (Tajima 1989), which tests the conformity of

DNA sequence evolution to neutrality, was performed using DnaSP (Rozas and Rozas 1999) on

all sequences except those from the Northern Territory. I excluded Northern Territory

haplotypes because I was interested in the demographic history of the east coast samples. This

test can be informative about the effects of selective events of the patterns of mtDNA variation,

but also historical demographic events of a sample of sequences (Rand 1996). The basis of the

test is that under neutrality the number of nucleotide differences between sequences from a

random sample (π) should be equal to the number of differences between the segregating

(polymorphic) sites only (θ).
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6.3 RESULTS

6.3.1 Allozyme electrophoresis

There were 81 possible Hardy-Weinberg tests, of which four were statistically significant at

α=0.05 (GPI-2* at CAL, GPI-2* at NDS, AAT-1* at HWS and PEPB* at BBC). However, after

allowing for multiple simultaneous tests (Bonferroni correction) no tests were significant

(α=0.05/81). Tests to detect linkage disequilibrium among nuclear loci, to ensure the

independence of each locus analysed, revealed no significant deviations after the Bonferroni

correction for multiple tests (α=0.05/222 possible comparisons = 0.00025).

Hierarchical analyses of the allozyme data reveal that the great majority of the variation is

distributed within sites (98.6%) (Table 6.2). The variation among sites (1.4%) was distributed

as a function of the variation among sites within a drainage (100%) rather than among

drainages (0%). There was no significant genetic differentiation among the three Johnstone

River sites (FST=-0.003±0.003, P=0.49), or among Mulgrave-Russell sites (FST=0.011±0.007,

P=0.12). However, when all sites within each of the two drainages were pooled there was

significant heterogeneity among drainages over all (FST=0.015±0.004, P<0.001), mainly due to

variation at GPI-2*, AAT-1*, PGM* and PEPB* loci. Allele frequency plots demonstrate

graphically that there was as much variation in frequency of the most common allele at each

locus among sites in north Queensland within the latitude 17°S to 18°S as there was from 12°S

(Northern Territory) to 24°S (southern Queensland) (Figure 6.2). Summary of the data by

multidimensional scaling of Roger�s (1972) genetic distance revealed little association by

geography, with neither sites within drainages nor adjacent drainages clustering together

(Figure 6.3). For example, Mulgrave-Russell sites (LMB, BHB, RSR, WCT) were widely

spread in ordination space, and site LMB appears as divergent as site HWS, the Northern

Territory sample.

Table 6.2. Wright�s (1978) hierarchical F-statistics for populations of H. compressa in the
present study.

Comparison
X Y σσσσ2

XY % Total Variation FXY

Within sites 1.3017 98.6 -
Site Drainage 0.0196 - 0.015
Site Total 0.0183 1.4 0.014
Drainage Total -0.0013 0 -0.001
Total Limiting Variance 1.3100 100 -
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Figure 6.3. Multidimensional scaling ordination summarising pairwise Roger�s (1972)
distances among 16 populations of H. compressa. Site abbreviations and locations as in Table
6.1. Drainage origin of each site is indicated at right.

Many uncommon alleles were often widespread. For example, the GPI-2*1 allele was found in

north and south Queensland as well as in Northern Territory populations (Table 6.3). The two

most distant sites, CAL and HWS, shared uncommon alleles at each of the six loci. There were

only two private alleles (those found at only one location): AAT- 1*2 in the HWS (Northern

Territory) and PGM*4 at PYC (Table 6.3). However, the restricted distribution of these alleles

may be because the frequency of the alleles was low, and may not have been detected with the

sample sizes of the present study.

Although there were low levels of genetic differentiation evident among populations of H.

compressa, a pattern of isolation by distance may be expected if, at equilibrium between gene

flow and drift, the dispersal of individuals over their life cycle is less than the extent of the

species� distribution, that is, assuming the stepping stone model of gene flow (Slatkin 1993).

When all populations of the present study were considered, there were significant associations

between log M^ and either log coastal or great circle distance (P<0.001, r2=0.228 and P=0.004,

r2=0.161 respectively) (Figure 6.4). However, when only Queensland east coastal sites were

considered there was no significant relationship using either distance measure as the

independent variable (Figure 6.4). The use of different distance measures in attempts to infer

the most likely routes of dispersal is limited by the close correlation of the distance measures.
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Table 6.3. Allele frequencies for six polymorphic loci and sample sizes (n) for populations of
H. compressa of the present study. Site abbreviations as in Table 6.1.

Population
Locus STW BHB LMB MGA WCT RSR BBD BBC NDS PYC BYC STR BLW ELC CAL HWS

GPI-1*
(n) 44 43 11 35 20 22 44 44 44 44 33 44 32 26 41 44
1 - - - - - 0.023 - - - 0.023 - - - - - -
2 0.068 0.012 0.045 0.014 0.025 0.011 0.045 0.023 0.011 0.023 0.031 0.019 0.024 0.034
3 0.909 0.953 0.909 0.914 0.950 0.932 0.989 0.943 0.932 0.909 0.970 0.966 0.953 0.962 0.927 0.932
4 - - - 0.014 - - - - - 0.011 - - - - - 0.011
5 0.023 0.035 - 0.057 0.025 - - 0.011 0.045 0.034 0.030 0.011 0.016 0.019 0.037 0.023
6 - - 0.045 - - 0.045 - - - 0.011 - - - - 0.012 -
HO 0.136 0.093 0.182 0.171 0.100 0.136 0.023 0.114 0.136 0.159 0.061 0.068 0.094 0.077 0.098 0.136
GPI-2*
(n) 44 43 11 35 21 22 44 44 44 44 33 44 31 26 41 44
1 - 0.012 - - - - 0.011 0.011 0.011 0.015 0.024 0.034
2 0.330 0.279 0.182 0.400 0.310 0.341 0.261 0.409 0.307 0.341 0.273 0.227 0.290 0.327 0.183 0.068
3 - 0.012 - - 0.024 - - - - - - 0.023 - - - -
4 0.670 0.686 0.818 0.586 0.667 0.659 0.705 0.580 0.670 0.659 0.712 0.750 0.710 0.673 0.793 0.898
5 - 0.012 - 0.014 - - 0.023 - 0.011 - - - - - - -
HO 0.386 0.326 0.364 0.600 0.476 0.409 0.523 0.591 0.636 0.455 0.455 0.341 0.387 0.423 0.195 0.205
AAT-1*
(n) 44 44 11 35 21 22 44 44 44 44 33 44 32 26 41 44
1 0.057 0.011 0.091 0.057 0.024 0.023 - 0.011 0.045 0.011 0.015 0.102 0.016 0.058 0.073 0.011
2 - - - - - - - - - - - - - - - 0.011
3 0.943 0.966 0.909 0.943 0.976 0.977 1.000 0.989 0.943 0.989 0.985 0.886 0.984 0.942 0.915 0.977
4 - 0.023 - - - - - - 0.011 - - 0.011 - - 0.012 -
HO 0.068 0.068 0.182 0.114 0.048 0.045 0.000 0.023 0.068 0.023 0.030 0.227 0.031 0.115 0.122 0.023
AAT-2*
(n) 44 44 11 35 20 22 44 44 44 44 33 44 32 26 41 44
1 0.023 0.034 0.182 - - - - - - - 0.015 0.034 0.016 0.038 0.049 0.057
2 0.023 0.014 0.075 0.023 0.011 - 0.011 0.011 0.015 - - - - 0.011
3 0.977 0.943 0.818 0.986 0.925 0.977 0.977 0.989 0.989 0.989 0.970 0.966 0.984 0.962 0.951 0.920
4 - - - - - - 0.011 0.011 - - - - - - - 0.011
HO 0.045 0.114 0.182 0.029 0.050 0.045 0.045 0.023 0.023 0.023 0.061 0.068 0.031 0.077 0.098 0.159
PGM*
(n) 44 43 11 35 18 21 44 44 44 44 33 44 32 26 40 44
1 0.011 - - - - - - - - - - 0.011 - - - -
2 0.068 0.012 - 0.014 - 0.024 0.114 0.023 0.023 0.011 - 0.091 0.047 0.019 0.038 0.011
3 0.852 0.977 1.000 0.943 0.944 0.905 0.841 0.955 0.932 0.943 0.955 0.852 0.922 0.962 0.900 0.955
4 - - - - - - - - - 0.011 - - - - - -
5 0.068 0.012 0.043 0.056 0.071 0.045 0.023 0.045 0.034 0.045 0.045 0.031 0.019 0.063 0.034
HO 0.295 0.047 0.000 0.114 0.111 0.190 0.205 0.091 0.114 0.114 0.091 0.295 0.156 0.077 0.150 0.091
PEPB*
(n) 44 43 11 34 19 22 44 41 44 44 33 43 32 26 41 43
1 - 0.035 - - 0.026 0.023 0.011 0.037 0.011 - - 0.012 0.016 0.058 0.024 0.012
2 0.455 0.233 0.318 0.250 0.500 0.318 0.284 0.427 0.341 0.398 0.515 0.326 0.297 0.365 0.207 0.267
3 0.534 0.733 0.636 0.706 0.474 0.614 0.670 0.537 0.625 0.602 0.485 0.663 0.641 0.558 0.707 0.674
4 0.011 - 0.045 0.044 - 0.045 0.034 - 0.023 - - - 0.047 0.019 0.061 0.047
HO 0.386 0.326 0.364 0.293 0.421 0.318 0.314 0.366 0.341 0.341 0.485 0.419 0.469 0.462 0.390 0.372
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6.3.2 mtDNA sequencing

Sequencing of a 567bp fragment of the ATPase6 mitochondrial gene revealed a high number of

haplotypes (18) among the 30 individuals from 10 drainages. There were 37 variable sites, of

which four changes were first codon position (10.8%), there were no second position changes

and 33 changes were at the third position (89.2%) (Table 6.4). Sequences were submitted to the

GenBank database, Accession numbers AF227168-AF227185. The average nucleotide diversity

among all unique haplotypes (±sd) was 0.009 (±0.005).

Table 6.4. Variable nucleotide positions in eighteen H. compressa haplotypes of the 567bp
fragment of the ATPase6 gene identified by DNA sequencing. Numbers refer to nucleotide
position 27 bp from the start of the ATPase6 gene.
              111 111 222 222 233 333 334 444 444 455 5
       35 668 456 899 001 257 901 366 882 566 789 903 3
      661 037 498 325 120 050 498 909 276 958 172 511 4

GenBank
Accession
No.

HC1   CGT GCA GCT AGC ATA TAA AGC AGG CAG TAA ATT CAA T
HC2   ... ... ... ... ... ..C ..T ... ... ... ... ... .
HC3   ... A.. ... ... ... ..C ... ... ... ... ... ... .
HC4   ... ... ... ..T ... ..C ... ... ... ... G.. T.. .
HC5   ... ... .G. GA. .CG .GC ... .A. ... G.. .C. ... .
HC6   ... ... .G. G.. ... ..C .A. ... ... ..G ... ... .
HC7   ... ... AG. G.. ... ..C G.. ... ... .G. ... ... .
HC8   ... .TG ... G.. ... ..C ... ..A ... ... ... ... C
HC9   ... ..G ... ... ... ... ... ... ... ... ... ... .
HC10  ... ... ... ... ... ... ... ... ..A ... ... ... .
HC11  T.. ... ... ... ... ... ... ... ... ... ... ... .
HC12  ..C ... ... ... ... ..C ... ... ... ... ... ... .
HC13  ... ... ... ... G.. ..C ... ... ... ... ... ..G .
HC14  ... ... ... ... ... ..C ... G.. ... ... ... ... .
HC15  ... ... ... ... ... ..C ... ... .G. ... ... ... .
HC16  ... ... ... ... ... C.C ... ... T.. ... ..C ... .
HC17  .A. ... ... ... ... ..C ... ... ... ... ... ... .
HC18  ... ... ..C ... ... ..C ... ... ... ... ... .G. .

AF227168
AF227169
AF227170
AF227171
AF227172
AF227173
AF227174
AF227175
AF227176
AF227177
AF227178
AF227179
AF227180
AF227181
AF227182
AF227183
AF227184
AF227185

Assessment of the levels of nucleotide diversity and divergence within and among populations

from different drainages showed that there was often more variation within a population than

between (Table 6.5). This was concordant with the allozyme data which showed a similar

pattern, although for the mtDNA data sites HWS and CAL were often more divergent to other

sites, as demonstrated by the positive pairwise net divergences (Table 6.5).

An mid-point rooted neighbour joining tree of unique haplotypes revealed a bushy tree

conforming to a star shaped phylogeny (Figure 6.5). The gamma rate heterogeneity parameter α

was large (97), which can occur where substitution rates are almost homogeneous across sites

(Yang 1996). Nevertheless, it is evident that nucleotide divergence among most haplotypes is

low and that relationships among haplotypes are poorly resolved (Figure 6.5). There was no
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Figure 6.5. Mid-point rooted neighbour joining tree (Saitou and Nei 1987) showing
phylogenetic relationships of eighteen mtDNA haplotypes (HC1-HC16) of H.
compressa. The Tamura and Nei (1993) model of sequence evolution was assumed,
with empirically derived gamma distribution alpha parameter of 97. Values at nodes
represent bootstrap confidence levels (1000 replicates) if greater than 50. Scale bar
indicates 1% sequence divergence.
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geographical association of haplotypes (Table 6.6). For example site ELC had copies of the

most divergent haplotype (haplotype HC5) and the most common (haplotype HC1) (Figure 6.5).

Haplotype HC4, which was only found at site HWS, was closely related to haplotypes found in

east coast populations (Figure 6.5). Four haplotypes had a frequency of greater than one, for

example, haplotype HC3 was found in five individuals the breadth of the east coast (Table 6.6).

Fourteen of the 18 haplotypes had a frequency of one among the 30 individuals sequenced

(Table 6.6).

Table 6.5. Nucleotide diversity (above diagonal), net divergence (below) among 10 H.
compressa populations, and nucleotide diversity within populations (in bold) (Nei 1987) on the
diagonal. Site abbreviations as in Table 6.1. Each site represents one of the ten drainages
sampled in the present study.

STW RSR BBD PYC BYC STR BLW ELC CAL HWS
STW 0.0035 0.0037 0.0031 0.0045 0.0033 0.0025 0.0045 0.0087 0.0083 0.0085
RSR 0.0002 0.0035 0.0041 0.0047 0.0027 0.0035 0.0043 0.0089 0.0073 0.0083
BBD -0.0004 0.0006 0.0035 0.0045 0.0033 0.0025 0.0045 0.0087 0.0083 0.0089
PYC -0.0002 0.0000 -0.0002 0.0059 0.0043 0.0039 0.0055 0.0097 0.0089 0.0095
BYC 0.0004 -0.0002 0.0004 0.0002 0.0023 0.0027 0.0035 0.0085 0.0069 0.0083
STR -0.0004 0.0006 -0.0004 -0.0002 0.0004 0.0023 0.0039 0.0081 0.0077 0.0083
BLW -0.0002 -0.0004 -0.0002 -0.0004 -0.0006 -0.0002 0.0059 0.0097 0.0085 0.0095
ELC -0.0002 0.0000 -0.0002 -0.0004 0.0002 -0.0002 -0.0004 0.0143 0.0115 0.0133
CAL 0.0018 0.0008 0.0018 0.0012 0.0010 0.0018 0.0008 -0.0004 0.0095 0.0117
HWS 0.0020 0.0018 0.0024 0.0018 0.0024 0.0024 0.0018 0.0014 0.0022 0.0095

Table 6.6. Distribution of mtDNA haplotypes of a 567bp fragment of the ATPase6 gene among
sequences of H. compressa by site and drainage. Site abbreviations as in Table 6.1. Each site
represents one of the ten drainages sampled in the present study.
Haplotype Site

STW RSR BBD PYC BYC STR BLW ELC CAL HWS Total
HC1 1 1 1 2 1 1 7
HC2 1 1 2
HC3 1 2 1 1 5
HC4 2 2
HC5 1 1
HC6 1 1
HC7 1 1
HC8 1 1
HC9 1 1
HC10 1 1
HC11 1 1
HC12 1 1
HC13 1 1
HC14 1 1 1
HC15 1
HC16 1 1
HC17 1 1
HC18 1 1
Total 3 3 3 3 3 3 3 3 3 3 30

Sherry et al. (1994) showed that a sample of 25 individuals was sufficient to provide a good

representation of the history of a sample of haplotypes. Site HWS sequences were omitted from
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the analysis because I was interested in the history of the east coast populations. The

distribution of pairwise differences (mismatch distribution) among 27 sequences from nine

drainages revealed a generally unimodal pattern (Figure 6.6). The raggedness statistic, r, was

0.134, and the observed data did not match the distribution as expected under the expansion

model (χ2=152.3, df=9, P<0.0001) (Figure 6.6). The observed data were also markedly

different to that expected for stable populations, even given the stochastic variation which can

be apparent in stable population mismatch distributions (see Harpending et al. 1993).

Tajima�s D test of neutrality of sequence evolution revealed a significant negative departure

from neutrality among the 30 sequences from 10 drainages and among the 27 sequences from

the nine east coastal drainages (D=-2.22, P<0.01 and D=-2.19, P<0.01 respectively). This

implied that there were more recently derived haplotypes than would be expected under neutral

models of evolution (Rand 1996).

Figure 6.6. Mismatch distributions for 27 east coastal mtDNA ATPase6 gene sequences of H.
compressa. Full line indicates observed data, dotted line indicates expected distribution in an
expanding population and dashed line indicates the expected distribution of a stable population.
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6.4 DISCUSSION

Obligate freshwater fish are expected to display greater levels of genetic differentiation and

population subdivision than marine species due to the isolating nature of river systems and

small effective population sizes (e.g. Ward et al. 1994). In the present study, allozyme and

mtDNA data reveal that the levels of genetic differentiation among populations of H.

compressa, both within and between drainages, are not consistent with these expectations. The

data suggest that populations of H. compressa are not panmictic (overall FST=0.015, P<0.001),

although low FST estimates are consistent with some gene flow occurring among drainages.

There appeared to be an isolation by distance effect when northern and eastern sites are

considered, but not among populations of the east coast (Figure 6.4). Sequencing of a mtDNA

locus revealed a large number of closely related haplotypes. The patterns in the genetic data can

reveal something of the levels of connectivity, historical demography, life history and origin of

populations of H. compressa in Australian waters.

The allozyme findings suggest that there are high levels of connectivity among populations of

H. compressa. Hierarchical F-statistics reveal there is little differentiation among populations

in different drainages after taking account of the variation within drainages: the differentiation

that exists is not partitioned by geography (Figures 6.2 and 6.3). The occurrence of uncommon

alleles at either extreme of the sampling range reinforces this notion. However, even in a

situation where populations are highly connected, one would expect an isolation by distance

effect if the dispersal distance of an individual is less than the range of the species (or the

sampling effort) (Slatkin 1993). The present study revealed conflicting relationships between

geographic distance and allozyme genetic differentiation depending on the scale of the

comparison. When the population from the Northern Territory (HWS) was included in the

analysis, a significant result was obtained using both measures of distance (Figure 6.4).

However, when site HWS was dropped from subsequent analyses, there was no apparent

relationship (Figure 6.4). It may be that distance is an important factor in determining the

amount of differentiation between eastern and northern Australian populations of H.

compressa, although the significant association could also be due to a barrier which historically

isolated these populations. Because there were no intermediate samples collected between

HWS and STW, it is impossible to distinguish between the two scenarios (see e.g. Stewart et al.

1999).

There are a number of possible explanations for why there was no relationship between

distance and genetic differentiation among east coast populations. First, natural selection
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cannot be dismissed as a mechanism for homogenising allele frequencies among sites via

balancing selection (see e.g. Karl and Avise 1992). Second, the lack of isolation by distance

coupled with the low FST estimates may imply that there are sufficient episodes of rare long

distance dispersal among H. compressa populations to disrupt the formation of an isolation by

distance relationship. The mtDNA data revealed a shallow, poorly resolved network, consistent

with Avise et al.�s (1987a) type II phylogeographic hypothesis that describes a species with a

life history conducive to dispersal that also occupies a range free of barriers to gene flow.

However, drainages theoretically isolate populations, and such extensive connectivity over such

a large range would be unusual for a freshwater fish. Another possible explanation for the lack

of an isolation by distance relationship among east coast populations of H. compressa might be

that they have undergone a demographic change such as a bottleneck or expansion, or both,

with insufficient time subsequently for a migration-drift equilibrium to be established.

Newly developing statistical techniques, such as mismatch analysis, are allowing us to explore

the demographic histories of populations (Rogers and Harpending 1992). The distribution of

pairwise differences revealed a mismatch distribution that was too ragged to conform to

expectations derived from an historic population expansion model (Figure 6.6). Nevertheless,

the distribution was unimodal except for the peaks due to the divergent haplotypes (haplotypes

HC5,HC6,HC7 and HC8), significant negative Tajima�s D and low variation among haplotypes

(mean nucleotide divergence among unique haplotypes = 0.009 ±0.005). This combination of

characteristics of the mtDNA data is consistent with a scenario of an historical population

contraction, and a subsequent expansion. Bottlenecks are expected to have drastic effects on the

number of surviving mtDNA lineages due to the greater effect of drift on rare haplotypes, but

not on the number of mutations between the surviving lineages (Nei et al. 1975; Wilson et al.

1985). The corollary is that the number of haplotypes in a population will recover more quickly

than variation among haplotypes in an expanding population (Nei et al. 1975). More recently,

Harpending et al. (1998) showed that some populations that have undergone historical

contractions may retain some of this pre-contraction diversity, some loci having very divergent

gene lineages. Given the apparently high variability at the allozyme loci of H. compressa, the

bottleneck event was most likely of a transient nature and affected the nuclear loci less than

mtDNA loci because of the fourfold greater effective population size of nuclear loci compared

to mtDNA loci (Wilson et al. 1985; Birky et al. 1989). Prolonged bottlenecks are expected to

strip both nuclear and mitochondrial loci of their variability (Wilson et al. 1985). The

hypothesised subsequent expansion of H. compressa populations explains the large number of

recently derived haplotypes that were found among the individuals sequenced, and allows for

the lack of divergence among them.
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The geomorphological history of the study area could be considered to be consistent with the

scenario of a population contraction, followed by an expansion. Sea level changes in the

Pleistocene were dramatic and undoubtedly affected the lowland river habitat presently utilised

by H. compressa. There have been two major increases in sea level, approximately15000 and

130000 years ago (Chappell 1983), which would have separated once contiguous drainages and

shortened the resulting river systems, presumably decreasing the amount of available habitat

and possibly decreasing population sizes of H. compressa. There may have been opportunities

for expansion during the times of lower sea levels between the maxima when systems were

again more extensive. Due to the significant departure from the expanding population model of

the data of the present study, I could not calculate parameters such as τ, the time since

expansion, however further refinements of analytical mismatch techniques may help to explore

possible demographic shifts among populations of H. compressa, and when this may have

occurred (see e.g. Weiss and von Haeseler 1998).

Whatever the equilibrium state of the sampled populations of H. compressa, I still deduced

characteristics of its life history and dispersal ability from the genetic data. H. compressa does

not appear to be a freshwater fish in the classic sense. Many examples in the literature reveal

that populations isolated by drainages evolve in isolation, and thus independently (see e.g.

Ward et al. 1994). They display marked gene frequency shifts, extreme sorting of alleles, low

within population variability and populations in different drainages often have different

�assemblages� of alleles (e.g. Pseudomugil signifer, Chapter 3, Craterocephalus

stercusmuscarum, Chapter 5). Marine populations are more open and therefore have greater

levels of connectedness, often sharing both common and uncommon alleles, and have lower

gene frequency differences and higher within population variability. Populations inhabiting

estuaries are often qualitatively midway between those inhabiting freshwater or marine habitats

(e.g. Keenan 1994; Jerry and Baverstock 1998). The data of the present study indicate H.

compressa are more consistent with an estuarine or even marine species than one inhabiting

freshwater. It may be that there is one or more stages in the life history of H. compressa that

are, or may recently have been, highly vagile, connecting populations in different drainages and

at relatively large geographic scales. If the populations sampled in the present study are not in

migration-drift equilibrium, then it is difficult to make any conclusions about the extent of

present day gene flow, however the indication of some expansion event implies that

geographically distant sites have been connected in the past.
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There is a lack of quantitative information in regard to the extent of movement of any life

history stage for any hypseleotrid. Juveniles have been reported to migrate en masse from

estuarine areas to upstream habitats (Herbert et al. 1995), which is consistent with the genetic

data that suggests populations within some drainages are connected. However, this does not

explain any of the among drainage variation, such as that between the Northern Territory and

east coast populations. The extent of movement in larval and adult stages is unknown, and

without further research into hypseleotrid biology and dispersal patterns and rates, identifying

which life history stage or stages contribute most to connectivity among drainages is difficult.

Recent data reported on the evolutionary genetics of several Hawaiian freshwater gobies may

be an informative comparison (Zink et al. 1996; Chubb et al. 1998). It was revealed that the

common, but probably independently derived characteristic of amphidromous larvae facilitated

gene flow among island populations, there being little phylogeographic signal and no evidence

of genetic subdivision. It may be that H. compressa, also a gobiid fish, has a dispersive marine

larval phase, or has had one until recently.

Given the hypothesised recent marine ancestry of H. compressa (Allen 1989) and the genetic

evidence of some demographic shift in the recent past, future work may find it useful to explore

the history of the freshwater invasion by the hypseleotrid group. Further studies on the

macroevolutionary relationships among the widespread genus Hypseleotris may help to reveal

if there have been several repeated invasions within the hypseleotrid group, or if freshwater

tolerance of all species derived from a single event. Recently, Lee (1999) has explored the

phylogenetic and physiological relationships among populations of a euryhaline copepod and

found evidence for several repeated invasions across the range of the species. There is thus

great potential for further work on Australia�s freshwater species, and in conjunction with

comparative studies involving representatives from independent lineages we may gain a greater

understanding of the contemporary dynamics and evolutionary history of Australia�s freshwater

species.
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CHAPTER 7

7.0 GENERAL DISCUSSION

Population structure is influenced by demographic, genetic and historical processes that interact

to produce the patterns we observe today (Slatkin 1987). In freshwater systems, organisms are

fragmented into isolated drainages which evidently allows for greater genetic differentiation

and population subdivision among populations than marine or anadromous species (Gyllensten

1985; Ward et al. 1994). Evidence from the current study for two species of Australian

freshwater fish is consistent with this conclusion, however the third species, H. compressa,

displayed patterns more consistent with a marine, or at least an estuarine fish. Below, I discuss

the implications of the results of the current study in terms of the extent of contemporary gene

flow among populations, the influence of earth history events, the congruence to current

biogeographic hypotheses, population structure in riverine systems, and finally remark briefly

on the current taxonomy of the study species.

7.1 INFERRING THE EXTENT OF CONTEMPORARY GENE FLOW IN RELATION TO

DISPERSAL POTENTIAL

An implication of the isolation imposed on stream organisms by being restricted to freshwater

systems is that dispersal between different systems is limited, regardless of the dispersal

capability of a particular species. Nevertheless, the geographic extent of a species� distribution

implies that dispersal does occur between systems, and some species may have greater abilities

to traverse drainage barriers than others due to physiological, behavioural or other life history

characteristics. I was interested in examining the extent of inferred contemporary gene flow in

relation to the dispersal potential of the three study species. A general consensus in the

literature is that species which have greater dispersal potential have lower levels of genetic

differentiation and higher levels of gene flow than species with lower dispersal potential (e.g.

Avise 1994). I examined patterns of genetic variation in three species of freshwater fish with

qualitatively different life histories which implied different dispersal capabilities. As described

in Chapter 6, Hypseleotris compressa, the empire gudgeon, has a high dispersal potential based

on its reproductive strategy which is characterised by high fecundity, little development at

hatching and higher stream order habitat preference (indicating a tolerance for brackish water)

(Auty 1978; Robertson and Blaber 1992; Larson and Hoese 1996) (see Chapter 2 also).

Pseudomugil signifer, the Pacific blue eye, is characterised by low fecundity and adhesive eggs

of which the larvae are well developed at hatching (Semple 1986; Howe 1987; Howe et al.

1988; Ivantsoff and Crowley 1996b) (Chapter 3). However, they have a wide habitat
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preference, being found in freshwater, brackish and marine systems which implies a dispersal

capability that is potentially restricted at some phases of the life history, but increased at others.

Finally, Craterocephalus stercusmuscarum, the fly specked hardy head, has a medium to low

dispersal potential based on its limited number of demersal adhesive eggs and its restriction to

freshwater (Llewellyn 1979a; Milton and Arthington 1983a; Semple 1985a; Ivantsoff and

Crowley 1996a) (Chapter 5). We would expect, based on life history alone, that the order of

greatest to least genetic differentiation among populations of these species would be C.

stercusmuscarum ≥ P. signifer > H. compressa.

The comparative FST estimates obtained for coastal Queensland populations of the three study

species are shown in Table 7.1. Due to the different sampling schemes of the different species I

attempted to standardise the comparisons by selecting sites that were common to the three

species, or were at least geographically close. Table 7.1 details the sites selected for each

species. The jackknifed mean FST estimate for populations of P. signifer and C.

stercusmuscarum were two orders of magnitude greater than H. compressa (Table 7.1) and

imply that gene flow among populations of P. signifer and C. stercusmuscarum from different

drainages is extremely limited. In contrast, the implication of the low FST estimate for

populations of H. compressa was that gene flow was substantial among populations, although

not panmictic as the FST value was significantly different from zero (P<0.05) (Table 7.1). From

these simple measures, it would appear that the species with the greater propensity for dispersal

had lower levels of genetic differentiation among populations and higher levels of gene flow

than the lower dispersal species.

Table 7.1. Comparison of jackknifed mean FST (±S.E.) values for three species of freshwater
fish of the present study. Sites included in the analyses are listed below. ***=P<0.0001,
*=P<0.05. For further discussion see text.
Species Dispersal

capability
Number
of sites#

FST

(S.E.)
Range of coastal
distances (km)

Range of great circle
distances (km)

H. compressa high 7 0.008*
(0.005) 38-1750 20-1000

P. signifer medium 10 0.59***
(0.09) 33-2100 8-1200

C. stercusmuscarum medium-
low 10 0.41***

(0.06) 35-2100 8-1200
#sites used in analyses were (abbreviations as in Table 2.1): H. compressa - RSR, PYC, BYC, STR, BLW,
ELC, CAL; P. signifer - RSR, NJN, KBC, BYC96, STR, PRO, CTC, CAL, BUR, AMA; C.
stercusmuscarum - RSR, NJN, KBC, STR, BLW, ELC, PIO, CAL, ELT, AMM.

Contemporary dispersal among coastal lowland drainages is potentially facilitated by either

flood waters connecting adjacent drainages at low altitude drainage divides and / or via

offshore flood plumes at times of extreme flow. There is little evidence in the data of the
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present study that this is an effective mechanism of dispersal in either P. signifer or C.

stercusmuscarum, although it may be in H. compressa. Focusing on the Wet Tropics region

where rainfall is highest and flood waters are common, neither P. signifer nor C.

stercusmuscarum showed evidence of extensive gene flow between the two most intensively

characterised adjacent drainages, which were the Mulgrave-Russell and Johnstone. This is not

to presume that movement does not occur via flood water events between any drainages in P.

signifer or C. stercusmuscarum, but does illustrate that gene flow can be limited at small spatial

scales where intuitively it might be expected that there would be many opportunities for

between drainage dispersal. There are few studies in the literature that I am aware of that have

investigated the patterns of genetic diversity among populations of fish inhabiting a continental

margin at the wide geographic scale of the present study. Hughes et al. (1999) showed that

populations of the oxleyean pygmy perch Nannoperca oxleyana may have been influenced by

the changes in drainage structure due to eustasy. Baer (1998a) showed that movement of

Heterandria formosa across the southern USA landscape was more consistent with a two

dimensional model, with quite high levels of gene flow; much greater than that observed in

either P. signifer or C. stercusmuscarum.

Inferring the level of gene flow among populations of the study species was confounded by the

possibility that the sampled populations of each species were not at equilibrium between gene

flow and genetic drift. An important assumption of inferring gene flow from F-statistics is that

this assumption is valid (Slatkin 1993). In Chapter 6 it was shown that H. compressa had low

levels of genetic differentiation, a lack of a pattern of isolation by distance and mtDNA

sequence variation that matched a recent demographic shift; patterns which suggest that the

populations sampled were not in equilibrium between gene flow and drift. Thus, using F-

statistics to infer contemporary levels of gene flow was problematic. An important issue the

present study raises is the validity of comparing the inferred levels of gene flow among co-

distributed taxa which have had fundamentally different histories. It could well be that the

levels of contemporary gene flow are as low for populations of H. compressa as they are for P.

signifer and C. stercusmuscarum. Nevertheless, it is apparent that populations of H. compressa

have at the least a greater historical connectivity, and the importance of history in shaping

current patterns of genetic diversity is explored in section 7.2. The northern P. signifer and

coastal lowland C. stercusmuscarum also showed non-equilibrium patterns, as they had a non

significant relationship between distance and genetic differentiation (Chapters 3 and 5). The

high levels of genetic differentiation, as signified by the many pairwise comparisons that had

values of log M^ less than zero, together with the large spread of values are consistent with the

extreme isolation of populations where allele frequencies in each population are drifting
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independently of geographic distance (Hutchison and Templeton 1999). Random sampling of

gametes in the finite, and likely small populations within drainages, leads to a large scatter

between the comparisons of genetic differentiation and geographic distance (Hutchison and

Templeton 1999), which was the observed pattern. The patterns observed in P. signifer and C.

stercusmuscarum are also consistent with a pattern whereby an invaded region is followed by

fragmentation into small isolated populations, a scenario not unlikely given the changes to

drainage connectivity due to eustatic changes. Another possibility is that the stepping stone

model is not applicable to freshwater fish, given that they are divided into isolated drainages.

There may be some credit in the suggestion that a mixed model is more appropriate, such that

some populations are in equilibrium with each other, while others are not, as suggested by

Wakeley (1996) for populations of the threespine stickleback.

7.2 THE ROLE OF EARTH HISTORY EVENTS IN SHAPING PATTERNS OF GENETIC

DIVERSITY

Bernatchez and Wilson (1998) remarked that freshwater fish were an excellent conduit for

investigating earth history events because they are isolated into �islands� which decreases the

chance of dispersal overwriting ancient patterns of genetic diversity. It is apparent that

historical processes have been important in shaping the patterns of genetic diversity in the

present study species. Only P. signifer showed that most of the genetic variation assayed was

among drainages when all populations of each species were considered. There was little

evidence of isolation by distance for any of the species, which suggests that historical processes

may have disrupted, or do disrupt the potential for a drift - gene flow equilibrium to be

established. Below, I discuss the consequences of eustasy, and briefly, the evidence for stream

capture which are apparent from the data for the three species of Australian freshwater fish that

I studied.

7.2.1 Consequences of eustasy

Bermingham and Avise (1986) recognised that the dynamics of coastal margin habitats in

response to eustatic changes may result in discordant phylogeographic patterns among species,

as a function of the characteristic dispersal of each species and their ability to overcome

vicariance imposed by variation in drainage divides. The present study supports this in the

sense that the patterns of genetic diversity were different among the three species. Populations

of H. compressa showed little genetic differentiation and no geographic structure in the

distribution of genetic diversity, consistent with recent connectivity between currently isolated

drainages.
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Populations of coastal lowland C. stercusmuscarum had patterns of genetic diversity that may

be related to ancient drainages. Northern populations were often genetically divergent (e.g.

lowland populations of the Johnstone River, 50 km apart) where the shelf is narrow and

drainage coalescence may have been limited. In contrast populations from Bowen (ELC) to

Calliope (CAL), greater than 1000km distant which also encompasses the driest part of the

Queensland coast, had reduced levels of genetic differentiation and even shared mtDNA

haplotypes. This region, though, is where the continental shelf is at its widest, presenting the

most opportunity for drainage coalescence and presumably historical gene flow.

Populations of P. signifer revealed deep genetic breaks north and south of the Herbert River to

the Proserpine (Cedar Falls) region and high levels of divergence within each region, with

drainages often being characterised by a distinctive assemblage of alleles or allele frequencies.

Within the northern region, the short internode distances between the main clades identified

from the haplotype tree are consistent with a scenario in which these lineages were isolated at

about the same time, and have remained that way. The fact that individuals from the disparate

drainages of the Tully, Johnstone and Barron had similar mtDNA haplotypes may be the signal

of some past dispersal event. Unfortunately, mtDNA sampling in the ELC to CAL region was

limited to three individuals of P. signifer, so we cannot infer anything of the influence of this

part the continental shelf on patterns of genetic diversity among populations of P. signifer.

Nevertheless, populations in central to south east Queensland were more similar to each other

than those in NSW which is characterised by a very narrow continental shelf (Maxwell 1968;

Maxwell 1973).

7.2.2 Cross drainage divide stream rearrangements

Of the study species, only C. stercusmuscarum has a distribution which encompasses western

flowing drainages and upland areas of eastern flowing rivers. Crowley (1990) hypothesised that

the Craterocephalus group has an ancient association with the Australian continent and

suggested that aspects of the distribution of C. stercusmuscarum may be associated with

geologic activity in the Miocene. Specifically, Crowley (1990) suggested that the disjunct

distribution of C. s. fulvus between the Murray-Darling and south-east coast Queensland

drainages was due to vicariance caused by the eruption of a volcanic shield 20-23 million years

ago. Data from the present study would be inconsistent with this scenario; the relatively

shallow divergence times and lack of allozyme differentiation argue for a common ancestry

(Chapter 5), which can be accommodated by invoking stream capture of western flowing

drainages by those flowing east. In addition, Crowley (1990) did not suggest stream capture as

a mechanism of fish movement between northern drainages of Queensland. Given that upland
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C. stercusmuscarum of northern easterly flowing drainages were more similar to individuals in

the Northern Territory than they were to their lowland river counterparts tenders support for the

assertion that stream capture events may have led to the occurrence of C. stercusmuscarum in

upland east coast rivers, rather than being derived from a common population that was isolated

by the uplift of the northern highlands 23-3 million years ago (Crowley 1990).

7.3 RECONCILING PATTERNS OF GENETIC DIVERSITY AMONG SPECIES AND

BIOGEOGRAPHIC REGIONS

One of the central tenets of phylogeography is that phylogeographic breaks should be

concordant with well established biogeographic breaks (Avise 1992). Avise and colleagues

established that the Florida peninsula has had an important bearing on the distribution of

genetic diversity between Atlantic and Gulf of Mexico populations in taxa as diverse as birds,

fish, oysters and horseshoe crabs due to the geological history of this area affecting the diverse

taxa in similar ways (see Avise 1992). Lately, however Burton (1998) questioned whether

phylogeographic breaks caused by a shared historical geology were more typical than apparent

breaks being due to geographically abutting phylogenetically independent groups. That is,

Burton (1998) suggested that a biogeographic break in the Point Conception area of California

(USA) may be the result of changes from the northern, cold water �Oregonian� fauna to the

southern, warm water �Californian� fauna, suggesting that the break at Point Conception has

not been the initiator of numerous speciation events nor the cause of evident intraspecific

genetic differentiation.

In the context of the present study, various authors have attempted to define biogeographic

areas based on the distributional patterns of freshwater fish. Most authors up until the present

time have defined coastal Queensland to be within the one arbitrary biogeographic province -

the Eastern Coastal Division (Brown 1985; Allen 1989). Evidently, discussion of differentiation

across a boundary using present definitions with the current data for east coastal sites is

impossible because my sampling was only within the one division. Nevertheless, the patterns of

deep divergence noted in both C. stercusmuscarum and P. signifer in coastal Queensland

drainages suggests that the presence of one drainage division along the entire coast of eastern

Australia may be erroneous. Interestingly, authors studying terrestrial based organisms

recognise a biogeographic break in the Burdekin region (Keast 1961; Simpson 1961; Cracraft

1986) and lately, Unmack (1999) suggested a freshwater fish biogeographic break at the

Burdekin River (see also General Introduction). Therefore, we might hypothesise that this

region may have played a role in the generation of phylogeographic breaks in the present study

species.
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Obviously, data from H. compressa do not support any indication of a phylogeographic

boundary existing in the Burdekin River region. The fact that derived haplotypes were found

from sites spanning 17°S to 23°S (e.g. haplotype HC3, Chapter 6) and the low allozyme

differentiation among these sites attests to this. The data from P. signifer and C.

stercusmuscarum paint two different pictures. For populations of P. signifer, allozyme and

mtDNA sequence data suggest the presence of a major genetic discontinuity at or south of the

Herbert River and north of Proserpine, the region encompassing the Burdekin River catchment.

The extreme mtDNA divergence attests to a long period of separation of these groups. It might

be concluded then, that the Burdekin Gap has been an effective barrier which has had an

important influence on the distribution of genetic diversity among populations of P. signifer.

Caution should be noted however with this interpretation. Burton (1998) noted that previously

strong evidence for a phylogeographic break in the intertidal copepod Tigropius californicus

was probably the result of gaps in geographic collection which when sampled revealed the

occurrence of several other phylogeographic breaks. In the present study, there was a great

circle distance of approximately 350km between the two groups identified in the mtDNA

haplotype tree, which if sampled may help to resolve the spatial relationships between the two

groups. In common with Burton�s (1998) study, other more minor phylogeographic breaks were

found among P. signifer which makes it difficult to conclude that the Burdekin Gap is the

fulcrum of the genetic break.

For populations of C. stercusmuscarum, there is no evidence that the Burdekin region has

served as a mechanism in the formation of genetic discontinuity. In fact, the opposite may be

true. As discussed in Chapter 5 and above in section 7.2.1, populations from ELC (near Bowen

- north of Proserpine) to CAL (Calliope - south of Rockhampton) displayed relatively low

levels of allozyme differentiation and shared some closely related mtDNA haplotypes. This

pattern is more like that associated with current connectivity or a population expansion;

certainly not concordant with a genetic break. I attributed this pattern to the possibility that at

times of lowered sea levels, drainages in this region may have coalesced allowing for

connectivity over large spatial scales. There was some indication for differentiation among C.

stercusmuscarum populations along the mid to north coast of Queensland, in that there was no

sharing of mtDNA haplotypes between sites north and south of Townsville (Figure 5.6, Table

5.6), however there was no evidence for the extreme genetic break as seen in P. signifer.

Reconciling the different genetic patterns to an overriding biogeographic scenario is a difficult

task. Like P. signifer, C. stercusmuscarum appear to have restricted gene flow between
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drainages which the large divergences of the mtDNA data suggest can be restricted for long

periods of time. However, the response to earth history events such as sea level changes,

coalescing drainages or the drying of drainages would appear to offer different species different

opportunities for movement, as suggested by Bermingham and Avise (1986). The fact that

authors (e.g. Merrick and Schmida 1984; Allen 1989) have found it difficult to reconcile the

apparent stepwise changes in the freshwater fish distributions of east coastal Australia with an

obvious biogeographic barrier supports the notion that what may be an important historical

influence for one species may be unimportant for another along coastal margins. An interesting

point to consider is the �input� of species inhabiting westerly flowing drainages to east coast

rivers via stream capture (see above). This would serve to obscure biogeographic patterns, as

the species ultimately transported would be a function of the species present in western flowing

drainages. Also, transport would in essence be �independent� of the geography of the east coast

and more dependent on the occurrence of cross divide stream capture, meaning the presence of

a biogeographic barrier for some species may, in a sense, be avoided.

A final note is that the preceding discussion assumes a period of sympatry of the species over

the time evident from the differentiation encompassed by the genetic patterns. An unknown at

the present is the timing and frequency of the invasion to freshwater from marine waters.

Although it is unlikely to be as recent as 200000 years ago as some authors suggest (Allen

1995, but see Crowley 1990; McGuigan et al. 2000), if any of the study species underwent an

invasion (or secondary invasion) from marine waters in the time span evident from the levels of

genetic differentiation, then the interpretation of the events leading to the patterns observed is

complicated indeed. The time and frequency of freshwater invasion of Australia�s freshwater

fish is an area that could be fruitfully investigated to understand more fully the evolution of the

Australian freshwater fish fauna.

7.4 POPULATION STRUCTURE IN RIVERINE SYSTEMS

The Stream Hierarchy Model (SHM) of Meffe and Vrijenhoek (1988) attempted to summarise

the distribution of population differentiation in terms of the different hierarchical levels

inherent to stream systems. As described in Chapter 1, it is essentially a null model that

describes a system in equilibrium, whereby the level of isolation as measured by position in the

stream hierarchy determines the probability of connectivity, and thus the degree of genetic

differentiation among populations. At a gross level, many freshwater fish have distributions of

genetic diversity which adhere to the tenets of the SHM. That is, most of the genetic

differentiation is distributed among drainages rather than within (Ward et al. 1994). Other

freshwater organisms also display greater differentiation among populations in different
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drainages than within (see references in General Introduction, Chapter 1), suggesting that the

SHM may accurately describe patterns of genetic variation of stream dwelling or stream

associated organisms. However, examination of other studies reveals that it is not of universal

utility. Schmidt et al. (1995) showed that the distribution of genetic diversity in an

ephemopteran was due to egg deposition by a limited number of females from a large

population, and there was therefore as much differentiation among populations within a

drainage as between. Currens et al. (1990) showed that there were different assemblages of fish

in the same drainage probably because of past connectivity of different systems. Hurwood and

Hughes (1998) found a similar pattern in an Australian freshwater fish. There are other

examples (e.g. Echelle 1991; Chubb et al. 1998; Driscoll 1998), and Vrijenhoek (1998) has

indicated the SHM may not always be an accurate description of the patterns of genetic

diversity in stream systems.

In terms of the present study, the SHM was often inappropriate in describing the patterns of

genetic diversity among populations, but it was effective in summarising characteristics of the

different study species. For example, populations of H. compressa were as genetically different

within drainages as they were between, and therefore the data were not concordant with the

SHM. Further exploration of the data implied that ongoing or recent gene flow has acted to join

populations in different drainages, thus resulting in the discordance with the SHM. The

distribution of genetic diversity among populations of C. stercusmuscarum was also discordant

with the SHM. In this case, the data suggested that populations in different drainages had low

levels of gene flow, but that the exchange of individuals between different systems via stream

capture and coalescence of streams during low sea levels may have altered the distribution of

genetic diversity.

The distribution of genetic diversity of P. signifer was concordant with the tenets of the SHM,

in that most of the genetic variation among populations was distributed among populations in

different drainages compared to among populations with drainages. It may be that the low

levels of gene flow evident between drainages of P. signifer has led to most of the genetic

diversity occurring between drainages. The fact that P. signifer is restricted to the coastal fringe

means there is no opportunity for inputs of individuals from western flowing drainages to

disrupt the relationship. The distribution of genetic diversity among populations of P. signifer

within drainages was not concordant to the SHM. As discussed in Chapter 4, the hierarchical

organisation of stream structure appeared to be an important influence in the distribution of

genetic diversity within systems, but it did not act in the stepwise fashion as described by the

SHM. Rather, it appeared that a mixed model was more appropriate, whereby the distribution
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of genetic diversity was dependent on the distance between sites and the size and order of the

stream from which samples were collected. In conclusion, although the SHM is often not an

accurate description of the distribution of genetic differentiation among populations in stream

systems, it serves as a valuable null model to examine population genetic structure in stream

dwelling organisms.

7.5 TAXONOMIC ISSUES

An important issue that the present study has identified is the need for a robust molecular

genetic appraisal of the taxonomic status of at least two of the three families examined, and by

extension, many of Australia�s other freshwater fish families. As discussed in Chapter 5, in C.

stercusmuscarum there were fixed differences between upland and lowland populations of the

Johnstone River catchment and approximately 5% net nucleotide divergence. In Chapter 3 it

was shown that in P. signifer there were large allozyme frequency differences and a high level

of sequence divergence between the two major clades identified from the haplotype tree. In a

review of levels of sequence divergence among sister taxa of various fishes, McCune and

Lovejoy (1998) reported a maximum interspecific divergence of 7.2% for the cytochrome b (cyt

b) gene (for Fundulus heteroclitus and F. grandis) and a maximum intraspecific divergence of

5.7 % (within Mallotus villosus. Given that the reported divergence rate of the cyt b gene is

approximately 2.5% (McCune and Lovejoy 1998), almost double that of the ATPase6 gene

(Bermingham et al. 1997) which was used in the present study, then the levels of divergence

reported for C. stercusmuscarum, and especially P. signifer are much higher than those

commonly seen in other putative intraspecific comparisons. Obviously, the use of the

Biological Species Concept (Mayr 1942) makes it difficult to define species when the subjects

of study are distributed allopatrically, like freshwater fish. Nevertheless, a thorough appraisal

using molecular techniques and a robust geographic sampling design would help to refine the

taxonomic conundrum of Australia�s freshwater fish.

7.6 CONCLUSIONS

The data of the present study paints a picture of large genetic divergence and subdivision

among populations of two Australian freshwater fish P. signifer and C. stercusmuscarum, and

revealed that the third species, H. compressa, had much lower levels of genetic differentiation

among populations compared to other freshwater fish (see Ward et al. 1994). It was shown that

populations of P. signifer and C. stercusmuscarum within drainages are essentially isolated

from populations in other drainages at contemporary timescales. For H. compressa, a non-

equilibrium signal in the data between gene flow and genetic drift made it difficult to conclude

the levels of contemporary gene flow, however populations appear to have had a greater level
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of connectivity, at least in the recent past. Connectivity among populations of P. signifer and C.

stercusmuscarum in different drainages appears to be more consistent with a scenario of fish

movement during times of lower sea level that resulted in the coalescence of drainages, rather

than via mechanisms such as flood waters or flood plumes. Drainage rearrangements appear to

have transported individuals of C. stercusmuscarum from western flowing drainages, and have

thus influenced the patterns of genetic diversity in this species. It could be concluded that the

population genetic structure of the three study species depends upon past and present patterns

of dispersal in relation to changes in the earth�s geomorphology, producing the diverse and

idiosyncratic patterns of genetic diversity that were observed.
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APPENDICES

Appendix A. Distance measures (km) used for pairwise site or drainage comparisons of P.
signifer. a) Distance between drainages (below diagonal), great circle distance between
drainages (above diagonal), b) stream distances between sites within the Mulgrave-Russell
(MR) drainage (below diagonal), great circle distance between sites in the Mulgrave-Russell
drainage (above diagonal), c) stream distances between sites within the Johnstone drainage
(below diagonal), great circle distance between sites in the Johnstone drainage (above
diagonal). Site abbreviations as in Table 2.1 (Chapter 2).
a)

Daintree Mossman Barron MR Johnst�e Liverp�l Tully Murray Herbert Cedar F. Pioneer Calliope Burnett Mary Clarence Manning
Daintree 22.3 83.4 119.1 154.3 176.4 193.2 208.3 271.5 580.1 649.1 1055.1 1198.0 1350.5 1705.4 1928.5
Mossman 18.4 61.5 97.6 132.5 154.2 171.0 186.1 249.2 559.0 627.6 1033.5 1176.5 1328.9 1683.3 1906.2
Barron 86.8 68.4 36.5 71.0 93.5 111.3 127.6 190.4 498.1 566.1 972.1 1115.2 1267.5 1622.0 1845.8
MR 170.0 151.5 83.2 35.5 61.3 81.0 98.8 160.0 461.7 530.0 936.0 1079.0 1231.4 1586.9 1812.0
Johnst�e 208.1 189.6 121.3 38.1 29.2 49.8 68.5 126.8 427.7 495.2 901.1 1044.3 1196.5 1551.5 1776.6
Liverp�l 242.6 224.2 155.8 72.7 34.6 20.7 39.3 98.7 411.4 476.3 881.7 1025.4 1177.0 1529.1 1752.3
Tully 275.4 256.9 188.6 105.4 67.3 32.8 18.6 79.3 400.7 463.6 868.4 1012.3 1163.4 1513.5 1735.2
Murray 282.9 264.4 196.1 112.9 74.8 40.3 7.5 63.1 392.9 453.6 857.6 1001.8 1152.4 1500.3 1720.6
Herbert 344.6 326.1 257.8 174.6 136.5 101.9 69.2 61.7 341.6 397.3 799.1 943.7 1093.4 1438.5 1657.7
Cedar F. 995.4 977.0 908.7 825.5 787.4 752.8 720.1 712.6 650.9 83.2 478.9 619.7 773.5 1142.9 1385.1
Pioneer 1158.8 1140.4 1072.0 988.8 950.7 916.2 883.4 875.9 814.3 163.4 406.0 549.2 701.4 1064.5 1303.8
Calliope 1923.9 1905.5 1837.1 1753.9 1715.8 1681.3 1648.5 1641.0 1579.4 928.5 765.1 145.1 295.4 670.8 928.9
Burnett 2158.0 2139.6 2071.2 1988.0 1949.9 1915.4 1882.6 1875.1 1813.5 1162.6 999.2 234.1 155.2 548.1 819.0
Mary 2267.3 2248.9 2180.5 2097.3 2059.2 2024.7 1991.9 1984.4 1922.8 1271.9 1108.5 343.4 109.3 400.5 679.0
Clarence 2846.7 2828.3 2759.9 2676.7 2638.6 2604.1 2571.3 2563.8 2502.2 1851.3 1687.9 922.8 688.7 579.4 286.1
Manning 3188.8 3170.4 3102.0 3018.8 2980.7 2946.2 2913.4 2905.9 2844.3 2193.4 2030.0 1264.9 1030.8 921.5 342.1
b)

MGA LMA BHC 3BC FIG THC MGB HYC DBC RSB DNC RSR CCK WCT
MGA 12.07 5.79 11.87 16.61 16.26 22.26 21.93 30.19 37.58 41.49 40.08 44.40 42.97
LMA 12.87 13.89 20.77 23.50 11.25 20.58 27.26 31.23 40.22 44.89 38.94 45.41 42.36
BHC 19.83 32.70 7.04 11.07 13.49 17.46 16.20 24.56 31.80 35.71 34.69 38.69 37.46
3BC 20.15 33.02 13.97 5.51 17.79 18.11 11.22 21.89 27.50 30.80 32.70 35.10 34.97
FIG 28.24 41.11 22.06 8.73 17.74 15.15 5.71 16.79 21.99 25.33 27.70 29.65 29.77
THC 22.82 18.29 42.66 42.98 51.07 9.52 19.44 20.54 29.86 34.74 27.70 34.43 31.14
MGB 35.16 30.63 55.00 55.32 63.41 14.28 13.88 11.16 20.63 25.63 18.54 24.91 21.84
HYC 42.54 55.41 36.36 23.03 18.19 65.37 77.71 11.91 16.29 19.68 22.78 24.03 24.54
DBC 67.77 80.63 61.58 48.25 43.41 90.59 102.93 31.93 9.52 14.57 10.93 14.38 13.10
RSB 64.34 77.20 58.15 44.82 39.98 87.16 99.50 28.50 28.96 5.09 12.31 8.32 11.65
DNC 69.77 82.63 63.58 50.25 45.41 92.59 104.93 33.93 34.39 9.16 16.05 9.04 14.38
RSR 83.41 96.27 77.22 63.89 59.05 106.23 118.57 47.57 48.03 19.07 28.23 9.27 3.66
CCK 76.31 89.18 70.13 56.80 51.96 99.14 111.48 40.47 40.94 14.26 21.14 33.33 6.31
WCT 79.65 92.51 73.46 60.13 55.29 102.47 114.81 43.81 44.27 15.31 24.47 6.12 29.57
c)

PYC NJT CLC NJN TRC NJD SJR MGN UTC STJ MSC
PYC 2.615 14.196 19.267 9.486 12.085 16.022 19.995 16.578 19.984 22.426
NJT 4.131 14.073 19.224 8.864 11.074 14.621 18.548 14.531 17.713 20.205
CLC 24.092 27.130 5.152 5.452 5.139 7.634 10.188 12.322 16.403 17.657
NJN 29.017 32.055 8.603 10.543 9.542 10.105 10.825 15.223 18.848 19.478
TRC 14.557 17.595 12.937 17.862 2.911 7.273 11.123 10.026 14.198 16.099
NJD 16.816 19.854 7.276 12.201 5.661 4.373 8.215 7.755 11.962 13.634
SJR 29.508 26.715 52.507 57.432 42.972 45.231 3.974 5.118 8.905 10.023
MGN 34.384 31.591 57.383 62.308 57.241 50.107 5.294 6.542 8.795 8.833
UTC 21.916 19.122 44.915 49.839 36.424 37.638 8.149 13.024 4.210 6.134
STJ 23.354 21.382 47.174 52.099 40.160 39.898 16.975 21.851 9.382 2.583
MSC 28.503 25.710 51.503 56.427 45.815 44.226 21.304 26.179 13.711 4.328
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Appendix B. Distance measures (km) between sites of C. stercusmuscarum. Distance between
sites (below diagonal), great circle distance between sites (above diagonal). Site abbreviations
as in Table 2.1 (Chapter 2).

LMR MGA RSR RSB NJN SJR KBC STR BLW ELC PIO AGC CAL
LMR 12.07 38.94 40.22 46.64 55.79 67.32 171.63 374.66 442.00 552.24 828.71 955.25
MGA 12.87 40.08 37.58 48.09 56.00 69.41 173.90 368.69 438.34 549.06 825.70 952.53
RSR 95.46 82.58 12.31 8.01 16.91 29.34 133.83 340.43 404.51 514.29 790.58 916.93
RSB 77.20 64.32 19.07 16.90 20.39 35.90 138.29 335.02 401.84 512.21 788.75 915.42
NJN 128.68 115.80 128.83 110.12 10.10 21.33 125.82 335.10 397.91 507.46 783.64 909.88
SJR 117.32 104.44 117.02 98.76 57.43 15.84 118.29 325.06 387.89 497.53 773.77 900.07
KBC 167.81 154.93 167.51 149.25 119.89 108.53 104.57 322.15 381.12 489.92 765.71 891.61
STR 267.27 254.40 266.98 248.71 219.36 208.00 189.38 265.12 299.87 402.84 675.08 799.06
BLW 303.79 290.92 303.50 285.23 255.88 244.52 225.90 121.52 108.77 211.59 478.50 606.96
ELC 669.17 656.29 668.87 650.61 621.25 609.89 591.28 486.90 385.43 112.30 388.50 516.33
PIO 1082.79 1069.92 1082.50 1064.23 1034.88 1023.52 1004.90 900.52 799.05 434.78 276.74 404.24
AGC 1832.64 1819.77 1832.35 1814.08 1784.73 1773.37 1754.75 1650.37 1548.90 1184.63 837.36 128.49
CAL 1825.40 1812.53 1825.11 1806.84 1777.49 1731.58 1747.51 1643.13 1541.66 1177.39 830.12 167.76

Appendix C. Distance measures (km) used for pairwise site comparisons of H. compressa a)
Coastal / stream distance between sites (below diagonal), great circle distance between sites
(above diagonal). Site abbreviations as in Table 2.1 (Chapter 2). NT = Northern Terrritory, MR
= Mulgrave-Russell.

Daintree MR Bramston Johnstone Tully Herbert Bluewater Eden Lassie Calliope NT
Daintree 108.45 139.04 157.30 193.24 271.47 467.06 540.43 1055.10 1589.55
MR 169.98 31.01 49.37 89.12 168.42 363.38 432.67 946.79 1666.69
Bramston 185.68 15.70 23.10 66.06 143.72 332.75 401.72 916.06 1692.87
Johnstone 208.08 38.10 22.40 42.98 120.90 321.26 385.79 898.74 1696.62
Tully 275.38 105.40 89.70 67.30 79.33 304.96 359.57 868.37 1702.76
Herbert 344.55 174.58 158.88 136.48 69.18 265.12 299.87 799.06 1740.36
Bluewater 413.55 243.57 227.87 205.47 138.17 69.00 108.77 606.96 2004.03
Eden Lassie 778.37 608.40 592.70 570.30 503.00 433.82 364.83 516.33 2031.88
Calliope 1923.92 1753.95 1738.25 1715.85 1648.55 1579.37 1510.38 1145.55 2463.43
NT 5455.00 5624.98 5640.68 5663.08 5730.38 5799.55 5868.55 6233.37 7378.92
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