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Historical interdrainage dispersal of eastern rainbowfish
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The widespread distribution of the eastern rainbowfish Melanotaenia splendida splendida
throughout the isolated headwaters of the rivers on the Atherton Tableland, north-eastern
Australia, suggests multiple colonization events from the eastern lowlands via each respective
river channel, or a single colonization event on to the tableland with subsequent dispersal
between the headwaters. To explore the likely processes that resulted in the current distribution
on the tableland, two models of gene flow were tested: (a) the hierarchical gene flow model that
tests the hypothesis for contemporary gene flow via stream channels and (b) the stepping stone
model that tests for dispersal between streams. Neither of these models explained the observed
genetic structure, adequately. However, there is support for extensive historical dispersal across
the headwaters of the isolated drainages. If this dispersal followed a single colonization event,
the subsequent range expansion could have facilitated a rapid rise in population size due to an
increase in suitable habitat. The genetic data indicates an eight-fold increase in population size
¢. 100 thousand years ago. © 2001 The Fisheries Society of the British Isles
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INTRODUCTION

Rainbowfish, Melanotaenia spp. are common and distributed widely throughout
much of Australia and New Guinea. They have a high profile, as they are
popular aquarium fish (Allen, 1995), yet their biogeography and taxonomy
from north-eastern Australia remains problematic (Zhu et al., 1994; Pusey et al.,
1997; McGuigan et al., 2000). The current study focuses on populations of
the eastern rainbowfish Melanotaenia splendida splendida Peters (1866), a wide-
spread, obligate freshwater species from the Atherton Tableland (Fig. 1).

The eastern rainbowfish is a small-bodied (<14 cm) ornate species distributed
throughout the eastern drainages of tropical north-eastern Australia as well as
in the headwaters of some western flowing rivers. It is predominantly stream
dwelling but is found also in lotic systems (Allen, 1995). The fish reach sexual
maturity at c¢. 4 cm (Beumer, 1979) and attaining a length of 5-6 cm at 1 year
(Allen, 1995) suggests a generation time of 67 months. The eastern rainbowfish
breeds continuously with peak activity immediately before and during flood time
(Merrick & Schmida, 1984) when up to 200 eggs are deposited on submerged
vegetation over 2 weeks (Allen, 1995).
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As it occurs in most streams and lakes across the Atherton Tableland it is
assumed that it has excellent dispersal capabilities (Pusey & Kennard, 1996). As
the initial uplift of the tableland at least 10 million years ago (Ollier, 1978)
pre-dates significantly the speciation of the M. splendida group (Zhu et al., 1994;
McGuigan et al., 2000), individuals would have had to negotiate significant
waterfalls (commonly >100 m) in order to colonize these upland streams. The
genetic structure of sub-populations on the Atherton Tableland can be analyzed
to test whether their current distribution is a result of contemporary dispersal up
the waterfalls in each of the respective river systems or a consequence of other
processes.

The degree of dispersal between subpopulations can be inferred from levels of
genetic differentiation (Slatkin, 1981). High rates of dispersal between sub-
populations lead to genetic homogeneity, whereas restricted dispersal increases
genetic differentiation. Although it is difficult to assign sub-population status a
priori in riverine systems due to natural instream barriers, a high level of
genetic structuring is expected for populations of obligate freshwater species
(Gyllensten, 1985; Ward et al., 1994). Population genetic theory dictates that
generally freshwater fishes will conform to a hierarchical pattern (Meffe &
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Vrijenhoek, 1988). This is chiefly because natural barriers (including the sea)
prevent dispersal between drainages. So if rainbowfish have dispersed up
waterfalls within each system, genetic differentiation should be greater between
rather than within drainages.

On the other hand, if waterfalls prevent dispersal but the drainage boundaries
do not, a population genetic structure reflecting the stepping stone model of gene
flow would be expected on the Atherton Tableland (Kimura & Weiss, 1964).
This would result in a signature of isolation by distance (Slatkin, 1993) where
populations geographically closer to each other should be more genetically
similar regardless of the current drainage lines.

If these two models fail to explain the genetic pattern satisfactorily, it can be
informative to examine the demographic history of the population. The analysis
of mitochondrial DNA (mtDNA) is an effective means for investigating both
contemporary and historical processes that underly biogeographic patterns of
many taxa at the intraspecific level (Avise, 1994; Avise et al., 1987). Populations
of obligate freshwater species existing in more than one river system implies that
dispersal between systems has occurred or is still continuing. Analyses of
nucleotide sequences from rapidly evolving regions of mtDNA can discriminate
between contemporary and historical dispersal. Furthermore, the application of
a molecular clock to mtDNA sequences from a region that has been charac-
terized well for other freshwater fishes may help explain the processes involved.

MATERIALS AND METHODS

SAMPLING

A total of 83 samples of M. s. splendida was collected from 11 sites on the Atherton
Tableland, northeastern Queensland (Fig. 1): four in the Herbert River (Blunder Creek,
BC; Cameron Creek, CaC; The Millstream, MS and the main channel of the Herbert
River, HR); two in the Tully River (Nitchaga Creek, NC and Tully River headwaters,
TRH); two from the Barron River (Mobo Creek, MC and Tinaroo Dam, TD); two in
North Johnstone River (Little Beatrice River, BR and upper North Johnstone River,
UJR) and one in the Walsh River (WR). All these rivers flow over the escarpment
towards the east coast except for the Walsh River, which flows north-west and drains into
the Gulf of Carpentaria. Sampling was undertaken primarily in October, 1997. Fish
were caught by seine and preserved in liquid nitrogen, 70% ethanol or a solution of NaCl
saturated 20% dimethyl sulphoxide (DMSO).

DNA EXTRACTION AND SEQUENCING

Total genomic DNA was extracted from muscle tissue as described in Hurwood &
Hughes (1998). The mitochondrial protein coding genes ATPase 6 (partial) and ATPase
8 (complete) were amplified using the primers ATP8-2 (supplied by E. Bermingham) and
ME-ATP6 (5>GGA ACA TAA GTG TAA ATA CGG C<3’). PCR conditions were as
Hurwood & Hughes (1998) which produced a fragment of ¢. 700 bp. PCR product was
cleaned using Qiaquick columns (Qiagen) following the manufacturer’s specifications.
Sequencing reactions were carried out using big dye terminator cycle sequencing
reactions (Perkin Elmer) as per manufacturer’s instructions with ¢. 30 ng of clean DNA
template and 3-2 pmol of primer on an Applied Biosystems 377 automated sequencer.
Both the heavy and light strands were sequenced using the PCR primers.

ANALYSIS

Sequences were aligned and edited using the program SEQED (ABI) from which 670
base pairs were used for further analysis. Genetic variation was calculated using the
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ARLEQUIN package (version 1.0, Schneider ez al, 1997). The relationship between
haplotypes was determined using the program MINSPNET (Excoffier, 1993) on the basis
of the minimum number of base pair differences between all haplotypes.

To test the hierarchical gene flow hypothesis, genetic variation within and between
sub-populations or drainages was determined using the AMOVA procedure (Excoffier
et al., 1992) also in ARLEQUIN. This procedure partitions genetic variation hierarchi-
cally based on evolutionary divergence between haplotypes, estimated using the Kimura
2-parameter distance method (Kimura, 1980). The resulting ® statistics and correspond-
ing variance components were tested for significance using a nonparametric permutation
procedure (Excoffier et al., 1992) incorporating 1000 permutations. Conformity to the
stepping stone model was tested by comparing the level of gene flow (logN,m) between all
sub-populations to the geographic distances (log km) among sites (Slatkin, 1993). The
pairwise matrix of number of migrants was generated using ARLEQUIN. The relation-
ship between gene flow and distance was tested for significance using the Mantel (1967)
test in the PATN software package (Belbin, 1995).

The demographic history of M. s. splendida on the tableland was investigated by
analysing the distribution of pairwise differences (mismatch distribution) between all
individuals using the DnaSP software package (version 3.00.0; Rozas & Rozas, 1993).
Analysis of the mismatch distribution can discriminate between a population that has
remained stable over time and one that has undergone a rapid population expansion
(Rogers & Harpending, 1992). A stable population is likely to produce a multi-modal
distribution as the rise of new mutations is offset by the loss of variation due to random
genetic drift. In contrast, the pairwise differences in a population that has expanded in
the past will fit a Poisson distribution due to the rate of the accumulation of new
mutations being greater than the loss of variation through drift. To test whether the
observed distribution differed significantly from that expected for a stable population, a
measure of raggedness, r (Harpending, 1994), was calculated and tested for significance
using a coalescent simulation test (Hudson, 1990) in DnaSP with 1000 replicates. The
time and magnitude of an inferred population expansion was determined by calculating
the expected mean pairwise differences (6), and units of mutational time (), where t=2ut,
(u=the mutation rate over the fragment assayed; r=time in generations), and 6=2nu
(n= effective population size).

RESULTS

GENETIC VARIATION

From the 670 bp assayed in the mtDNA sequence analysis, 23 haplotypes were
identified with 23 variable sites (Table I) (sequences submitted to GenBank with
accession nos. AY008723-AY008745). The resulting nucleotide diversity over all
samples was relatively low (0-0044 + 0-003) as was the mean number of pairwise
differences (2:94 £ 1:56). The transition (TS) : transversion (TV) ratio was 7:6 : 1
which is lower than the typical value for fish mtDNA of 10 : 1 (Meyer, 1994), yet
is similar to the TS : TV ratio found for the ATPase genes for another freshwater
fish species (Hurwood & Hughes, 1998). The ratio of 3:1:9 for 1st, 2nd and
3rd codon position substitutions is typical for a mitochondrial coding region
(Meyer, 1994). Of the 23 substitutions observed, 15 were silent, being either
two- or four-fold degenerate sites, while the other eight substitutions altered the
amino acid coding.

GEOGRAPHIC STRUCTURE

Haplotype MS5 was the most common and widespread, being detected in
three of the five river drainages (Table 1I). There was a relatively low level of
genetic divergence between haplotypes with only ¢. 1:3% sequence divergence
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TaABLE 1. Variable sites of the 23 haplotypes detected for M.s. splendida. Dots indicate
homology to MSI
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between the most differentiated haplotypes (MS4-MS21). Nineteen of the
detected haplotypes were site specific which may be a function of the relatively
low sample size. However, the most common and widespread haplotypes tended
to be the internal nodes (ancestral haplotypes) of the minimum spanning
network (Fig. 2) which is consistent with coalescent theory (Crandell &
Templeton, 1996).

A highly significant @gr between sub-populations (Table I1I) supported strong
subdivision as is expected for obligate freshwater species. However, the geo-
graphic distribution of haplotypes (Table II) infers that there was little genetic
structure by drainages. For example, the Tully River contained two of the
most divergent haplotypes creating a high degree of among-populations-within-
drainage variation. These data were supported by the analysis of molecular
variance (Table III) which demonstrated that the observed partitioning of total
genetic variation did not reflect the expected hierarchical model. The among-
populations-within-drainage variation was 50% greater than the among-drainage
variation. Furthermore the associated @~ for among-drainage variation was
not significant. Although a larger sample size could well have made this value
significant, it was the relationship between ®gy- and @~ which clearly did not
follow hierarchical expectations. The Mantel test implied that there was no
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FIG. 2. One of several minimum spanning networks showing the number of base pair differences between
haplotypes (alternative minimum distances include 2 bp between MS4 and MS6; 2 bp between MS1
and MSS8; 2 bp between MS8 and MS13). Hash marks between nodes indicate the number of
differences. The size of the circles represent relative frequency of haplotypes (smallest, <5; 2nd
smallest, 6-10; 2nd largest, 11-20; largest, >20). Shading indicates the relative frequency of each
haplotype by river drainage. [J, Tully; B, Herbert; E1, North Johnstone; [lll, Barron; 2, Walsh.

relationship between geographic distance and genetic divergence (P=0-38)
indicating that there was little support for the stepping stone model.

DEMOGRAPHIC HISTORY

There was a maximum of three base pair differences between any two adjacent
nodes in the minimum spanning network (Fig. 2). The short internodal distances
were consistent with a star phylogeny that is indicative of a rapid population
expansion (Avise et al., 1984). As a population expands, the effects of random
genetic drift are reduced, thereby increasing the probability of retaining new
mutations. These results were supported by the mismatch distribution (Fig. 3)
with a very low raggedness index (r<0-02). The probability of obtaining by
chance a lower raggedness value than the one observed was relatively low
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TaBLE III. @ statistics and the hierarchical partitioning of genetic variation within and
among drainages. P values are the probability under the null distribution of having a
more extreme ® value than observed by chance

% Total

Source of Variation e O statistics P
variation

Among-drainages 21-86 D-1=0-219 0-240 + 0-015

Among-populations-within-drainages 33-87 Og-=0-433 <0-00001

Within-populations 44-27 DOy =0-557 <0-00001
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Fi1G. 3. Mismatch distribution of the number of pairwise differences for M. s. splendida. [, Observed
frequency of pairwise differences; ——, expected frequency of pairwise differences under the
population expansion model. 6,=1-171; §,=9-708; t=1-603; r=0-0187.

(P=0-07) suggesting that the observed distribution of pairwise differences did not
differ significantly from that expected under the expansion model. The calcu-
lated 6 parameters (6,=1-171; 6,=9-708) indicate that M. s. splendida on the
Atherton Tableland underwent a rapid expansion in effective population size
from about 135 000-1-1 million individuals (c. eight-fold). Based on the diver-
gence rate of the assayed mtDNA fragment of 1:3% per million years (E.
Bermingham, unpubl. data) and the calculated units of mutational time
(z=1-603), the expansion event is estimated to have occurred 90-110 thousand
years ago.

DISCUSSION

GENETIC STRUCTURE OF THE EASTERN RAINBOWFISH

The AMOVA showed that the Atherton population of M. s. splendida did not
conform to the hierarchical model typical of obligate freshwater species. Con-
trary to prediction there was a higher percentage of genetic variation among
sub-populations within drainages than between populations from different river
drainages. Therefore, delineating sub-populations based on the current drainage
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pattern can be considered artificial and current gene flow along the stream
channel was not the dominant force that influenced the present population
genetic structure. Also as there was no uniform pattern of isolation by distance,
the stepping stone model was not supported.

Although these two gene flow models can be rejected, these data may be
explained by a combination of the models. However, there is evidence that
isolated interdrainage dispersal events have occurred relatively recently between
Nitchaga Creek (NC) and subpopulations in the Herbert River (BC and/or
CaC).

The highest nucleotide diversity was found at Nitchaga Creek (Table II)
principally through two divergent haplotypes (MS1 and MS16; Fig. 2). This
could reflect retention of both ancestral haplotypes since recruitment to Nitchaga
Creek during the initial radiation onto the tableland. The coalescence time for
haplotypes MS1 and MSI16 is c. 345 thousand years ago, which pre-dates the
population expansion event significantly. Due to the lack of MS1 in the upper
Tully River (TRH) a more plausible hypothesis is that the diversity in Nitchaga
Creek is the result of recent secondary contact suggesting interdrainage dispersal.

For episodes of contemporary gene flow to explain the observed genetic
structure, a plausible explanation for interdrainage dispersal must be found.
Individuals could have been translocated inadvertently through the restocking of
fish (e.g. barramundi) for recreational purposes in Koombooloomba and
Tinaroo Dams or via passive dispersal by animals, however improbable
(McDowall, 1981). Alternatively dispersal may be possible during times of high
flooding. For example the watershed between the Barron and North Johnstone
River is not highly pronounced (Jardine, 1925) and may be breached during
times of flood. While each situation is theoretically possible, neither is likely to
occur frequently enough to explain the observed distribution of haplotypes
across the Atherton Tableland.

As a high level of contemporary gene flow appears unlikely, past dispersal may
have been widespread. If present genetic variation in M. s. splendida is a
consequence of historical gene flow, then that pattern is a function of not only
dispersal but also the geomorphological evolution of the drainage lines on
the Atherton Tableland. It is generally accepted that widespread drainage
rearrangement has occurred on the highlands of north-eastern Australia (Ollier,
1978). The rearrangement of stream channels has been invoked to explain the
genetic structure of other freshwater species on the Atherton Tableland (Hughes
et al., 1996; Hurwood & Hughes, 1998; McGlashan & Hughes, 2000).

A major geomorphological process affecting drainage patterns is volcanism
(Bishop, 1995). Considerable volcanism occurred in north-eastern Australia up
to 10 thousand years ago (Stephenson et al., 1980). Evidence suggests that larval
flow dammed several drainages in this region (Ollier, 1978), and could have
facilitated widespread dispersal between the Herbert, North Johnstone, Barron
and possibly Walsh Rivers. If there was a single invasion of M. s. splendida on
to the Atherton Tableland, presumably via a single river, then the dispersal into
other drainages would open up significantly more suitable habitat for this species
allowing for a rapid population expansion. If this was the case, the expansion
event could correspond with the conclusions from the mismatch distribution
suggesting a population increase c¢. 100 thousand years ago. Furthermore,
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rainfall was significantly higher than present day levels just prior to and after the
inferred expansion date (Kershaw, 1978), and may have promoted the relatively
recent invasion on to, and dispersal across the tableland.

There is strong evidence to suggest that the M. splendida group itself is the
result of a recent and rapid speciation event in the Gulf of Carpentaria
(McGuigan et al., 2000) [existing as the brackish to freshwater Lake Carpentaria,
several times during the late Quaternary due to considerably lower sea levels
(Torgersen et al., 1985)]. Hence M. s. splendida can only be a relatively recent
migrant to the Atherton Tablelands. It is noteworthy that the estimate of
population expansion is consistent with one episode of the disappearance of
Lake Carpentaria <120 thousand years ago (Torgersen et al., 1985).

Widespread historical dispersal of M. s. splendida across the Atherton Table-
land due to localized volcanism and the associated change in drainage lines
would have a homogenizing effect on the genetic structure among sub-
populations. As the headwaters gradually became isolated with the drainage
lines evolving to their current pattern, it may be expected that representatives of
each haplotype would be evident in each river system, which is not the case.
However, this does not allow for the effects of random lineage sorting through
genetic drift. As discussed previously, lineage sorting is expected to be relatively
rapid in headwater streams, but it is doubtful that there has been sufficient time
for reciprocal monophyly to have been attained even in the absence of
interdrainage gene flow.

Although the Herbert River was sampled more intensively, the haplotypes
detected were the most widely distributed with nearly all ancestral haplotypes
detected (Fig. 2), suggesting that this river may be representative of an ancestral
distribution. Whether the eastern rainbowfish arrived by dispersing up the
eastern rivers such as the Herbert River or via the Walsh River to the west, is
unclear. The relationship between M. s. splendida and other parapatric sub-
species of the M. splendida group from northern Australia and New Guinea
remains unresolved (McGuigan et al., 2000) and the lowland coastal drainages
were not sampled here. However, taking into account the fact that the sample
from the Walsh River was fixed for the most ancestral haplotype (MS5) and
coupled with a significantly more accessible gradient on the western side of the
tableland, it is plausible that migration was from the west. Once on the Atherton
Tableland, subsequent interdrainage dispersal across the tableland, possibly over
¢. 100 thousand years ago, resulted in the present distribution of genetic variation.

We thank G. Carey, C. Cleary, D. McGlashan and K. McGuigan for assistance with
field collections; M. Kennard, B. Pusey and K. McGuigan for discussions on the biology
and distribution of rainbowfish; E. Bermingham for the PCR primer ATPS.2; P. Cassey,
D. McGlashan, C. Moritz, K. McGuigan and two anonymous reviewers for comments
on an earlier draft; and M. Arthur for assistance with PATN. This study was partly
funded by a research grant from the CRC for Tropical Rainforest Ecology and
Management to JMH and a Griffith University Postgraduate Research Scholarship to
DAH.

References

Allen, G. R. (1995). Rainbowfishes: In Nature and in the Aquarium. Melle, Germany:
Tetra-Verlag.



HISTORICAL DISPERSAL OF EASTERN RAINBOWFISH 1135

Avise, J. C. (1994). Molecular Markers, Natural History and Evolution. New York:
Chapman & Hall.

Avise, J. C., Neigel, J. E. & Arnold, J. (1984). Demographic influences on mitochondrial
DNA lineage survivorship in animal populations. Journal of Molecular Evolution
20, 99-105.

Avise, J. C., Arnold, J., Ball, R. M., Bermingham, E., Lamb, T., Neigel, J. E., Reeb,
C. A. & Saunders, N. C. (1987). Intraspecific phylogeography: the mitochondrial
DNA bridge between population genetics and systematics. Annual Review of
Ecology and Systematics 18, 489-522.

Belbin, L. (1995). Pattern Analysis Software. Canberra: CSIRO.

Beumer, J. P. (1979). Reproductive cycles of two Australian freshwater fishes: the
spangled perch, Therapon unicolor Gilinther, 1859 and the east Queensland
rainbowfish, Nematocentris splendida Peters, 1866. Journal of Fish Biology 15,
111-134.

Bishop, P. (1995). Drainage rearrangement by river capture, beheading and diversion.
Progress in Physical Geography 19, 449-473.

Crandell, K. A. & Templeton, A. R. (1996). Applications of intraspecific phylogenetics.
In New Uses for New Phylogenies (Harvey, P. H., Leigh Brown, A. J., Maynard
Smith, J. & Nee, S., eds). New York: Oxford University Press.

Excoffier, L. (1993). MINSPNET. Geneva: University of Geneva.

Excoffier, L., Smouse, P. & Quattro, J. (1992). Analysis of molecular variance inferred
from metric distances among haplotypes: applications to human mitochondrial
DNA restriction data. Genetics 131, 479-491.

Gyllensten, U. (1985). The genetic structure of fish: differences in the intraspecific
distribution of biochemical genetic variation between marine, anadromous, and
freshwater species. Journal of Fish Biology 26, 691-699.

Harpending, H. C. (1994). Signature of ancient population growth in a low resolution
mitochondrial DNA mismatch distribution. Human Biology 66, 591-600.
Hudson, R. R. (1990). Gene genealogies and the coalescent process. Oxford Surveys in

Evolutionary Biology 7, 1-44.

Hughes, J. M., Bunn, S. E., Hurwood, D. A., Choy, S. & Pearson, R. G. (1996). Genetic
differentiation among populations of Caridina zebra (Decapoda: Atyidae) in
tropical rainforest streams, northern Australia. Freshwater Biology 36, 289-296.

Hurwood, D. A. & Hughes, J. M. (1998). Phylogeography of the freshwater fish,
Mogurnda adspersa, in streams of northeastern Queensland, Australia: evidence
for altered drainage patterns. Molecular Ecology 7, 1507-1517.

Jardine, F. (1925). The drainage of the Atherton Tableland. Transactions of the Royal
Geographical Society, Report to the Great Barrier Reef Commission 1, 131-148.

Kershaw, A. P. (1978). Record of last interglacial-glacial cycle from northeastern
Australia. Nature 272, 159-161.

Kimura, M. (1980). A simple method for estimating evolutionary rate for base
substitution through comparative studies of nucleotide sequences. Journal of
Molecular Evolution 16, 111-120.

Kimura, M. & Weiss, G. H. (1964). The stepping stone model of population structure
and the decrease of genetic correlation with distance. Genetics 49, 561-576.
Mantel, N. A. (1967). The detection of disease clustering and a generalised regression

approach. Cancer Research 27, 209-220.

McDowall, R. M. (1981). The relationships of Australian freshwater fishes. In Ecologi-
cal Biogeography of Australia (Keast, A., ed.), pp. 1253-1273. Boston: W. Junk.

McGlashan, D. J. & Hughes, J. M. (2000). Reconciling patterns of genetic variation with
stream structure, earth history and biology in the Australian freshwater fish
Craterocephalus stercusmuscarum (Atherinidae). Molecular Ecology, 9, 1737-1751.

McGuigan, K., Zhu, D., Allen, G. R. & Moritz, C. (2000). Phylogenetic relationships
and historical biogeography of melanotaeniid fishes in Australia and New Guinea.
Marine and Freshwater Research 51, 713-723.

Meffe, G. K. & Vrijenhoek, R. C. (1988). Conservation genetics in the management of
desert fishes. Conservation Biology 2, 157-169.



1136 D. A. HURWOOD AND J. M. HUGHES

Merrick, J. R. & Schmida, G. E. (1984). Australian Freshwater Fishes: Biology and
Management. Adelaide: Griffin Press.

Meyer, A. (1994). Molecular phylogenetic studies of fish. In Genetics and Evolution of
Aquatic Organisms (Beaumont, A. R., ed.), pp. 219-249. London: Chapman &
Hall.

Ollier, C. D. (1978). Tectonics and geomorphology of the eastern highlands. In
Landform Evolution in Australia (Davies, J. L. & Williams, M. A. J., eds), pp. 5-47.
Canberra: ANU Press.

Pusey, B. J. & Kennard, M. J. (1996). Species richness and geographical variation in
assemblage structure of the freshwater fish fauna of the Wet Tropics region of
northern Queensland. Marine and Freshwater Research 47, 563-573.

Pusey, B. J., Kennard, M. J. & Arthington, A. H. (1997). Distribution of Lake Eacham
rainbowfish in the wet tropics region, north Queensland. Australian Journal of
Zoology 45, 75-84.

Rogers, A. R. & Harpending, H. (1992). Population growth makes waves in the
distribution of pairwise genetic differences. Molecular Biology and Evolution 9,
552-569.

Rozas, J. & Rozas, R. (1999). DnaSP version 3: an intergrated program for molecular
population genetics and molecular evolution analysis. Bioinformatics 15, 174-175.

Schneider, S., Kueffer, J-M., Roessli, D. & Excoffier, L. (1997). ARLEQUIN. Explora-
tory molecular population genetics software, (version 1.0). Geneva: University of
Geneva.

Slatkin, M. (1981). Estimating levels of gene flow in natural populations. Genetics 95,
323-335.

Slatkin, M. (1993). Isolation by distance in equilibrium and non-equilibrium popu-
lations. Evolution 47, 264-279.

Stephenson, P. J., Griffin, T. J. & Sutherland, F. L. (1980). Cainozoic volcanism in the
northeastern Australia. In The Geology and Geophysics of Northeastern Australia
(Henderson, R. A. & Stephenson, P. J., eds), pp. 349-374. Brisbane: Geological
Society of Australia.

Torgersen, T., Jones, M. R., Stephens, A. W., Searle, D. E. & Ullman, W. J. (1985). Late
Quaternary hydrological changes in the Gulf of Carpentaria. Nature 313,
785-787.

Ward, R. D., Woodwark, M. & Skibinski, D. O. F. (1994). A comparison of genetic
diversity levels in marine, freshwater, and anadromous fishes. Journal of Fish
Biology 44, 213-232.

Zhu, D., Jamieson, B. J. M., Hugall, A. & Moritz, C. (1994). Sequence evolution and
phylogenetic signal in control-region and cytochrome b sequences of rainbow
fishes (Melanotaeniidae). Molecular Biology and Evolution 11, 672-683.



	Historical interdrainage dispersal of eastern rainbowfish from the Atherton Tableland, north-eastern Australia
	INTRODUCTION
	Fig. 1

	MATERIALS AND METHODS
	SAMPLING
	DNA EXTRACTION AND SEQUENCING
	ANALYSIS

	RESULTS
	GENETIC VARIATION
	GEOGRAPHIC STRUCTURE
	Table I
	Table II
	Fig. 2
	DEMOGRAPHIC HISTORY
	Table III
	Fig. 3

	DISCUSSION
	GENETIC STRUCTURE OF THE EASTERN RAINBOWFISH

	References


