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1  | INTRODUC TION

Biogeographers have long been fascinated by links between conti‐
nental‐scale earth‐history processes and biological diversification 
(Hewitt, 2000; Mayden, 1988; Riddle, Hafner, Alexander, & Jaeger, 
2000). Such evolutionary processes include species range fragmen‐
tation driven by glacial cycles (Taberlet, Fumagalli, Wust‐Saucy, & 
Cosson, 1998; Wallis, Waters, Upton, & Craw, 2016), tectonic up‐
lift (Fjeldsa, Bowie, & Rahbek, 2012; Knowlton & Weigt, 1998) and 
climate change (Cracraft, 1986; Mayr, 1942). Although such earth 
“upheaval” events can cause the extinction of populations and 

species, ultimately, they can be seen as positive evolutionary forces, 
increasing rates of cladogenesis and speciation (McCulloch, Wallis, & 
Waters, 2010; Wallis et al., 2016). While much evolutionary biogeo‐
graphic research has focussed on terrestrial (Hewitt, 2000; Wallis 
et al., 2016) and marine (Fraser, Thiel, Spencer, & Waters, 2010; 
Knowlton & Weigt, 1998) systems, tectonic activity can similarly 
mediate the isolation of freshwater habitats, and hence influence 
riverine biodiversity (Craw, Upton, Burridge, Wallis, & Waters, 2016).

Drainage rearrangements, including river capture, piracy and re‐
versal (Bishop, 1995), are recognized as drivers of large‐scale fresh‐
water biological diversification in numerous regions of the world 
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Abstract
Aim: Biological diversification can be substantially influenced by earth history. The 
links between biological and geological processes can be particularly tight for obli‐
gate freshwater biota. Here, we test for such links with respect to Pliocene shifts in 
drainage geometry of one of the Australia's largest river systems.
Location: Major rivers of south‐eastern Australia.
Taxon: Freshwater‐limited fishes and crayfish.
Methods: We synthesize recently published geological and freshwater phylogeo‐
graphic data to elucidate the evolutionary history of south‐eastern Australia's major 
river drainages and their biotas.
Results: Recent data demonstrate how a major Pliocene drainage rearrangement 
event in the lower Murray‐Darling basin led to the evolution of a distinctive and “ma‐
rooned” phylogeographic assemblage in the Glenelg and Wimmera drainages.
Main conclusions: Biological data from southern Australia illuminate the region's 
geological history, and vice versa. Our study highlights the persisting evolutionary 
effects of a major Pliocene drainage rearrangement. The lasting geological and bi‐
ological preservation of such an ancient tectonic event is apparently facilitated by 
Australia's uniquely stable geological setting.
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(e.g. North America: Mayden, 1988; Near & Keck, 2005; Kozak, 
Blaine, & Larsen, 2006; South America: Zemlak et al., 2008; Africa: 
Goodier, Cotterill, O'Ryan, Skelton, & Wit, 2011; Schwarzer, Misof, 
Ifuta, & Schliewen, 2011), and appear particularly influential in tec‐
tonically dynamic settings such as New Zealand (Burridge, Craw, 
Fletcher, & Waters, 2008; Burridge, Craw, & Waters, 2006, 2007; 
Craw, Burridge, Norris, & Waters, 2008; Craw, Burridge, & Waters, 
2007; Craw et al., 2016; Waters, Craw, Burridge, & Wallis, 2015; 
Waters, Craw, Youngson, & Wallis, 2001; Waters et al., 2007). In 
regions of relative tectonic stability, such as Australia, drainage re‐
arrangements isolating lineages of freshwater biota have similarly 
been inferred (e.g. Waters, Lintermans, & White, 1994, Hurwood 
& Hughes, 1998), but are less likely to have been the product of 
tectonic processes, instead reflecting small‐scale erosion‐driven 
headwater captures between inland and coastal systems (Hurwood 
& Hughes, 2005; McDowall, 1996; Unmack, 2001). While areas of 
ancient tectonic activity in Australia exist, Unmack (2013) noted the 
difficulty relating these ancient events directly to modern freshwa‐
ter biogeography, but also acknowledged that even small tectonic 
movements could potentially substantially influence drainage pat‐
terns given Australia's low‐relief setting.

South‐eastern Australia is dominated by a single major river 
system—the Murray‐Darling Basin (MDB)—representing the largest 
drainage on the continent that presently drains into the sea (Figure 1). 
This system is more than 3,300 km in length, and drains more than 
1 million square kilometres (14%) of the Australian mainland. As 
Australia represents a relatively inactive tectonic setting, scientists 
have often considered its river drainages to have relatively ancient, 
stable histories (Unmack, 2001; see McLaren et al., 2011), and this 
inactivity is perhaps reflected by comparatively low freshwater fish 
diversity (McDowall, 1996; Unmack, 2001). However, the findings of 
recent geological (Holdgate, Wallace, Gallagher, Wagstaff, & Moore, 
2008; McLaren et al., 2011; McLaren, Wallace, & Reynolds, 2012) 
and genetic analyses (see below) lead us (and others) to question 
this assumption of stability. In particular, McLaren et al. (2011) pro‐
posed an ancestral (Miocene‐Pliocene) southward course of the 
MDB drainage through the Douglas Depression (Figures 1 and 2a), 
a hypothesis conflicting with previous geological reconstructions 
that had inferred long‐term stability of drainage geometry (e.g. Hills, 
1975). Here, we synthesize recently published biological, geological 
and genetic data to assess links between drainage history and bi‐
ological evolution. Specifically, we present the first attempt to tie 
recent freshwater phylogeographic data to emerging geological 
interpretations.

2  | GEOLOGIC AL E VOLUTION

2.1 | Geological setting

The middle to lower reaches of the Murray‐Darling Basin (MDB) 
are dominated by plains that are underlain by flat‐lying Miocene‐
Holocene sediments (Figure 2; Brown & Stephenson, 1991). The 
basin sediments are bounded by higher relief basement rocks of the 

Mount Lofty Ranges of South Australia and the Western Highlands 
of Victoria (Figure 2). The Miocene sediments in the basin are pre‐
dominantly marine, reflecting high relative sea levels, and these 
sediments are overlain by a regressive sequence of marginal marine, 
lacustrine, and low‐energy fluvial deposits (Brown & Stephenson, 
1991; McLaren et al., 2011).

The very low relief of the plains was disrupted in the late 
Pliocene‐Early Pleistocene by uplift of the Padthaway High, a 
broad warp 100–200 m high that extends northwest from the 
Western Highlands (Figure 2; Wallace, Dickinson, Moore, & 
Sandiford, 2005). This uplift accompanied eruption of basal‐
tic volcanoes on the southern margin of the Western Highlands 
(Figure 2; Singleton, McDougall, & Mallett, 1976). The tectonic 
uplift was probably caused by lithosphere‐scale buckling related 
to distant (1,000’s of km) plate boundary deformation (Quigley, 
Clark, & Sandiford, 2010; Sandiford, Quigley, Broekert, & Jakica, 
2009). More local deformation, at the scale of individual faults, 
accompanied the broad warping, with several faults still active 
(Quigley et al., 2010). Some of these faults, predominantly north‐
striking, occur near to the eastern and western margins of the up‐
lifted plains (McLaren et al., 2011; Quigley et al., 2010).

2.2 | Drainage re‐arrangement

Sedimentological and geomorphological evidence suggests that the 
combined Murray‐Darling River system originally drained south‐
ward along the margin of the Western Highlands (Figure 2; McLaren 
et al., 2011). The most likely path of the ancestral river was along 
what is now a topographic low zone through the Padthaway High, 
the Douglas Depression (Figure 2; McLaren et al., 2011). The de‐
pression may have been at least partially formed and controlled by 
a north‐striking fault zone (McLaren et al., 2011). However, rise of 
the Padthaway High at the end of the Pliocene eventually overcame 
the erosive power of the river, and the Murray‐Darling River system 
became internally drained, leading to formation of Lake Bungunnia 
(Figure 2; McLaren et al., 2011, 2012; Stephenson, 1986). Increasing 
evaporation from the expanding lake and increasing aridity may 
have also contributed to the reduction in erosive power (McLaren 
et al., 2011, 2012). The internal drainage of the MDB, and down‐
stream Lake Bungunnia, persisted until a new outlet developed 
along the eastern margin of the Mount Lofty Ranges at ~700 ka 
(Figure 2; McLaren et al., 2011). This new outlet was facilitated by 
similar north‐striking active faults on the basin margin (McLaren et 
al., 2011, 2012; Quigley et al., 2010).

The drainage divide that developed in the Douglas Depression 
at the end of the Pliocene is now occupied by two smaller drainage 
systems, the Wimmera River and the Glenelg River (Figure 2). The 
Glenelg River flows southwards to the sea, along the path of the an‐
cestral Murray‐Darling River (Figure 2). The Wimmera River rises in 
the Western Highlands and flows west into the Douglas Depression, 
and then northwards, towards (but not reaching) the MDB (Figure 2), 
ending in a low‐relief lake‐wetland complex confined within the 
Douglas Depression.
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3  | SOUTHE A ST AUSTR ALIAN 
FRESHWATER PHYLOGEOGEOGR APHY

Southwestern Victoria (SWV) has a distinctive biota, including sev‐
eral divergent freshwater biological lineages, as shown by DNA evi‐
dence from a number of recent genetic studies (see below). While the 
region has low freshwater biodiversity (e.g. only five fish species are 
known from the Wimmera Basin; Hammer, Unmack, Adams, Raadik, 
& Johnson, 2014), Unmack (2001) nevertheless included SWV as a 
distinctive freshwater fish biogeographic province. Notably, three 
freshwater‐limited taxa show phylogeographic evidence consistent 

with Pliocene links between SWV drainages (e.g. Glenelg, Wimmera 
river systems) and the MDB, as outlined below (Figure 3).

3.1 | River blackfish complex

The widespread Australian endemic freshwater blackfish (Gadopsis) 
species complex comprises substantial cryptic diversity, includ‐
ing several newly recognized candidate taxa (Hammer et al., 2014; 
Miller, Waggy, Ryan, & Austin, 2004; Ovenden, White, & Sanger, 
1988; Sanger, 1986; Unmack et al., 2017; Waters et al., 1994). All 
global genetic studies of the group to date have detected a major 

F I G U R E  1   Map of (a) Australia in the southwest Pacific Ocean, and (b) the Murray‐Darling Basin in south‐east Australia. The shift in 
drainage geometry at the end of the Pliocene led to the isolation and evolution of a distinctive freshwater phylogeographic assemblage on 
the southern margin of the Murray‐Darling Basin (red patch) [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b)

www.wileyonlinelibrary.com
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phylogenetic division between “northern” and “southern” clades 
of river blackfish G. marmoratus (Figure 3b). Within “northern” 
G. marmoratus, the common lineage (NMD) occurs widely through‐
out the Murray‐Darling drainage, including representatives in 
South Australia, northern Victoria, New South Wales and south‐
ern Queensland (Figure 3b). By contrast, its divergent sister clade 
(NGW) is restricted to western Victorian drainages (primarily the 
Glenelg and Wimmera rivers; and adjacent coastal systems; Hammer 
et al., 2014). The NMD and NGW sister clades are 7.1% divergent 
for mtDNA cyt b (Hammer et al., 2014), and their phylogeographic 
relationships imply ancient vicariant separation of the Wimmera, 
Glenelg and MDB drainages. Hammer et al. (2014) genetically dated 
this NGW‐NMD split to 1.5–7.1 million years ago (mya). As similar 
haplotypes are shared between the Glenelg and Wimmera, these 
likely reflect more recent connections between these systems. 

Furthermore, the isolation of the Glenelg from the MDB was not 
necessarily coincident with that of the Wimmera.

3.2 | Mountain galaxias complex

The endemic Galaxias olidus complex (McDowall & Frankenberg, 
1981) occurs widely through south‐eastern Australia (Figure 3c). This 
diverse freshwater fish assemblage is now recognized as compris‐
ing at least 15 distinct species (Adams, Raadik, Burridge, & Georges, 
2014; Raadik, 2014). While a number of species within the complex 
have relatively restricted headwater distributions, two are particu‐
larly widespread: G. olidus sensu stricto has a vast range extending 
throughout the Murray‐Darling system, from South Australia to 
Victoria, New South Wales and Queensland (Adams et al., 2014; 
Raadik, 2014); whereas G. oliros has a distribution primarily centred 

F I G U R E  2   Summary topographic 
(a) and drainage evolution (b) maps of 
the middle‐lower Murray‐Darling Basin 
(locations in Figure 1), showing the 
order of events (in legend in b) between 
Miocene and present that affected the 
drainage geometry (after Singleton et al., 
1976; Stephenson, 1986; McLaren et al., 
2011, 2012) [Colour figure can be viewed 
at wileyonlinelibrary.com]

(a)

(b)

www.wileyonlinelibrary.com
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in southwestern Victoria (including the Wimmera and Glenelg riv‐
ers) where G. olidus does not occur (Figure 3c). Notably, G. oliros has 
a relatively deep phylogenetic position within the complex, placed 
sister to the other 14 taxa combined (including G. olidus), with 7% di‐
vergence for cyt b (Adams et al., 2014). While G. oliros also occurs in 
parts of the Murray, this small degree of overlap can be interpreted 
as more recent secondary dispersal across drainage divides that has 
brought G. oliros back into contact with G. olidus (Figure 3c). A simi‐
lar example is evident for Galaxias divergens and G. paucispondylus in 
New Zealand's South Island; Craw et al., 2016).

3.3 | Freshwater crayfish

The Australian freshwater “yabby” Cherax destructor complex 
comprises two recognized subspecies (sometimes considered to 
represent full species; Sokol, 1988). Cherax destructor destructor 
has a vast distribution throughout the Murray Darling system and 
central Australian (inland) drainages (its additional presence in a 
single coastal drainage likely reflects anthropogenic transloca‐
tion), whereas C. destructor albidus has a relatively localized dis‐
tribution in western Victoria (Wimmera and Glenelg rivers; Sokol, 

F I G U R E  3   (a) Major south‐eastern Australian river drainage history and (b, c, d) associated modern phylogeographic disjunctions of 
south‐western Victorian versus Murray‐Darling clades of freshwater‐limited fish (b) northern Gadopsis marmoratus (Hammer et al., 2014; 
Ovenden et al., 1988), (c) Galaxias (Adams et al., 2014) and (d) crayfish (Cherax; Nguyen et al., 2004) taxa. Shaded regions schematically 
represent approximate historical clade ranges (in some cases subsequently altered by recent anthropogenic translocations and/or population 
extirpation), and symbols represent genetic sampling sites. Drainage image in (a) is from grasshoppergeography.com [Colour figure can be 
viewed at wileyonlinelibrary.com]

(a)

(b) (d)

(c)

www.wileyonlinelibrary.com
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1988) (Figure 3d). These two lineages are reciprocally monophy‐
letic, and exhibit 3% divergence for the relatively slow‐evolving 
mtDNA marker 16S rRNA (Nguyen, Austin, Meewan, Schultz, & 
Jerry, 2004).

3.4 | Additional freshwater clades restricted to 
western Victoria

As noted above, SWV does not contain a rich freshwater‐limited 
fauna (Hammer et al., 2014). Nevertheless, the region houses several 
additional endemic freshwater lineages that are apparently phyloge‐
ographically distinctive. While the three examples discussed above 
yielded essentially unambiguous scenarios regarding relationships 
of the Glenelg and Wimmera drainages with respect to the MDB, 
several additional cases outlined below are relatively uninforma‐
tive about this history (i.e. because they have no close phylogenetic 
relatives; because they are relatively young lineages; and/or because 
they have sister lineages elsewhere in southern Victoria). These lin‐
eages include the phylogenetically highly divergent Ewens pygmy 
perch Nannoperca variegata (Buckley et al., 2018; Unmack, Hammer, 
Adams, & Dowling, 2011), an apparent relict species estimated to 
have diverged from its closest living relatives (including Murray‐
Darling populations of Nannoperca australis) some 15–20 mya 
(Buckley et al., 2018; although it is possible that a more recent sister 
lineage has gone extinct). Additional examples of SWV freshwater 
diversity include the western swamp crayfish (Gramastacus insoli‐
tus) which is restricted to southwestern Victoria and south‐eastern 
South Australia (Zeidler & Adams, 1989). Schultz et al. (2007) sug‐
gested that this swamp crayfish lineage may have relatives in the 
MDB, implying past connections between these now isolated sys‐
tems. The same authors detected a morphologically cryptic species 
of Geocherax crayfish in SWV, sister to three taxa found further east 
in southern Victoria. Additionally, the western Victorian Glenelg 
River crayfish Euastacus bispinosus has its closest relatives in both 
southern Victoria (E. yarraensis) and the Murray River system (E. ar‐
matus, E. crassus; Shull et al., 2005), precluding an unambiguous 
interpretation of its phylogeographic history. SWV E. bispinosus 
and Murray River E. armatus are 3.8% divergent from one another 
for the mtDNA barcoding marker COI. In contrast to the typically 
strong regional phylogeographic structure detected within southern 
Australia's freshwater‐limited taxa (above), relatively shallow genetic 
structure has been detected in riverine taxa that can potentially tol‐
erate estuarine and/or marine conditions (e.g. Philypnodon: Thacker, 
Unmack, Matsui, Duong, & Huang, 2008; Galaxias brevipinnis: 
Waters, Shirley, & Closs, 2002; Paratya: Cook et al., 2006; but note 
regional differentiation in Retropinna: Hammer, Adams, Unmack, & 
Walker, 2007; Hughes, Schmidt, MacDonald, Huey, & Crook, 2014).

4  | DISCUSSION

Geological data alone provide strong evidence suggesting a former 
pathway for the MDB through the Douglas Depression in southwest 

Victoria (Figure 2a,b; McLaren et al., 2011). Notably, the clear 
physical evidence for the former extent and duration of palaeo‐
lake Bungunnia provides a clear spatial and temporal signature of 
a major drainage rearrangement event. Previous studies elsewhere 
have similarly proposed lakes as key transitional features of incipient 
drainage rearrangements (e.g. Lake Wairau, proposed in Burridge, 
Craw, & Waters, 2006). The relatively recent formation of the lower 
Murray Gorge represents additional evidence for a drainage rear‐
rangement, consistent with the physical signatures of similar events 
elsewhere (e.g. Waters et al., 2001; Craw et al., 2007).

Biological evidence from genetic analyses of freshwater‐limited 
taxa Gadopsis, Galaxias and Cherax provides strong support for a for‐
mer connection between Glenelg‐Wimmera and the MDB, supporting 
the hypothesis of McLaren et al. (2011, 2012). Phylogeographic analy‐
ses of Gadopsis (Hammer et al., 2014; Ovenden et al., 1988) and Cherax 
(Nguyen et al., 2004) are particularly clear in supporting a sister relation‐
ship between lineages occupying these systems. The sister relationship 
of (predominantly SWV) Galaxias oliros (Adams et al., 2014) relative to 
(predominantly MDB) G. olidus and its sister taxa further highlights the 
divergence that has occurred between these regional lineages. In our 
view, the fact that the MDB versus SWV comparison represents the 
deepest phylogeographic split within each of these clades represents 
compelling evidence for an ancient drainage isolation event. Overall, 
this broad phylogeographic association between Glenelg‐Wimmera and 
MDB lineages strongly supports McLaren et al.’s (2011, 2012) sugges‐
tion that the formation of Lake Bungunnia and subsequent development 
of the present drainage geometry was driven by disruption of the former 
Douglas Depression path of the lower Murray‐Darling River (i.e. through 
tectonic uplift of the Padthaway High; Figure 2).

Molecular divergences within Gadopsis (Hammer et al., 2014), 
Galaxias (Adams et al., 2014) and Cherax (Nguyen et al., 2004) are 
broadly consistent with late Pliocene divergence (e.g. via the for‐
mation of Lake Bungunnia (Figure 2), which disrupted riverine con‐
nections between the MDB and Glenelg‐Wimmera (Figures 2 and 
3)). First, the time‐calibrated Gadopsis phylogeny of Hammer et al. 
(2014) yielded a divergence estimate (1.5–7.1 mya) consistent with 
this Pliocene divergence scenario. Second, relative divergence val‐
ues of Galaxias lineages constrained by geological events elsewhere 
(Figures 4 and 5; see below) similarly support a Pliocene divergence 
between G. oliros and other members of the G. olidus complex. 
Importantly, the approximately 7% cyt b divergence detected be‐
tween SWV and MDB clades of both fish taxa (Gadopsis and Galaxias) 
supports a similar timeframe of isolation for each lineage. Moreover, 
the 3% divergence between MDB and Glenelg‐Wimmera Cherax for 
the relatively slow‐evolving 16S rRNA region corresponds to a more 
substantial divergence value for the faster evolving cyt b region (e.g. 
Waters, López, & Wallis, 2000), perhaps equivalent to the corre‐
sponding divergence times for Gadopsis and Galaxias.

Previous research on links between galaxiid fish phylogeogra‐
phy and geologically constrained freshwater isolation events in New 
Zealand provides a robust context for assessing rates of genetic change 
(Burridge et al., 2008; Craw et al., 2008; Figures 4 and 5). While the 
mtDNA divergences reported for Galaxias oliros and its sister taxa are 
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F I G U R E  4   Mitochondrial DNA 
divergences in galaxiid fishes, linked 
to geologically‐constrained freshwater 
isolation events (modified from Craw et al. 
(2008); additional details in Waters et al. 
(2007); Burridge et al. (2008)). Temporal 
uncertainty associated with geological 
events is indicated. The empirically 
derived time‐dependent molecular 
calibration curve is illustrated as a dashed 
line [Colour figure can be viewed at 
wileyonlinelibrary.com]
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somewhat less than the 10% cyt b divergence detected between New 
Zealand Galaxias paucispondylus and G. divergens (sister taxa that were 
vicariantly isolated by early‐mid Pliocene tectonics, <5 mya; Burridge et 
al., 2008; Craw et al., 2008; Figure 5), they substantially exceed the 3% 
cyt b divergence between clades of G. gollumoides isolated in the mid‐
late Pleistocene 0.3–0.5 mya (Burridge et al., 2008; Craw et al., 2008; 
Waters et al., 2001). Based on these comparative molecular calibration 
data, the divergences between MDB and Glenelg‐Wimmera clades are 
broadly consistent with late Pliocene isolation predicted by geological 
data (Figures 4 and 5; McLaren et al., 2011).

This combination of geological and biological data, which rep‐
resent complementary strands of evidence, provides “reciprocal 
illumination” (i.e. new insights derived from the combination of two 
fields that are essentially inter‐dependent), together supporting 
the co‐evolving history of south‐eastern Australia's landscape and 
biota. Additionally, the preservation of detailed biological and geo‐
logical evidence for ancient (Pliocene) drainage rearrangement in 
Australia contrasts with recent data from New Zealand where the 
landscape is evolving considerably more rapidly (Figure 4). Indeed, 
comparable drainage evolution events recently reconstructed in 
New Zealand's geologically dynamic South Island are mostly late 
Pleistocene in age (Burridge et al., 2006; Burridge, Craw, & Waters, 
2007; Craw et al., 2008, 2007; Waters et al., 2015, 2001, 2007). 
We suggest that the relatively stable tectonic and erosional setting 
of Australia has facilitated the remarkable preservation of detailed 
biological and geological evidence for an ancient, large‐scale drain‐
age shift.

In summary, the Pliocene tectonic history of south‐eastern 
Australia has underpinned the evolution of a distinctive regional 
freshwater phylogeographic assemblage in SWV, including several 
locally endemic lineages that should be assigned high conservation 
value (Hammer et al., 2014).
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