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Abstract

Taxonomic and evolutionary research of freshwater crayfish of the genus Cherax from
tropical Australia and New Guinea (Papua-Indonesia and Papua New Guinea) is limited.
The objective of this research is to place these Cherax species into a taxonomic and
evolutionary framework following on from studies on Australian species using molecular
genetic data with a special focus on species from Papua, Indonesia.

This research presents an analysis of two data sets, one consisting of mt16S rRNA
sequences from 134 samples and the second a combination of four genes (12S rRNA, 16S
rRNA, COI, GAPDH) from a subset of these samples to test species boundaries and
establish phylogenetic hypotheses for New Guinean and selected northern Australian
species. These data supports the recognition of 25 Cherax species, including three recently
described species and five new species discovered in this study from Papua, Indonesia.
Two main clades were identified based on phylogenetic analyses. The New Guinean
crayfish does not form a monophyletic group but share relationships with northern
Australian species at different evolutionary depths, which is consistent with the geological
history of the region. The diverse highland Cherax fauna of the Wissel Lakes form a well
support monophyletic lineage but show minimal molecular divergence, which is at odds
with their high morphological diversity. The results of this study fill a major gap in the
understanding of the systematics and evolution history of the genus Cherax, one of the
most diverse and widespread genera of freshwater crayfish.
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CHAPTER 1
General Introduction

1.1. Background
Indonesia, Australia and Papua New Guinea are among the most biodiverse
countries in the world (Mittermeier et al. 1997; Williams et al. 2001; Anonymous
2003). Accordingly, these countries have been classified as megabiodiverse based on
the total number of species in a country and the degree of endemism at the species and
higher taxonomic levels (Williams et al. 2001). Conservation International (2000),
places Indonesia as second in the world behind Brazil for the highest number of
endemic plants and animals. Australia leads the world in having the highest number of
endemic animals (excluding fish). Such a status means that scientists and governments
of these nations have an obligation to discover, document, understand and protect the
unique biodiversity of their country. This is of special significance for Indonesia and
Australia as eastern Indonesia (Wallacea) and Papua represent zones of merger or
transition between two of the great flora and fauna regions of the world (e.g. Bowman et
al. 2010).
Historically, both Indonesia and Australia have seen a range of explorers,
naturalists and biologists attracted to the high diversity of these countries and who have
contributed to the discovery and description of many of their extraordinary plants and
animals. These scientists include luminaries such as Charles Darwin, Alfred R. Wallace,
Joseph Banks, and Thomas Huxley in the 19th century and more recently members of
the Archbold expeditions, which focussed on inland New Guinea. Other notable
scientists of more recent times who spent time in New Guinea documenting its natural
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history are Ernst Mayr, Jarred Diamond and Tim Flannery. However, these researchers,
as with most others, focussed largely on terrestrial vertebrate diversity, and with the
exception of some insect groups, much work still remains to be undertaken on
invertebrate animal diversity especially freshwater aquatic species.
In Australia, the collections of John Gilbert, who collected for John Gould and
joined Ludwig Leichhardt‟s expedition to cross northern Australian, are especially
noteworthy. He obtained the first specimens of Cherax to be described by Gray as
Cherax quinquecarinatus and Cherax bicarinatus. The latter being the first species of
crayfish to be recorded from tropical Australia or New Guinea with a type locality of
Port Essington, an ill-fated early attempt to establish a settlement by the British in what
is now the Northern Territory (Leichhardt 1847; Gray 1845).
The best known early explorations of biodiversity in the Indonesian region were
conducted by the remarkable naturalist Alfred Russel Wallace (1823-1913). He
travelled and collected intensively in the region including Papua in the period of 18541862. He developed his own conceptualisation of the theory of evolution by natural
selection in his famous letter from “Ternate” (1958) and the Wallace line concept on the
basis of his collecting and observations, which divides the animal diversity within
Indonesia into two very distinctive biogeographic groups. One group, the Indo-Oriental
fauna is more related to Asian animal taxa and the Indo-Australian group is more
related to the Australian fauna (Wallace 1869). His work in the region represents the
first systematic and considered study of animal and plant distributions, a field we now
call biogeography. Thus, based on his pioneering methods and insights he is often
referred to as the „Father of Biogeography‟. In total Wallace collected about 125,000
specimens of plants and animals in his explorations of the Malay Archipelago but he
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made no contribution to the understanding of the biodiversity or biogeography of
aquatic species in his collections or writings.
The most significant exploration of aquatic biodiversity in New Guinea was
from the results of the Dutch New Guinea Expedition lead by Boschma in 1939.
Freshwater decapods collected on this expedition were studied by the eminent Dutch
carcinologist Lipke B. Holthuis. Supplemented from his own collecting expeditions
(1954-1955) to eastern Indonesia to what is now known as Papua, Holthuis described
almost all the known species of New Guinea freshwater crayfish (Holthuis 1949;
Holthuis 1950; Holthuis 1986 and Holthuis 1996). His most intensive collecting was in
the Wissel Lakes region in the central highlands and the 8 species of Cherax he
described from this cluster of interconnected lakes and surrounding drainage system
represent at level of local diversity that is unprecedented for freshwater crayfish
globally.
Based on his detailed knowledge of the freshwater decapods of the region,
Holthuis not only made important contributions to our knowledge of the diversity of
tropical freshwater crayfish but also to the biogeography of the region, stating that
freshwater crayfishes are ideal animals for zoogeographical studies because their
distributions show logical geographic patterns due to their low vagility (Holthuis 1986).
The distribution of Cherax in New Guinea is clearly demarcated by the central dividing
range with all species restricted to southern New Guinea. For Holthuis this was decisive
in linking the origin of New Guinea‟s freshwater crayfish to the Australian fauna
(Holthuis 1958). We now know that this biogeographic relationship is understandable in
the context of the tectonic history of southern New Guinea and Australia and the
formation of the ancient continent of Sahul, a single land mass comprising New Guinea,
mainland Australia and Tasmania that resulted from the collision of the Australian
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continental plate with the islands to be become New Guinea and its subsequent
emergence several times during the Pleistocene at periods of lowered sea levels (Voris
2000).

1.2. Evolutionary History of Freshwater Crayfish
Freshwater crayfishes are widely spread throughout the world with the exception
of the African mainland, the Indian sub-continent, Antarctica and the northern parts of
central Asia (Figure 1.1). It is thought that freshwater crayfish evolved from a marine
ancestor, which invaded freshwater habitats on the ancient continent of Pangaea. The
hypothesis is consistent with phylogenetic analyses (Crandall et al. 2000a) and the age
of crayfish fossil evidence from northern America (Hasiotis & Mitchell 1993),
Antarctica (Babcock et al. 1998) and Australia (Martin et al. 2008).

Figure 1.1. Distribution map of freshwater crayfish representing two superfamilies:
Parastacoidea (family Parastacidae, solid black), and Astacoidea (families Astacidae, gray and
Cambaridae, horizontal line) (modified from Hobbs 1988).
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The fossil records, morphological and molecular studies of Jamieson (1991),
Scholtz (1993), Crandall et al. (2000a), Crandall et al. (2000b), and Porter et al. (2005)
support the hypothesis of Ortmann (1902) that freshwater crayfish are monophyletic.
This result rejects the previous hypothesis of Huxley (1880) who thought that there may
have been two separate freshwater crayfish invasions based on the two present centres
of diversity in the northern hemisphere (south-eastern United States) and the southern
hemisphere (south-eastern Australia).
Within the northern hemisphere the study by Crandall et al. (2000b) suggests
that neither the Astacidae nor the Cambaridae are monophyletic, with the East Asian
cambarids (genus Cambaroides) being more closely related to the astacids than to the
North American cambarid crayfish. The relationship among the parastacoidean (Family
Parastacidae) genera, restricted to the southern hemisphere continental landmasses of
Australia and South America and the islands of Madagascar, New Guinea and New
Zealand, have been the subject of a number of studies focussed at a range of taxonomic
levels and geographic scales using a variety of kinds of data. These studies are reviewed
in detail below.

1.2.1. Family Parastacidae
The Parastacidae is the single family of the Superfamily Parastacoidea
established by Huxley (1878) and is now considered to be represented by 15 genera
(Riek 1969; Riek 1972; Hansen & Richardson 2006) although a recent study by Schultz
et al. (2009) suggested that the highly divergent Engaeus lyelli, warrants recognition as
a new genus. Of the 15 formally recognised genera, 9 are found in Australia, 3 in South
America and one in each of Madagascar, New Zealand, and Australia and New Guinea
(Table 1.1).
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Table 1.1 The recognised genera of the Parastacidae
Genus
Astacopsis

Approximate
number of
species
3

Country

Recent and key taxonomic References

Australia

Hamr 1992; Horwitz 1994; Sinclair et al.
2004, Sinclair et al. 2011

Cherax

45

Australia,
Indonesia
(Papua), Papua
New Guinea

Riek 1969; Holthuis 1949; Holthuis 1950;
Holthuis, 1996; Munasinghe et al. 2003,
2004a, 2004b; Lukhaup & Pekny (2006
&2008); Lukhaup & Herbert 2008

Euastacus

50

Australia

Morgan 1986, 1988, 1989, 1991, 1997;
Shull et al. 2005; Coughran and McCormack
2011

Engaeus

35

Australia

Horwitz 1990; Schultz et al. 2007; 2009

Engaewa

5

Australia

Horwitz 1995; Schultz et al. 2009

Tenuibranchiurus

1

Australia

Riek 1969; Schultz et al. 2009

Geocharax

2

Australia

Riek 1969; Schultz et al. 2007; 2009

Gramastacus

1

Australia

Riek 1972; Schultz et al. 2007; 2009

Ombrastacoides

11

Australia

Hansen and Richardson 2006

Spinastacoides

3

Australia

Hansen and Richardson 2006

Paranephrops

2

New Zealand

Hopkins 1970; Apte et al. 2007

Astacoides

6

Madagascar

Hobbs 1987; Toon et al. 2010

Virilastacus

3

South America

Crandall et al. 2000b; Rudolph and Crandall
2007; Toon et al. 2010

Parastacus

8

South America

Hobbs 1989; Crandall et al. 2000b;
Toon et al. 2010

Samastacus

2

South America

Riek 1971; Crandall et al. 2000b;
Toon et al. 2010

The family has its greatest species (177) and generic level (10) diversity in
Australia and New Guinea (156 species). Across this region several centres of diversity
can be identified, viz. the south-western of Western Australia, central and south eastern
Australia, and northern Australia and southern New Guinea (Indonesian provinces of
Papua and West Papua and south-western Papua New Guinea). The extreme south east
of Australia, consisting of the states of Victoria and Tasmania has by far the highest
diversity at both the generic and species levels (Riek, 1972; Crandall et al. 1999;
Schultz et al. 2009; Toon et al. 2010).
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The Parastacidae is highly diverse, both morphologically and ecologically, in
comparison to the northern hemisphere crayfish. The largest crayfish species in the
world is Astacopsis gouldi, which inhabits streams and rivers in northern Tasmania. The
highly evolved freshwater crayfish of the genera Engaeus and Engaewa, can complete
their life cycle underground (Riek 1969; Suter 1977a; Suter 1977b; Horwitz &
Richardson 1986; Horwitz 1988; Horwitz 1990b; Horwitz & Adams 2000). Members of
the genus Cherax are known for their tolerance of poor water quality, higher
temperatures and brackish water, which is thought to have contributed to their wide
distribution (Morissey 1978; Mills and Geddes 1980; Bryant & Papas 2007; Williams
1981; and Williams & Allen 1987).
Australian freshwater crayfish diversity is dominated by three speciose genera:
Cherax (smooth crayfish), Euastacus (spiny crayfish) and Engaeus (land crayfish). The
most geographically widespread of these genera is Cherax, which has an extensive
distribution in Australia and also extends into southern New Guinea including the
Misool and Aru Islands (Figure 1.2). The other genera with a more limited number of
species distributions within the Parastacidae are: Engaewa, Tenuibranchiurus,
Geocharax, Gramastacus, Astacopsis, Ombrastacoides, and Spinastacoides (Australia);
Paranephrops (New Zealand); Astacoides (Madagascar); Virilastacus, Parastacus and
Samastacus (South America) (Riek 1969; Hobbs 1988; Hobbs 1991; Horwitz & Austin
1995a; Crandall et al. 1999; Richardson et al. 2006; Hansen & Richardson 2002;
Hansen & Richardson 2006).
There have been a number of molecular genetic studies of parastacid crayfish
genera using a range of data sets and taxon sampling (Crandall et al. 1995; Crandall et
al. 1999; Munasinghe et al. 2004a and 2004b; Shull et al. 2005; Schultz et al. 2009; and
Toon et al. 2010). The most recent of these is by Toon et al. (2010), who rejects a
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biogeographic hypothesis of geographically-based speciation and evolution within the
family. Toon et al‟s study along with others (Schultz et al. 2007, 2009; Crandall et al.
1999) provides support for monophyly of all parastacid genera with the exception of
Engaeus with respect to E. Lyelli (Schultz et al. 2009). All phylogenetic studies of
Cherax have consistently recovered representatives of the genus as monophyletic and
sister to a clade containing Gramastacus, Geocharax, Engaeus, Engaewa and
Tenuibranchiurus (Crandall et al. 1999; Schultz et al. 2009; Toon et al. 2010). While
relationships among the more closely related genera are better understood, the deep
branches of the parastacid evolutionary tree still require further study to resolve a
number of uncertain relationships (Toon et al. 2010).

Figure 1.2. Native distribution of freshwater crayfish of the Genus Cherax in Australia and
New Guinea (after Schultz et al. 2009 with modification)

1.2.2. Genus Cherax
The first two species of Cherax were described by Gray (1845) and placed in the
Genus Astacus based on specimens collected from the southwest (Cherax
quinquecarinatus (Gray)) and north of Australia (Cherax bicarinatus (Gray)). Cherax
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was first proposed as subgenus of Astacus by Erichson (1846) based on a specimen
from the southwest of Western Australia (Cherax preissii Erichson). However, there
was uncertainty over the spelling of Cherax for several years after the publication of
Erichson (1846). Erichson himself used both Cherax and Cheraps in the same
publication. Since Erichson (1846) a number of authors have applied a range of
alternative generic designation or spellings to one or more species now included in the
genus. In chronological order these are: Astacoides (Hess 1865), Chaeraps (Huxley
1878), Astacopsis (Haswell 1882), Astaconephrops (Nobili 1899), Parachaeraps (Smith
1912), and Paracheraps (Baer 1945). Since Riek‟s publications (Riek 1967, 1969,
1972) there has been no dispute regarding the nomenclature or generic level concept for
Cherax.
In the most recent taxonomic treatments of the genus Cherax, most new species
have been described from northern Australia, Papua (eastern Indonesia) and Papua New
Guinea. Over the last two decades four species have been described from Indonesia
(Papua and Papua Barat) and Papua New Guinea (Holthuis 1996; Lukhaup & Pekny
2006; Lukhaup & Pekny 2008; Lukhaup & Herbert 2008) and three species from
northern Australia (Short 1991; 1993; Short & Davie 1993). These more recently
described species brings the total of described species from Northern Australia and New
Guinea to 26, which mean that northern Australia and New Guinea should now be
considered the centre of diversity for Cherax rather than southern or eastern Australia
(Toon et al. 2010).
External morphological character analysis is still the predominant method used
by taxonomists to delineate and describe species of freshwater crayfish including
Cherax and related Australian genera (e.g. Riek 1969; Holthuis 1949; Hobbs 1974;
Horwitz 1990a; Holthuis 1996; Coughran 2005a and 2005b; Hansen & Richardson
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2006; Lukhaup & Pekny 2006; Lukhaup & Pekny 2008; and Lukhaup & Herbert 2008).
Morphological variation associated with the rostrum, antennal scale, chelae, carapace,
eye size, body shape and sternal keel are commonly used to distinguish and identify
species of Cherax (Riek 1969; Holthuis 1949; Holthuis 1950; Holthuis 1996; Lukhaup
& Herbert 2008; Austin & Ryan, 2002). For Australian Cherax, the most substantial
morphologically-based taxonomic reviews, including descriptions of new species and
keys to most Australian species are by Riek (1951; 1956; 1967; 1969; and 1972).
Whereas for New Guinean Cherax most species descriptions and keys are given by
Holthuis (1949; 1950; and 1996). Both of these treatments need revision as a result of
more recently discovered species, suggested synonymies and because, with the
exception of Clark (1936), there have been no taxonomic studies that have considered
Cherax species from the two regions jointly, despite the close biogeographic
relationships between New Guinea and northern Australia. There is now the need for
revised species descriptions and comprehensive taxonomic keys for all species within
the genus.
Morphologically-based taxonomies are increasing being supplemented with, or
tested using molecular data sets to better understand taxonomic boundaries and
phylogenetic relationships (Crandall et al. 1999; 2000a; Austin & Ryan 2002;
Munasinghe et al. 2003; 2004a; 2004b; Austin et al. 2003; Rudolph & Crandall 2007;
Schultz et al. 2007; 2009; Toon et al. 2010). In fact a number of studies have
demonstrated that reliance on morphological data alone can be misleading for defining
species boundaries and establishing evolutionary relationships in both Cherax and other
parastacid crayfishes (e.g. Austin 1996; Austin & Ryan 2002; Munasinghe et al. 2004b;
Schultz et al. 2009).
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An increasing number of taxonomic-related investigations of Cherax over more
recent years have substantially relied on molecular data (Austin 1996; Austin & Knott
1996; Crandall et al. 2000a; Austin & Ryan 2002; Austin et al. 2003; Munasinghe et al.
2003; 2004a; 2004b) and have provided important new information on species
boundaries and the evolutionary history and biogeography of the genus. However, to
date, very few of the northern Australian and New Guinea representatives of the genus
have been included in molecular genetic and evolutionary studies (Munasinghe et al.
2004b; Toon et al. 2010). Given that the molecular systematics of Cherax in southern
and eastern Australia have been relatively well studied, the high diversity of species in
northern Australia and New Guinea there is a clear need for this deficiency to be
addressed, specifically for northern Cherax species including New Guinean species, to
allow a complete systematic treatment of Cherax throughout its distribution and to
address important and interesting question relating to the evolution and biogeography of
the genus.
Molecular genetic studies to date support the existence of three geographically
correlated lineages within Cherax comprising a south western, an eastern and a northern
lineage. While the former 2 lineages are well established with comprehensive taxon
sampling, the northern lineages has only been represented by very modest sampling and
DNA sequences have only been published for one endemic New Guinea species
(Munasinge et al. 2004b). While the support for the three major lineages within Cherax
is strong, the relationships among them are inconsistent and unresolved (Munasinghe et
al. 2004b; Schultz et al. 2009). Nevertheless, there is strong support for endemic and
regionalised patterns of speciation in Cherax and local adaptation to a variety of habitats
leading to a high degree of morphological divergence among related species at a local
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or regional level, which includes habitat related convergent evolution within and among
regions (Austin and Knott 1996; Austin 1996; Munasinge et al. 2003; 2004a).

1.2.3. Northern Australian Cherax
Based on classical morphology-based treatments, Riek (1969) recognised 19
species of Cherax from northern and eastern Australia. Nine of these species are found
exclusively in northern Australia (north of the Tropic of Capricorn). These studies have
been revised by Austin (1996) who re-examined Cherax species from northern and
eastern Australia using both electrophoretic and morphological characters and found
support for only 4 of Riek‟s 9 species. Three new species of Cherax from northern
Australia and not studied by Austin (1996) were described by Short (1991, 1993) and
Short & Davie (1993).
The molecular systematics of several Cherax species were further examined by
Munasinghe et al. (2004b) using DNA nucleotide data, however they only examined
two species from northern Australia (C. quadricarinatus and C. rhynchotus) and an
undescribed species from Papua New Guinea. Baker et al. (2008) undertook a
population genetic study of Cherax quadricarinatus from northern Australia and
southern Papua New Guinea. They concluded that C. quadricarinatus comprised two
species in Australia and applied the name C. bicarinatus to a form from the Northern
Territory, following Riek‟s (1969) nomenclature.
A summary of the taxonomic treatments and conclusions of Riek (1969), Austin
(1996), Munasinghe et al. (2004b) and Baker et al. (2008) is given in Table 1.2, together
with the three new species recently described by Short (1991, 1993) and Short & Davie
(1993) from northern Australia. In total, there are nine species of Cherax currently
recognised in northern Australia, of which five species have been included in molecular
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genetic studies (C. cairnsensis, C. quadricarinatus, C. bicarinatus, C. rynchotus and C.
parvus).

Table 1.2 A summary of studies on the northern Australia species of Cherax and new
classifications where relevant essentially after Riek (1969), Short (1991, 1993), Short & Davie
(1993), Austin (1996), Munasinghe et al. (2004b), and Baker et al. (2008)

After Riek (1969)
C. bicarinatus
C. barretti
C. quadricarinatus
C. rhynchotus
C. wasselli
C. cairnsensis
-

After Short
(1991, 1993),
and Short &
Davie (1993)
C. cartalacoolah
C. nucifraga
C. parvus

After Austin
(1996)

After
Munasinghe et al.
(2004b)

After Baker et al.
(2008)

C. quadricarinatus
C. quadricarinatus
C. rhynchotus
C. wasselli
C. cairnsensis
-

C. quadricarinatus
C. quadricarinatus
C. rhynchotus
C. cairnsensis
-

C. bicarinatus
C. quadricarinatus
-

1.2.4. New Guinean Cherax
New Guinean species of Cherax are only found in southern New Guinea,
including most of southern Papua, Misool Island and Aru Island (Indonesia) and the
southwest of Papua New Guinea. This distribution largely correlates with the leading
edge of the Australian tectonic plate, which collided with the Asian tectonic plate
forming New Guinea region about 5-15 million years ago (Jennings 1972; Holthuis
1986; Voris 2000; Heinsohn 2011). There are no Cherax species found in the Malay
Archipelago beyond the western edge of the Australian-New Guinean continental slope
boundary (Holthuis 1958) or north of the New Guinean central mountain range other
than by deliberate translocation.
Our knowledge of the diversity of New Guinean Cherax species commenced
with the descriptions of species by Von Martens (1868), Nobili (1899), Calman (1911),
Roux (1911), Smith (1912) and the seminal papers by Holthuis (1949; 1950; 1982;
1986; 1996); more recently, single species descriptions by Lukhaup & Pekny (2006,
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2008) and Lukhaup & Herbert (2008) bringing the total number of New Guinean
Cherax to 18 species and 1 subspecies (Table 1.3).

C. (C) communis Holthuis 1949
C. (C) boschmai Holthuis 1949
C. (C) paniaicus Holthuis 1949
C. (C) solus Holthuis 1949
C. (C) divergens Holthuis 1950
C. (A) monticola Holthuis 1950
C. (A) minor Holthuis 1996
-

-

-

-

C. (C) papuanus Holthuis 1949
C. (C) pallidus Holthuis 1949
C. (C) murido Holthuis 1949
C. (C) buitendijkae Holthuis 1949
C. (C) longipes Holthuis 1949

C. (A) quadricarinatus
C. (A) albertisii
C. (A) lorentzi
C. (A) lorentzi aruanus
C. (A) misolicus Holthuis 1949

After Holthuis (1949;1950; 1996)

-

Cherax quadricarinatus
Cherax quadricarinatus
Cherax quadricarinatus
Cherax quadricarinatus
-

After Calman (1911),
Smith (1912), Clark
(1936)

-

Astacus quadricarinatus (Von Martens 1868)
Astaconephrops albertisii (Nobili 1899)
Cheraps aruanus (Roux 1911)
Cheraps lorentzi (Roux 1911)

After Von Martens (1868), Nobili (1899),
Calman (1911), Roux (1911)

C. (C) peknyi Lukhaup & Herbert 2008

C. (C) holthuisi Lukhaup & Pekny 2006
C. (A) boesemani Lukhaup & Pekny 2008

-

After Lukhaup &Pekny (2006; 2008), and
Lukhaup & Herbert (2008)

Tabel 1.3. The classifications of the southern New Guinea species of Cherax essentially after Von Martens (1868); Nobili (1899); Calman (1911); Roux
(1911); Smith (1912); Clark (1936); Holthuis (1949; 1950; 1996); Lukhaup & Pekny (2006, 2008); and Lukhaup & Herbert (2008)
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Of special significance is the extraordinary diversity and morphological
divergence of the Wissel Lakes crayfish fauna from the Papuan highlands (Figure 1.3).
According to Holthuis (1949), the complex of Wissel Lakes are inhabited by eight
species of freshwater crayfish of the genus Cherax. Six species are known from Lake
Paniai i.e. C. communis, C. murido, C. pallidus, C. buitendijkae, C. boschmai, and C.
paniaicus and three species from Lake Tigi i.e. C. communis, C. longipes, and C. solus.
No species were recorded from Lake Tage, the third lake in the Wissel Lakes complex.
Each species is endemic to a single lake with the exception of C. communis which
occurs in both lakes and nearby rivers. This level of intra-generic local diversity and
endemism is unprecedented for crayfish anywhere in the world.

Figure 1.3. Morphological variation of eight species of Wissel Lakes Cherax. Upper, left to
right: C. paniaicus, C. pallidus, C. communis, C. boschmai. Lower, left to right: C. longipes,
C. buitendijkae, C. murido, C. solus (Austin collection and after Holthuis 1949)

17

Holthuis (1949; 1950; and 1996) divided the New Guinean Cherax into two
subgenera distinguished largely on the basis of the rostral and median carinae and the
possession of decalcified areas on the ventral margin of the propodal palm of the chelae
in adult males. The two subgenera: „Astaconephrops’ (well developed rostral, and
postorbital carinae and presence of decalcified area) and „Cherax’ (reduced or absence
of rostral, median and post post-orbital carinae or very little developed and absence of
decalcified area) groups have not been subsequently used for the classification of
Cherax species outside of New Guinea, although recently Lukhaup & Pekny (2006),
Lukhaup & Pekny (2008), Lukhaup & Herbert (2008) have revived the use of the
subgenus designation for their descriptions of three new New Guinean Cherax species.
Two of these species, C. holthuisi and C. peknyi, are placed in the subgenus Cherax and
one species, C. boesemani, in the subgenus Astaconephrops.
This treatment of species groupings and use of subgenus designations contrasts
with Riek (1969) who divided Australian Cherax into five groups based on a qualitative
assessment of morphological relationships. There has been no effort to reconcile these
contrasting treatments and it is noteworthy that Munasinghe et al. (2004b) rejected
Riek‟s species groups in favour of a pattern of regional speciation and a model of
convergent morphological evolution. These different approaches to the establishment of
relationships within the New Guinean and Australian Cherax and the significance of the
morphological features distinguishing the Cherax and Astaconephrops subgenera, such
as the presence and absence of the uncalcified patch on the claws of male crayfish,
would clearly benefit by being placed within a phylogenetic framework using DNA
sequence (molecular) data.
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1.3. Molecular Systematics
It is now widely agreed that taxonomic classifications should reflect
evolutionary history to ensure consistency and stability in taxonomy (Hillis et al. 1996;
Mayr 2000; Mayr & Bock 2002). Nevertheless there is still disagreement on how this
goal should be achieved (De Quiros & Gauthier 1990; Hillis et al. 1996; Mayr 2000;
Schuh 2000; Mayr & Bock 2002). Generally it is now not considered sufficient to build
a taxonomic classification based only on a study of morphological characteristics due to
difficulties in interpreting and coding morphological traits and the lack of a known
direct genetic basis to character variation. Nowadays, molecular genetic data are
considered a fundamental requirement for reviewing and constructing taxonomic
classifications and investigating evolutionary and biogeographic relationships.
Systematists have also increasingly been able to access nucleotide data as costs have
decreased and the methods become routine (Hillis et al. 1996; Page & Holmes 1998).
The genus Cherax has been found to be a taxonomically „complex‟ taxon based
on the high degree of variation of morphological and taxonomic characters (Austin
1996). The understanding of taxonomic boundaries and systematic relationships has
been greatly aided by the use of molecular genetic data (Austin & Knott 1996;
Munasinghe et al. 2004b). This has led to the identification of cryptic species and
recommended synonymy of a number of species of Cherax (Austin 1996; Austin &
Ryan 2002; Austin et al. 2003).
Other parastacid genera that also have also benefitted from a molecular approach
are Euastacus, Geocharax and Engaeus. Using combined data of mitochondrial (16S,
COI and 12S) and nuclear genes (28S), Shull et al. (2005) found that all Euastacus
species are monophyletic except two species viz. E. fleckeri and E. robertsi and
supported the recognition of at least one new species. Schultz et al (2007; 2009) tested
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taxonomic and phylogenetic relationship among Engaeus, Engaewa, Geocharax,
Gramastacus and Tenuibranchiurus using data from the 16S and GAPDH genes. While
monophyly of most genera was supported, the species E. lyelli was sufficiently
divergent to warrant placement in a separate genus and cryptic species were apparent
within Geocharax, Gramastacus and E. lyelli. It was also found that a molecular
phylogenetic approach was critical to understanding the dispersal history of species and
biogeographic relationships (Shull et al. 2005; Munasinghe et al. 2004b; Nguyen et al.
2004; Ponniah & Hughes 2006; and Schultz et al. 2009).
The value of molecular data in defining species boundaries, uncovering cryptic
diversity and establishing reliable phylogenies is now well established in zoology and
has already been used for many groups of freshwater crayfish from the southern and
northern hemispheres (Crandall et al. 1999; Munasinghe et al. 2003; Munasinghe et al.
2004b; Shull et al. 2005; Schultz et al. 2009; Braband et al. 2006; Buhay et al. 2007;
Crandall et al. 2000a; Crandall et al. 2000b; Rudolph & Crandall 2007; Grandjean et al.
2000; Trontelj et al. 2005; Fratini et al. 2005; Sinclair et al. 2004; Toon et al. 2010).

1.3.1. DNA sequencing
Polymerase chain reaction (PCR) and DNA sequencing based on the Sanger
method are now routine methods in molecular biology and it is now feasible to obtain
sequences for multiple genes without major technical or cost limitations (Hillis et al.
1996; Crandall et al. 1999). Nucleotide sequences have a number of advantages for
establishing and testing evolutionary relationship and monophyly of taxonomic groups
compared with morphological and other phenotypic and molecular characters (Hillis et
al. 1996).
DNA data can be used to infer phylogenetic relationship among samples with a
high degree of confidence. Nevertheless there have been a range of controversies in
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relation to methods of data analysis and the best sampling strategies (e.g. is it better to
maximise taxon sampling or to maximise character sampling) (Hillis 1998; Wiens 2005;
Hillis et al. 2003; Hedtke et al. 2006). Some claim it is better to increase the numbers of
taxa in the analysis to ensure phylogenetic accuracy (Hillis 1996; Hillis 1998; Graybeal
1998; Swofford et al. 1996; Zwickl & Hillis 2002; Rosenberg & Kumar 2003; Wiens
2005). Others opine it is more efficient and reliable to use fewer taxa to reduce
inconsistent branches and increasing sequence length (Kim 1996; Graur et al. 1996;
Rosenberg & Kumar 2001; 2003). Taxonomic sampling can have important
consequences for phylogenetic analysis but how to best sample taxa to estimate
relationships within the tree of life is yet to be determined and depends on the particular
situation being examined (Hillis 1998; Hillis et al. 2003). A directed strategy of adding
taxa to a phylogenetic analysis is found to be one of the most profitable uses of time and
resources (Hillis 1998; Pollock et al. 2002).
Another contentious area of molecular systematics is how to convert a well
supported phylogeny into a classification (Schuh 2000; Mayr and Bock 2002; Page &
Holmes 1998). This latter problem is influenced by several factors such as taxonomic
philosophy and the complexity of relationship between gene trees and species trees
(Mayr 1969; Page & Holmes 1998; Schuh 2000). Mayr (1969) indicated that
consideration should be given to factors including distinctiveness, evolutionary role,
degree of difference, size of taxon, and equivalence of ranking in related taxa to which
can be added the necessity that any defined taxonomic group is also monophyletic
(Schuh 2000).

1.3.2. Choices of molecular markers for phylogenetic inference
The molecular marker most commonly used for freshwater crayfish
phylogenetic studies has been from the mitochondrial 16S rRNA gene (Crandall et al.
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1995; Crandall & Fitzpatrick 1996; Lawler & Crandall 1998; Ponniah & Hughes 1998;
Munasinghe et al. 2004b; Baker et al. 2008; Schultz et al. 2009). The first study using
this gene region was by Crandall et al. (1995) and several researchers have adopted his
approach using the 16S gene region (e.g. Nguyen et al. 2002a; Munasinghe et al. 2003;
2004a; 2004b; Schultz et al. 2007; 2008; 2009). Although the 16S gene region has been
shown to have wide utility for freshwater crayfishes and other organisms, additional
gene regions have now been used for phylogenetic and population studies of freshwater
crayfish (Munasinghe et al. 2003; Nguyen et al. 2002a, Shull et al. 2005; Schultz et al.
2007; 2009; Toon et al. 2010).
The advantage of using a range of gene regions is that not only does it increase
the character sampling (nucleotides), but as different gene regions usually differ in
evolutionary rate, this increases the reliability of phylogeny estimated throughout the
tree (Hillis et al. 1996). Several additional mitochondrial gene regions that have already
been tested for freshwater crayfishes include 12S rRNA, Cytochrome b (Cyt b),
Cytochrome Oxidase I (COI), Cytochrome Oxidase III (COIII), ATPase6/8 from
mitochondrial DNA (Nguyen et al. 2002a; Munasinghe et al. 2003; 2004a; 2004b;
Nguyen & Austin 2005; Shull et al. 2005). Other nuclear gene regions include
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 18S and 28S have also been
successfully used for phylogenetic studies of a number of freshwater crayfish (Crandall
et al. 2000; Munasinghe 2003; Schultz et al. 2009; Toon et al. 2010). The 16S rRNA
has been found to be the least variable amongst the six mitochondrial genes and ATP6/8
the most variable amongst the mitochondrial gene regions (Nguyen & Austin 2005).
Cyt-b is also variable but inconsistent and is subject to nuclear translocations and
therefore should be avoided (Nguyen et al. 2002b). Phylogenetic analysis of the 16S
rRNA, 12S rRNA and COI gene fragments have been shown to generated consistent
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and reliable results for Cherax species (Munasinghe et al. 2003; Nguyen & Austin
2005). The 18S rRNA and 28S rRNA have also been found valuable for freshwater
crayfish studies at deeper evolutionary levels (Crandall et al. 2000a; Toon et al. 2010).
More recently the nuclear gene GAPDH was found to be useful for determining
relationship in phylogenetic studies of the Genus Engaeus, Engaewa, Geocharax,
Gramastacus and Tenuibranchiurus (Schultz et al. 2009).
Another reason for using sequence information from more than one gene region
is the problem that estimating gene trees may not always be a good proxy for inferring
species trees (Moritz & Hillis 1996; Page & Holmes 1998). This problem occurs when
ancestral alleles or haplotypes persist through speciation events and then become fixed
in different species although it is less likely for mitochondrial genes than nuclear genes
(Page & Holmes 1998). Sampling more than one mitochondrial gene does not overcome
this difficulty because of the non-recombining nature of this organelle‟s genome
(Maddison 1997; Page & Holmes 1998).
Another problem that can confound molecular phylogenetic analysis is gene
duplication. This can happen for not only nuclear genes but also for mtDNA genes
when translocated to the nuclear genome and these mitochondrial like genes (numts) are
being found in increasing numbers of organisms (Zhang & Hewitt 1996; Bensasson et
al. 2001; Schizas 2012) including crustaceans (Bucklin et al. 1999; Williams &
Knowton 2001; Nguyen et al. 2002b; Munasinghe et al. 2003; Song et al. 2008).

1.3.3. Phylogenetics
Phylogenetic analysis aims to reconstruct evolutionary relationships amongst
organisms. The ready availability of DNA nucleotide sequencing has meant that the
most common approach to phylogeny reconstruction uses this kind of data. However
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access to nucleotide information still requires a number of important considerations in
order to ensure that reliable and robust phylogenetic hypotheses are generated.
Some of the more important considerations include: choice of gene regions, the
sampling strategy (e.g. taxon sampling versus gene sampling), alignment methods,
models of evolution, tree reconstruction procedures, evaluation of trees and methods,
choice of outgroups and the use of molecular clocks (Hillis et al. 1996; Felsenstein
2004; Barton et al. 2007; Hall 2011). The most important step is the choice of method
of phylogenetic reconstruction and this can be controversial as many different methods
have been developed over the years including distance-based, maximum parsimony,
maximum likelihood and Bayesian methods. Each approach has their own strength and
weakness and the choice of method can depend on a number of factors including
taxonomic philosophy and the dimensions of the data set (Page & Holmes 1998;
Crandall et al. 1999; Barton et al. 2007; Hall 2011).
The first relatively comprehensive study of phylogenetic relationshipof Cherax
was by Riek (1969) who established species groups based on a qualitative analysis of
morphology and habitat preferences (Fig.1.4.A). Austin (1995) undertook a preliminary
phylogenetic analysis of Cherax relationship based on morphology and allozyme data
(Fig.1.4.B) and in contrast, proposed a model of endemic speciation and convergent
morphological evolution between geographical regions. Austin‟s study was then
extended and tested by Munasinghe et al. (2004b) who investigated the biogeographical
relationships of Cherax throughout Australia based on nucleotide data consisting of two
genes, 12S rRNA and 16S rRNA (Fig.1.4.C). Munasinghe et al. (2004b)‟s study also
strongly supported the model of endemic speciation for Cherax across its wide
distribution in Australia. Schultz et al. (2009) also included a number of Cherax species
in their study, which incorporated sequences from the nuclear gene GAPDH and which
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also recovered the same three geographically-based lineages recovered by Austin
(1995) and Munasinghe et al. (2004b).
(A)

(B)

(C)

Figure 1.4. Hypotheses proposed by (A) Riek (1969), (B) Austin (1995), and (C) Munasinghe
et al. (2004b) for the phylogenetic relationship within Genus Cherax.
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1.4. Geological History of Northern Australia and New Guinea Region
The biological relationships among taxa from the Indonesian islands, Australia
and Papua New Guinea reflect their contrasting geological histories and associations.
These three countries have special and complex relationships in term of their animal and
plant diversity as together they represent a zone of merger between 2 of the most
distinct biotas on earth (Crisp et al. 1995; Williams et al. 2001; Heinsohn 2011).
Geologically, Indonesia was formed by the collision of two large tectonic plates
(Figure 1.5) representing the Sunda Shelf (Eurasian Plate) and Sahul Shelf (IndianAustralian Plate) together with the added complexity of tectonic elements contributed
from Australia (e.g. south eastern part of Sulawesi) (Voris 2000; Hall 2002). New
Guinea is a composite of several tectonic elements including the southern part, which
forms part of the Australian tectonic plate. While Australia is current separated from
New Guinea by the Arafura and Timor seas, these are shallow water bodies, and the two
land masses have been connected by land over the last 500,000 years and as recently as
the Pleistocene. Based on the Pleistocene maps of South East Asia proposed by Voris
(2000), sea levels were at their minima (maximum lows) for relatively short periods of
time and this is very likely to be an important factor in limiting the dispersal of animals
of the region.
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Figure 1.5. Principal geographic features of the region covered in South East Asia
reconstruction. The light shade areas are the continental shelves of Eurasia and Australia drawn
at the 200 m isobath (Hall 2002)

Crisp et al. (1995) found there were at least two independent histories for taxa
endemic to the tropics in relation to New Guinea and Australia. One appears as a close
relationship among the monsoons tropical areas, including southern New Guinea, and
the other is a track (a group of areas with a common biological history) of successive
differentiation along the east and south coasts. The Australian wet tropics (the Atherton
area), although geographically adjacent to the monsoon tropics, is part of the east coast
track. Crisp et al. (1995) considered plants but not animals in their study.

1.4.1. Fluctuation of the sea levels and ancient river systems
Information on geological history and terrains of the Indo-Australian region
during periods of the Pleistocene when sea levels were below present day is provided by
Voris (2000). Voris developed a series of maps showing the effects of the fluctuations
of sea level during Pleistocene times. During lowered sea levels, existing drainage
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systems developed into a number of ancient river systems on both the Sunda and Sahul
shelves that would have connected freshwater faunas that are now isolated and
fragmented. One of Voris‟ (2000) maps (Figure 1.6.), showed major river systems and
the massive freshwater Lake Carpentaria, that was formerly situated in the current gulf
of Carpentaria and would have connected river systems draining both northern
Australian and southern New Guinea.

LC

Figure 1.6. Map of Pleistocene sea levels in south-east Asia and Austral-Asia. Light grey
shading indicates -75 m sea level contour, dark lines show freshwater catchments at this time
and (LC) Lake Carpentaria (Voris, 2000).

Lake Carpentaria is thought to have existed during quaternary low sea-level
stands. While salinities are thought to have fluctuated in Lake Carpentaria during the
Pleistocene suggesting a complex estuarine embayment (Torgersen et al. 1983;
Torgersen et al. 1985; Torgersen et al. 1988; Voris 2000), studies by De Deckker et al.
(1988) support Lake Carpentaria as a freshwater lake based on Mg/Ca ratios inferred
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from ostracod shell chemistry; thus, it is likely that the lake was fresh or slightly saline
between 13,000 and 40,000 years ago.
Evidence of the ancient rivers is also provided by the shallow and narrow straits
of the Aru Islands and there is good evidence to support the presence of Pleistocene
rivers draining west from New Guinea to the edge of the Sahul Shelf (Umbgrove 1949;
Voris 2000). Even though rising sea level would have increased the salinity of low lying
lakes, New Guinea has remained largely connected to Australia through the Torres
Straits while sea levels were 10 m below present levels (Jennings 1972; Bowler et al.
1976). Voris concluded that sea levels minima occured for relatively short periods of
time but were at or below median levels for more than half of each of the time periods
considered. These conditions were thought to be important factors in the dispersal of
plant and animals, notably freshwater crayfishes (Holthuis 1958; Baker et al. 2008).

1.4.2. Climate and Geography of New Guinea and Australia
Australia and much of New Guinea were formed from the same tectonic plate.
Although they share the same geological history, they have contrasting climates relating
to geographical position and topography of their respective region. New Guinea is an
equatorial island, which is largely a northern extension of Australian continental plate
(Prentice & Hope 2007). In contrast, Australia is a continent centred at about latitude
30° south and lies directly to the south of the island of New Guinea (Steffen et al. 2009).
Together, New Guinea and Australia create a massive oceanic barrier, which prevent the
surface water being transported from the western Pacific to Indian Oceans (Prentice &
Hope 2007).

New Guinea (comprising of most easterly Indonesian provinces and country of
Papua New Guinea) is known as the largest, highest, and wettest tropical island in the
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world (Holthuis 1974; Hope 2007). A series of mountain chains shape the core of New
Guinea trending NW-SE alignment (Figure 1.7) and often exceed 3500 m (Menzies
2006; Hope 2007; Prentice & Hope 2007). This Central Range is 1300 km long, 150
km-wide belt with rugged topography and deeply incised valleys.
Typical of mountain ranges, orographic rain from the South East Trades and
easterlies affects both sides of the ranges but some of the inter-montane valleys are drier
and it is here that intensive agriculture occurs. At higher altitudes rainfall totals may
level off but the tops are always cloudy and wet right to the highest peaks above 4,750
meters (Prentice & Hope 2007).

Figure 1.7. New Guinea topography showing wide range elevation of the region
(http://en.wikipedia.org/wiki/File:New_Guinea_Topography.png).

In contrast, Australia is a flat continent, which has less than 5% of the land more
than 600 m above sea level (asl) (Figure 1.8). Australia‟s highest mountain is less than
2,300 m and it only has three mountains over 2,000 m. This means that topographic
barriers are not a significant impediment to species dispersal over most of Australia
(Steffen et al. 2009). Australia as a whole experiences very low average annual rainfall
but among all the main regions, northern, and eastern Australia have slightly higher
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annual rainfall but is usually highly seasonal or episodic (Steffen et al. 2009; Pusey
2011). The northern region has a tropic climate with two seasons the “dry” and the
“wet” (Warfe et al. 2011; Pusey 2011). The region is also characterised by a tropical
climate that regulates the distinctive character of river flow regimes across the region.
There is marked hydrological seasonality, with most flow occurring over only a few
months of the year during the summer wet season. Flow is also characterised by high
variability between years, and in the degree of flow cessation, or intermittency, over the
dry season (Warfe et al. 2011; Pusey 2011).

Figure 1.8. Areas of Australia above 600 m in elevation (red) (after Steffan et al. 2009).

The wet–dry tropics in northern Australia (Figure 1.9) stretch from Broome in
the northwest of Western Australia, eastwards to the northeast Queensland coast
excludes the wet tropics of eastern Australia, south of Cairns (Woinarski et al. 2007;
Warfe et al. 2011). Some areas (Kimberley, Arnhem Land and Cape York Peninsula)
are generally of low topographical relief (under 400 m altitude). The wet–dry tropics of
northern Australia encompasses a diversity of freshwater and coastal marine ecosystems
including rivers, mangroves, salt-marsh flats, floodplain wetland complexes, ephemeral
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waterbodies and upland groundwater-fed wetlands (Pusey & Kennard 2009). Some of
Australia‟s largest and most diverse wetlands occur in northern Australia, in Kakadu
National Park and Arafura Swamp (both east of Darwin, Northern Territory), and the
Southern Gulf region where several large rivers merge during major floods and vast
areas are inundated (Pusey & Kennard 2009).

Figure 1.9. Region comprising the wet-dry tropics of northern Australia. Catchments drain into
the Timor Sea, the Gulf of Carpentaria or the Coral Sea. Major townships are identified (black
circles), as are catchments (labelled in white) mentioned in text. The dotted lines are lines of
latitude (Warfe et al. 2011)

Temperature in both Australia and New Guinea also shows wide variation.
Some locations at lowland elevation (Darwin with 30 m asl) has air temperature
between 16.4 - 35 °C and water temperature between 23 - 34.5 °C over the year with the
humidity reaching 81% (www.bom.gov.au). It is slightly cooler in the Papua lowlands
(eg. Fakfak, West Papua and Merauke-Papua) with the air temperature between 20 - 32
°C and the humidity can reach between 84.4% - 92% (www.bmkg.go.id). In contrast in
the highlands viz. Wamena, Enarotali, and some others location within the central
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mountain range (more than 1000 m asl) the temperatures are significantly lower and the
humidity higher. Water temperatures are mostly between 16-18°C, the air temperature
between 14-24 °C and the humidity could reach 100% in the forest area but is mostly
between 60-96% (www.bmkg.go.id; Holthuis 1974). Examples of the extreme
temperature range that can be tolerated by Cherax species inhabiting the desert regions
of Australia (e.g. Finke River) where air temperatures can range from below zero to 40
°C to the alpine regions of eastern Australia (e.g. Armidale-NSW, and Snowy River)
where waters temperatures can be below 10 °C for extended periods.
New Guinea offers freshwater crayfish a far more rugose freshwater
environment in comparison to Australia. The New Guinean freshwater habitats range
from large permanent river systems, including almost continuous permanent swamps in
lowlands to large lakes at high altitudes. While some of the savannah lowlands and
coastal swamp environments are also duplicated in northern Australia (the Arafura
Swamp), the climate of Australia is highly seasonal and the topography has a very low
relief with the exception of the Great Dividing Range which reaches a maximum
altitude of just in excess of 2,200 m. The contrasts are most marked by comparing the
topography and climate of northern Australia and New Guinea (Papua-Indonesia and
Papua New Guinea). While tropical northern Australia has a monsoon season, the
climate is highly seasonal and annual rainfall rarely exceeds 3.0 m. In contrast, the
highlands of New Guinea are one of the wettest places on earth, where rainfall exceeds
5.0 m in many places (Prentice & Hope 2007). One of the highest land forms in
northern Australia, the Arnhem Plateau does not exceed 500 m, and in contrast the
central mountain range of New Guinea is over 3,000 km in length and exceeds 4,500 m
in altitude in several places and gives the island great topographical complexity. The
highest parts of the central range still support glaciers and significant alpine meadows
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(Gressitt 1981). Not surprisingly New Guinea is recognised as having a number of
distinct freshwater and terrestrial ecoregions, where as northern Australia for a
comparable area is recognised as having only one (Abell et al. 2008; Olson &
Dinerstein 2002; Figure 1.10).

Figure 1.10. Map of freshwater ecoregions. 805. Arafura-Carpentaria (pink); 812. VogelkopBomberai (yellow); 813. New Guinea North Coast (blue); 814. New Guinea Central Mountains
(white); 815. Soutwest New Guinea-Trans Fly lowland (green); and 816. New Guinea Peninsula
(grey) (after Abell et al. 2008 with modification)

1.4.3. Freshwater Habitats of New Guinea and Northern Australia
Freshwater habitats exploited by freshwater crayfish include rivers, lakes,
billabongs, wetlands, ponds, streams or creeks and their often semi-permanent drainages
(Riek 1969 and 1972; Williams 1981; Austin & Knott 1996). In Australia, the
freshwater crayfish fauna is dominated by burrowing species that are able to survive in
semi-permanent freshwater environments due to the prevalence of droughts and
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seasonally hot and dry climates. Relatively few Australian species exploit large
permanent freshwater bodies other than river systems because of the scarcity of large
permanent freshwater lacustrine systems (Williams 1981).
In contrast, Cherax species as members of the only freshwater cayfish genus
found in New Guinea were provided with the opportunity to adapt and exploit radically
different, more abundant and more diverse freshwater environments to those in
Australia. These included highly pristine freshwater lakes and streams in cool subalpine environments and large and complex river systems in a highly dissected
topography. As a result New Guinean has developed a highly distinctive suite of
freshwater crayfish species especially in highland areas that include some of the least
known and most remote in the world (Holthuis 1949; 1950; 1958; 1986).
Descriptions of some of the distinctive freshwater habitats, which are known to
harbour freshwater crayfishes in New Guinea, are described below.
1.4.3.1. Ayamaru and Aitinjo Lakes
A description of Ayamaru and Aitinjo Lakes region (Figure 1.11.) was given by
Boeseman (1963) in his publication on the fishes of Western New Guinea. According to
Boeseman, the Ayamaru Lakes are actually widened parts of the west-east flowing
Ayamaru River, situated about in the centre of the Vogelkop Peninsula. From west to
east the first lake, called Jow, has a length of 7 km and a width of 2 km; the second
called Semitoe or Maroemega, a length of 2 km and width of 1.5 km; the third, Jate or
Hain a length of 3 km and a width of even not 1 km. The lakes are surrounded by a low
marshy plain with various widths and beyond the plain, by hills and mountains reaching
heights up to 1,500 meters, covered with forest. Several small streams enter the lakes,
which have an altitude of about 250 meters above sea level with depth of rarely more
than 3 meters. The water is clear and almost stagnant except near entering rivers and
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outlets with pH approximately 6.4. A soft muddy bottom mostly covered with
secondary vegetation consisting primarily of grasses and low shrubs. The whole
complex belongs to Kais River drainage systems, which empties on the south-western
coast of the peninsula into Seram Sea (Boeseman 1963; Lukhaup & Pekny 2008). Only
one species of freshwater crayfish is currently known from the lakes, which is the
recently described Cherax boesemani (Lukhaup & Pekny 2008).

Figure 1.11. Ayamaru and Aitinjo Lakes, West Papua, Indonesia. A. Ayamaru Lake complex
(1. Jow; 2. Semitoe or Maroemega; 3. Jate or Hain.), B. Aitinjo Lake, C. Ayamaru River and D.
Kais River

Aitinjo Lake, located on the south-east of Ayamaru Lake, is described by
Boeseman (1963) as follows: A widened river, flowing southeast with a length of 4 km
and strongly varying width with a maximum of about 350 m. At the north-western, end
the principal river widens to become a lake which consist of two parts separated by
considerable rapids and small cataracts; at the south-eastern end the lake abruptly stops,
but a subterranean connection with Kais river is supposed to exist here. The mountains
at the most places closely surround the lake, which has steep and rocky shores, almost
perpendicular at some places but elsewhere allowing some wider marshy bank. The
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water is clear with pH 6.5, flowing rather strongly only at the narrower part of the lake,
including the upper reaches. The bottom is rocky, at most places covered with sand,
stones or large rocks, but muddy at some places. Both aquatic and terrestrial vegetation
are dense, at least where the stony substratum allows growth (Boeseman 1963; Lukhaup
& Pekny 2006). There is only one species of freshwater crayfish described from this
area - Cherax holthuisi named in honour of Lipke B. Holthuis by Lukhaup & Pekny
(2006).
1.4.3.2. Wissel Lakes
One of the most remarkable communities of freshwater crayfish in the world
inhabits the Wissel lakes (see section 1.2.4), located in the central mountain area of
Papua Province, Indonesia (Figure 1.12). The lakes were named after F. J. Wissel, a
Dutch entrepreneur who was the first to fly above the lakes in 1930‟s. The three
mountain lakes: Paniai (1742 m asl), Tage (1752 m asl) and Tigi (1640 m asl) were
described by Wissel as meren or meer (lakes) (Holthuis 1958; Yogi et al. 2008; Yogi et
al. 2009). The Wissel lakes are classified as ancient lakes (more than one or two million
years old) formed by tectonic events. Tage is in the position of a geological sincline,
Paniai at a combination of anticline and sincline with the broad wetland in the eastern
part, and Tigi is surrounded by wetland (Hehanussa et al. 2005; Yogi et al. 2009).
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Figure 1.12. Wissel Lakes, Papua, Indonesia: A. Lake Paniai, B. Lake Tage, C. Lake Tigi

The largest lake is Paniai which is 9 by 16 km in dimensions and roughly
rectangular shaped and surrounded by strongly folded sediments and intrusive rocks. It
is also surrounded by massive swamplands in the eastern part (Yogi et al. 2009;
Holthuis 1958; Hope 2007). Paniai is connected to its adjoining sister lake, Tage, which
is perched above Paniai by approximately 10 m. Tage lies to the south of Paniai and is
elongate east to west and is approximately 8 by 3 km wide. Paniai and Tage are
connected by a partial solution of the limestone bed, which forms a 40 meter long
subterranean river to the north of Tage. The water from Tage appears suddenly flowing
into the Paniai Lake and is named the Demiya River (Holthuis 1958). The third lake is
Tigi situated to the south at distance of 6 km. Tigi Lake has roughly triangular shape
with a maximum width of 8 km. The depths of the lakes are uncertain, but considered
“deep”. Holthuis (1958) stated that Paniai has a depth of 30-50 meters, with Tage being
deeper than Paniai and Tigi. Hehanussa et al. (2005) stated that Paniai and Tage as an
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adjoining sister lakes which have the maximum depth of 54 and 52 meters. During the
field work conducted for this thesis, local people suggested that the depth of the lake is
between 70 meters to 300 meters.
Lake Paniai drains into the Yawey River, which in turn drains into the Arafura
Sea via the Uta River some 81 km to the south (in a straight line based on a
measurement using Google Earth). Tigi Lake is also connected by an underground
stream to the Yawey River located in the south-east end of the lake (Yogi et al. 2009;
Holthuis 1958).
1.4.3.3. Lake Habbema, Baliem and Ibele Rivers
In the eastern part of the Puncak Jaya (Mt. Jaya) lies the Baliem Valley with
its nearby lake and river systems (Figure 1.13.). The region was formed from glacial
activity around 20,000 years ago (Hope 2007). These lake and rivers are the habitat of
Cherax monticola as described by Holthuis (1950). The holotype was taken from
Baliem River, east of Lake Habbema at an altitude of 1,700 meters in 1938. Other
samples were taken from Ibele River, a part of Baliem River which flowing south-west
towards the Lake Habbema at an altitude of 2,250 meters. Some of these crayfishes
were also taken from pools in the upper Baliem basin, slightly west of Lake Habbema at
an altitude of approximately 3,300 meters. This locality is slightly higher than Baliem
River, where the specimens were collected during the Third Archbold Expedition. A
photograph of a “crayfish pool” is given in Kremer‟s publication in 1923 but no
specimens were taken from this site (Holthuis 1950).
Cherax monticola is thought to be native to the Baliem and Ibele Rivers and
inhabits river pools but no crayfish were recorded from Lake Habbema until 1994.
According to Holthuis (1950), the information about the lack of fish or crayfishes in
Habbema Lake could be found in Kremer (1923), Toxopeus (1939) and Archbold et al.
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(1942). Although these authors state that there were no crayfishes in Lake Habbema, we
obtained Cherax monticola tissue from Leiden Museum collections labelled as Lake
Habbema, 1994 (Holthuis 1950).
Holthuis (1950) stated: “The Baliem River at the localities where the crayfishes
were found is actually on the north side of the central mountain range of New Guinea.
East of the summit of Mt. Wilhelmina, however, it breaks through this range and joins
the Eilanden River, which empties into the Arafura Sea on the southwest coast of New
Guinea”. Thus the river systems concerned are hydrologically part of the southerly
draining river systems. No crayfish are known naturally from northerly draining
systems in New Guinea.

Figure 1.13. Lake Habbema (A), Baliem River (B), and Ibele River (C), Papua, Indonesia.
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1.4.3.4. Fakfak and Bomberai Peninsula
Fakfak is a small port town with mostly hilly and undulating topography (Figure
1.14). It is situated in the western part of the Bomberai Peninsula. The peninsula is
separated from the Birds Head Peninsular by Berau and Bintuni Bay in the north and to
the south lays Kamrau Bay. The town is in the eastern part of the peninsula with several
river streams flowing into the hilly part of northern and southern region of the
peninsula. Some of the bigger river systems are the Sareena, Degen, Wuriwur, Bedida
and Bomberai rivers. Formed in the middle of peninsula, two rivers (Bedida and
Bomberai) flow to the North West and drained into the Berau Coast. The eastern region
of the peninsula is of lower relief than the western part with a savannah community and
numerous small streams and inlet rivers can be found across the floodplain. There are
no records of freshwater crayfish reported by Holthuis (1950) or anybody else from this
region. For this project we conducted the first recorded systematic sampling expedition
for freshwater crayfish to this region.

Figure 1.14. Bomberai Peninsula Region, West Papua, Indonesia: Fakfak (yellow pin) and
Sampling locations (yellow flags).
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1.4.3.5. Northern Australia
The northern region of Australia consists of three states or territories: Western
Australia, Northern Territory and Queensland. The region has limited topographic relief
and therefore there are few barriers to species dispersal (Steffen et al. 2009). Most of
northern Australia species were found in low altitude, in peaty sand and floodplain area.
The first freshwater crayfish described from northern Australia was Cherax
bicarinatus (formerly described as Astacus bicarinatus), which collected from Port
Essington, Northern Territory (Gray 1845; Riek 1969). A species described by Clark
(1941a) as Cherax barretti from the remote Wessel islands in the Northern Territory is
of unknown status as it is only known from the type specimen, which is presumed lost.
Until the studies of Riek only two species of Cherax were thought to occur in northernly
or easterly draining rivers in northern Australia, Cherax quadricarinatus and C.
bicarinatus and there were doubts over the accuracy of the location for the latter species
(Leichhardt 1847; Gray 1845). Cherax rhynchotus (Riek 1951) and Cherax wasselli
(Riek 1969) were described by Riek and represent species thought to be endemic to
Cape York, northern Queensland. The type locality for C. rynchotus is Mapoon, on the
western side of Cape York, Queensland. Cherax wasselli has the type locality as Bridge
Spring, between Rocky River and Scrubby Creek, Cape York, Queensland. Riek also
described Cherax cairnsensis with the type locality as a swampy area in Cairns, North
Queensland. Three new species of Cherax were described from northern Australia in
1991 and 1993. Cherax nucifraga was recorded from the Palm Springs region in the
Northern Territory, from low lying floodplain (Short 1991). Cherax parvus was
described by Short & Davie (1993), with the type specimen recorded from upper Tully
River, north Queensland. A third species, C. cartalacoolah, was described from Cape
Flattery, northeast Queensland with a distribution that possibly extends to Cape Bedford
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and Lookout Point (Short 1993). There are now a total of nine species of Cherax
recorded only from north Australia, north of the Tropic of Capricorn. None of these
species has been subject to detailed molecular taxonomic studies using nucleotide data
prior this research except C. quadricarinatus, C. cairnsensis and C. rhynchotus and for
these species sampling has been generally very limited (Munasinghe et al. 2004b).

1.5. Research problem statement and aims
This study examines the molecular genetics and evolution of freshwater crayfish
of the Genus Cherax, specifically focussing on species from northern Australia and
New Guinea including highland species. The principal aim of this project is to place
these poorly known species of the Genus Cherax into a taxonomic and evolutionary
framework using nucleotide data and to address questions relating to patterns of
speciation and historical biogeography. This will not only greatly extend our
understanding of the biodiversity of one of the mostly widely distributed but poorly
known freshwater crayfish faunas, but also provide a basis for comparison with the
better studied species of south-western and eastern Australia. To this end, DNA
nucleotide data from mitochondrial and nuclear genes were used to investigate:
1. the taxonomy and evolution of New Guinean and northern Australian species of
Cherax and
2. the evolutionary and biogeographic relationship of these species to Cherax
species from eastern and southern Australia using sequences from GenBank,
unpublished sequences and new sequences generated as part of this study.
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1.6. Thesis format
The thesis consists of a single research chapter focusing on the genetic and
phylogenetic analysis of Cherax samples from New Guinea and northern Australia. The
sequenced used include a significant number collected as part of this study, combined
with sequences available on GenBank and some that were collected by other members
of Professor Austin‟s research group over a period of several years. The origin of the
sequences used are appropriately indicated and acknowledged.
The first part of the study uses sequences from the 16S rRNA mitochondrial
gene region to test or establish species boundaries and develop phylogenetic hypotheses
for New Guinean and selected northern Australian species using comprehensive
sampling. The second part of the study uses a reduced number of samples sequenced for
three additional gene regions (12S and COI mithocondrial genes and GAPDH nuclear
gene) to complement and extend the 16S data set.
This study adds significantly to the molecular data set for Cherax species from
both New Guinea region and Australia. Prior to this study there was only a limited
number of specimens of Cherax from New Guinea and northern Australia with
sequences available on Genbank. Further, excessive reliance on data from a single, or at
best two genes,which has typified much of the work on Cherax is being overcome with
new data from multiple gene regions from an increasing number of species.

CHAPTER 2
Evolution elevated: A phylogenetic analysis of New Guinean
high land crayfish (Cherax: Decapoda: Parastacidae) reveals a
decoupling of morphological and molecular evolution

2.1. Introduction
The island of New Guinea has a flora and fauna that is highly diverse, remote
and, for the most part, poorly studied (Petocz 1987; Polhemus & Polhemus 1998;
Allison 2007; Takeuchi 2007). It is also characterised by extreme environments ranging
from hot humid lowland tropical forests to snow capped peaks of Puncak Jaya (4,884
meters) the rugged central mountain range with its deeply incised valleys and annual
rainfall measured in metres creating an extraordinary array of terrestrial and freshwater
ecosystems (Menzies 2006; Prentice & Hope 2007; Hope 1976).
Papua and Papua Barat, the western portion of New Guinea island, contains an
estimated fifty percent of Indonesia‟s biodiversity, with Indonesia as a whole supporting
an estimated fifteen percent of global species diversity (Ministry of Environment 1998).
As a relatively young island with a complex geological history and adjacent to the
megadiverse Wallacea and Australian bio-regions, Papua and New Guinea as a whole
invites investigation by biogeographers and evolutionary biologists (Petocz 1987;
Flannery 1995; Polhemus et al. 2004; Menzies 2006).
Not surprisingly the fauna of New Guinea and the island‟s human diversity has
attracted many eminent evolutionary biologists and biogeographers such as Alfred
Wallace, Ernst Mayr, Jared Diamond and Tim Flannery (Diamond 1972; Diamond &
LeCroy 1979; Beehler et al. 1986; Mayr & Diamond 2001; Flannery 1987; Flannery
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1995; Helgen 2005; Wallace 1863). While the vertebrate fauna is relatively well known
(although remarkable new species are still being discovered – Rittmeyer et al. 2012)
much less attention has been paid to aquatic species and invertebrates and much work
remains to be done, especially as the island‟s fauna is not immune to the threatening
processes that bedevil the conservation of flora and fauna worldwide.
Research on Australian freshwater crayfish (Parastacidae) has advanced
significantly in recent decades with all genera being subject to either morphological
revision or molecular investigation or both (Holthuis 1949; Riek 1969; Austin & Ryan
2002; Munasinghe et al. 2004; Schultz et al. 2009; Toon et al. 2010). One of the most
diverse, commercially and ecologically important, and evolutionarily interesting are the
representatives of the genus Cherax. The genus is placed in the Parastacidae, the
southern hemisphere family of crayfish with a largely Gondwana Land distribution with
its major centre of diversity in the extreme south east of mainland Australia (Riek 1972;
Crandall et al. 2000a; Schultz et al. 2009). Cherax is considered the most adaptable
genus in the family as it has the largest distribution which encompasses the temperate
south west and south east of mainland Australia, the desert rivers and drainage regions
of central Australia and the tropical north of the country and both lowlands and high
lands of southern New Guinea from the Kikori river in Papua New Guinea in the east to
the western tip of the Bird‟s Head Peninsula in the Indonesian province of West Papua
(Riek 1967; Riek 1969; Austin & Knott 1996; Austin 1996; Holthuis 1949; Holthuis
1986; Munasinghe et al. 2004b). The northern distribution largely correlates with the
leading edge of the Australian tectonic plate, which collided with the Asian tectonic
plate forming New Guinea region about 5-15 million years ago (Jennings 1972;
Holthuis 1986; Voris 2000; Heinsohn 2011).
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The New Guinea representatives of Cherax are thought to have had a southern
origin (Holthuis 1986) that resulted from an initial invasion of Australia‟s northerly
draining rivers, which in turn allowed the colonisation of New Guinea‟s large southerly
flowing river systems and associated wetlands during periods of lower sea levels when
the two regions merged and their rivers systems were interconnected (Voris 2000).
Consequently, the understanding of the evolutionary radiation of Cherax into the
diverse freshwater environments of New Guinea, ranging from large tropical rivers and
swamps in the lowlands to frigid water bodies and lakes in the highlands, which contrast
dramatically from those found in Australia, is a logical extension to the previous studies
of the genus and will allow a more complete evolutionary and biogeographic analysis of
this extraordinary group of crayfish.
The understanding of taxonomic boundaries, phylogeographic relationships and
geographic patterns of speciation in Cherax have been greatly aided by the application
of molecular data (Austin 1996; Austin & Knott 1996; Crandall et al. 2000a; Austin &
Ryan 2002; Austin et al. 2003; Munasinghe et al. 2003; 2004a; and 2004b). However
the focus of these studies has been almost exclusively on Australian species with very
limited sampling of New Guinean representatives of Cherax.
As a result our knowledge of the diversity of New Guinean Cherax species is
based on classical taxonomic studies starting with the descriptions of species by Nobili
(1899); Calman (1911); Roux (1911) and followed by the seminal papers by Holthuis
(1949; 1950; 1984; 1996). More recently single species descriptions by Lukhaup &
Pekny (2006; 2008) and Lukhaup & Herbert (2008) bringing the total number of New
Guinean Cherax to 18 species and one subspecies (refer to Table 1.3 given in
Introduction). These studies indicate that a number of Cherax species are widespread
across southern New Guinea, have successfully invaded cool high land environments
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exceeding 1,000 meters asl (Table 2.1.) and display an extraordinary morphological
diversity ranging from one of the smallest in the genus (C. minor) to one of the largest
(C. monticola) and extreme morphologies typified by species inhabiting the Wissel
Lakes in the Papuan highlands (refer to Figure 1.3 given in introduction showing
morphology). The Wissel Lakes Cherax fauna, is arguably the most remarkable in the
crayfish world in terms of local endemicity, high diversity and because they provide the
principal source of protein for the large indigenous communities in the region (Hothuis
1949; 1958).
The aim of this study is to investigate the evolutionary origins, molecular
taxonomy and patterns of speciation in New Guinean species of Cherax with a principal
focus on the highland species including the first sampling of crayfish from the Wissel
Lakes since the 1950‟s. Samples were obtained from two field trips to Papua, including
the highlands and previously unsampled lowland regions near Fakfak in southern West
Papua, Indonesia. Tissue samples were also obtained for a number of species collected
by Holthuis and others held in the Leiden Museum, by fishermen and commercial
operations buying and selling crayfish. Molecular genetics relationships among samples
were investigated using two data sets. The first data set sought to maximise taxon
sampling and utilises sequences from the mitochondrial 16S gene, which has proved to
be very robust in crayfish studies across a range of divergence levels (Crandall et al.
1995; Crandall & Fitzpatrick 1996; Lawler & Crandall 1998; Ponniah & Hughes 1998;
Nguyen et al. 2002a; Austin et al 2003; Munasinghe et al. 2004b; Baker et al. 2008;
Schultz et al. 2009; Toon et al. 2010). This data set makes maximum use of the museum
samples, many of which had to be studied using ancient DNA techniques due to the
high level of DNA degradation. The second data set makes use of the more recently
collected samples, which allowed greater gene sampling consisting of the 16S gene
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region and 3 other gene fragments viz. 12S, COI, and including a nuclear gene GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) (Munasinghe et al. 2003;
Schultz et al. 2009).

2. 2. Materials and methods
2.2.1. Samples and sequences
Tissue samples were obtained from representatives of 32 putative species from
Papua and northern Australia focussing on locations on river systems draining into the
Arafura-Timor Seas and the Gulf of Carpentaria and water bodies in the Papuan
highlands. A total of 124 specimens were sequenced for the 16S gene representing 20
putative species and a number of samples of unknown or uncertain status (Table 2.1).
These data were supplemented by sequences obtained by Baker et al. (2008) in their
population genetic study which they identified as belonging to C. quadricarinatus and
C. bicarinatus and sequences obtained by Munasinghe et al. (2004b). For comparative
purposes, 16S sequences were included from selected Cherax species from eastern and
western Australia available from GenBank. Outgroups were selected from other
Australian Parastacidae genera from Schultz et al. (2007 and 2009).
Samples collected in the field were identified on the basis of taxonomic keys,
descriptions and collecting localities given for northern Australian and New Guinean
species (Riek 1969; Short 1991; Short 1993; Short & Davie 1993; Austin 1996; Nobili
1899; Calman 1911; Roux 1911; Clark 1936; Holthuis 1949; Holthuis 1950; Holthuis
1996; Lukhaup & Pekny 2006; Lukhaup & Pekny 2008; and Lukhaup & Herbert 2008).
Samples consistent with new undescribed species are labelled as „sp. nov.‟ based on
preliminary morphological assessment and the molecular taxonomic and phylogenetic
analyses. For tissues taken from museum samples the taxonomic name under which the
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specimens was identified by museum staff was used. Similarly, sequenced used from
other studies were given the names applied in that study unless otherwise stated.
The samples used in the second data set, consisted of a subset of samples used
for the 16S gene-based analyses in the first part of the study. These sequences were
combined with sequences from three additional gene regions viz. 12S, COI and GAPDH
obtained from the same specimens collected as part of the field-based sampling in this
study, together with a limited number obtained from recently collected museum samples
with non-degraded DNA or from tissue collections obtained as part of previous studies
(eg. Munasinghe et al. 2003; 2004a; and 2004b).
Samples from the field were obtained from local and own effort by dip-net, bait
trap or by excavating burrows. Live specimens or pereopod tissue samples were placed
in labelled plastic vials, zip-lock bags, or plastic fishing tackle boxes and chilled during
transport, when possible and then frozen at -80 °C on return to the laboratory. A handheld GPS was used to obtain positional data for all field sites or retrospective
georeferencing was used (see Geoscience Australia [www.ga.gov.au], Google Maps
[www.maps.- google.com] and Google Earth [version 4.2.0198.2451 beta]) as described
by Schultz et al.(2009).
Museum collections were obtained from the Museum Victoria Melbourne
(Australia), Nationaal Natuurhistorisch Museum, Leiden (The Netherlands), Museum
and Art Gallery of Northern Territory (Australia), and Museum Zoologicum Bogoriense
(Indonesia). The outgroup sequences comprised appropriate species from other
Australian crayfish genera on the basis of the findings of Schultz et al. (2007 and 2009).
A summary of all samples and sequences used is given in Table 2.1.
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2.2.2. DNA extraction, PCR amplification, and sequencing
The first set of analyses is based on DNA sequence data from the mitochondrial
16S gene. DNA was extracted from muscle or pereopod tissue that had been stored
frozen or in ethanol using the DNeasy kit (Qiagen). In most cases, minimum of 532
base pairs of 16S as a single fragment using the 1471 and 1472 primers of Crandall and
Fitzpatrick (1996) was amplified and sequenced from each sample. However, as the
DNA from most museum samples was too degraded to be amplifiable using these
primers they were amplified as a series of short overlapping fragments using primers
developed by Schultz et al (2009). The second data set uses sequences from two
additional mt DNA fragments - the 12S (288 bp), COI (600 bp) and the nuDNA
GAPDH (648 bp). All primer sequences used in the study are given in Table 2.2.
PCRs were carried out in a 25 µL volumes and contain the following
components: 1× PCR buffer, 2 mM magnesium chloride, 0.2 mM dNTP, 0.5 µM each
primer, 0.5 unit of Taq DNA polymerase and 2.5 µL of genomic DNA. All PCR
reactions were carried out using a Biorad MyCycler TM Thermal Cycler (Cat. No.1709703). PCR was performed with standard three step denaturation at 94 ºC, annealing at
50ºC and extension at 72ºC. Negative controls were run for all amplifications. Two
microlitres of the PCR product then electrophoresised on an agarose gel mixed with
BIOTIUM Gelred Nucleic Acid Stain (Cat:41003:0.5mL) and visualized under UV light
to verify product size and estimate concentration against the Promega DNA/HaeIII
marker. The remaining products were purified using a VIOGENE PCR purification kit.
The samples were sequenced following standard protocols for ABI 3130XL automated
sequencer using ABI big dye terminator kit (Perkin-Elmer). For each sample, sequence
reactions were performed using primers. Chromatograms were viewed and edited using
SEQMAN (DNASTAR). GenBank accession numbers are provided in table 2.1.
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2.2.3. Phylogenetic analyses
Ribosomal RNA sequences were aligned using MUSCLE implemented in
Geneious 6.2.1 (www.geneious.com) and manually inspected after alignment.
Alignment of protein coding gene fragments used amino acids translation and checked
using MEGA 5.05 (Tamura et al. 2011). The sequences of the 16S, 12S, COI and
GAPDH were concatenated to form a super-matrix and divided into four partitions, one
for each rRNA gene and two for each protein coding region comprising one for 1 st and
2nd codon positions and one for the 3rd positon. The jModelTest v0.1.1 program
(http://darwin.uvigo.es/software/software.html) was used to select the best fitting
substitution model for each partition according Akaike Information Criterion (AIC).
Bayesian analyses of the 16S and concatenated data was inferred with MrBayes
v3.1.2 (http://mrbayes.sourceforge.net/). The 16S data used a HKY+I+G model of
evolution. The tree was based on a 50% majority rule consensus of 27000 post-burnin
trees from 8 combined BEAST runs. Burnin was 100 trees from each run. Each run ran
for 13.5 million cycles and was sampled every 1000 cycles. Log of runs were examined
in Tracer v1.5 (http://tree.bio.ed.ac.uk/software/tracer).
For the concatenated super-matrix, eight runs were conducted with 4.5 million to
7.5 million cycles per run. Burnin was 450,000 cycles. Logs of runs were inspected in
Tracer. Effective Sample Size (ESS) post burnin of combined run was >8000. Bayes
Factor was used to test for differences in log likelihoods of the eight runs before
combining. As there were no significant differences between runs, all 8 runs were
combined. Partitioned model used are as follow: 16S (HKY+I+G), 12S (GTR+I+G),
COI (SRD06) (i.e., HKY+G, for codon position 1+2 combined, with codon 3 allowed a
different rate), and GAPDH as per COI. All genes unlinked from one another, but trees
linked so as to allow a summary with a single tree (despite the potential for each gene
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having a different topology). Number of trees in the Mesquite 50% majority rules
consensus is 39500.
Characters within concatenated sequence sets were partitioned by gene, allowing
each partition to evolve at different rates. MrBayes searches were conducted with trees
sampled every 1000 generations. Analyses were run for three million generations.
Convergence between runs and the choice of an appropriate burn-in value were assessed
by comparing traces using Excel.

2.2.4. Taxonomic analyses
To complement the phylogenetic analyses genetic divergence within and
between putative species was summarised using Multidimensional Scaling (MDS)
based on the 16S data set. Three separate analyses were conducted largely on the 3
major groups identified in the phylogenetic analyses. MDS analyses were performed
using XLSTATS (http://www.xlstat.com/en/) based on the percentage uncorrected
genetic similarity (1 - p-distance) calculated using Geneious 7.0.1.
.

Table 2.1. Geographic origin of specimens sequenced and NCBI GenBank accession numbers for four gene regions (see Figure 2.1).

C. quadricarinatus

10

Jardine River, Queensland

18

Howard River, Northern Territory

Howard Springs, Northern Territory

Mitchell River, Queensland

17

(C. cf quadricarinatus)

McArthur River, Northern Territory

16

Cherax sp. nov. 1

McArthur River, Northern Territory

15

21

McArthur River, Northern Territory

14

20

Gregory River, near Doomadgee, Queensland

13

Lake Wicheura, Cape York, Queensland

Gregory River, near Doomadgee, Queensland

12

19

Georgina River, Queensland

11

C. rhynchotus

Melville Island, Northern Territory

Flinders River, Queensland

Maningrida, Arnhem Land, Northern Territory

Maningrida, Arnhem Land, Northern Territory

7

C. nucifraga

Blyth River, Arnhem Island, Northern Territory

6

9

Blue Mud Bay, Arnhem Land, Northern Territory

5

8

Blue Mud Bay, Arnhem Land, Northern Territory

4

Blue Mud Bay, Arnhem Land, Northern Territory

Blue Mud Bay, Arnhem Land, Northern Territory

C. bicarinatus

2

Wessel Island, Australia

3

C. barretti

1

Australia

HOR

HOS

WIC

JAR

MIT

MCA3

MCA2

MCA1

DOO2

DOO1

GRG

FLI

MEL

MAN2

MAN1

BLY

BMB4

BMB3

BMB2

BMB1

WES

Genbank

MAGNT

QM

Genbank

Genbank

QM

QM

Genbank

QM

QM

Genbank

Genbank

MAGNT

Field

Field

MAGNT

Field

Field

Field

Field

Carol Palmer

-

45

42

55

-

146

146

-

47

47

117

-

0-100

18

18

175

175

175

175

175

0

EU244880

KJ920766

KJ920765

AY191774

EU244887

KJ920764

KJ920763

EU244882

KJ920762

KJ920761

EF493080

EU244885

KJ920760

KJ920759

KJ920758

KJ920757

KJ920756

KJ920755

KJ920754

KJ920753

KJ920752

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

KJ920864

KJ920863

n/a

n/a

KJ920862

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

KJ950504

KJ950503

n/a

n/a

KJ950502

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

KJ950561

KJ950560

n/a

n/a

KJ950559

n/a

n/a

n/a

no

no

no

no

no

no

no

no

no

no

no

no

no

yes

yes

no

no

yes

no

no

no

Origin codes: LM - Nationaal Natuurhistorisch Museum, Leiden, the Netherland; MAGNT-Museums and Art Galleries of the Northern Territory, Darwin, Australia; MZB -Museum Zoologicum Bogoriense, Bogor,
Indonesia;QM -Queensland Museum, Brisbane, Australia; Field - collected by authors of this study unless otherwise acknowledged; Farm – obtained from a crayfish aquaculture farm, Surabaya, Indonesia;
Commercial – obtained from an enterprise involved with either the wild harvesting or selling of crayfish for the ornamental industry; Genbank – retrieved from Genbank
Accession Combined
ID
Sample
Elevation
Accession
Accession Accession
Locality1
Taxon
Origin
No.
analysis
No.
Code
(m)
No. 16S
No. 12S
No. COI
GAPDH
(4 genes)

53

LAY1

Oriomo River, Papua New Guinea

Tanah Merah, Papua, Indonesia

Tanah Merah, Papua, Indonesia

Tanah Merah, Papua, Indonesia

20km SE of Lake Ayamaroe, Bird‟s Head, Papua, Indonesia

29

30

31

32

33

C. communis

45

Lake Paniai, Enarotali, Papua, Indonesia

Lake Paniai, muddy substrate, Papua, Indonesia

46

47

Yawey River, Enarotali, Papua, Indonesia

Lake Paniai, Enarotali, Papua, Indonesia

C. buitendijkae

Unknown, Bird Head, Papua, Indonesia

41

44

LAY7

Lake Ayamaroe, Bird Head‟s, Papua, Indonesia

40

Lake Paniai, Enarotali, Papua, Indonesia

LAY6

Lake Ayamaroe, Bird‟s Head, Papua, Indonesia

39

Unknown, south-east of Sorong, Papua, Indonesia

LAY5

Lake Ayamaroe, Bird‟s Head, Papua, Indonesia

38

C. boschmai

LAY4

Lake Ayamaroe, Bird‟s Head, Papua, Indonesia

37

43

LAY3

Lake Ayamaroe, Bird‟s Head, Papua, Indonesia

36

42

LAY2

Lake Ayamaroe, Bird‟s Head, Papua, Indonesia

PAN4

PAN3

YAW

PAN2

PAN1

SOR1

BIH

FAR1

Crayfish Farm, Surabaya, Indonesia

35

TAM2

TAM1

ORI

MTB

34

C. boesemani

TAM3

Mt. Bosavi, Papua New Guinea

28

BEN3

Bensbach River, Papua New Guinea

BEN2

Bensbach River, Papua New Guinea

BEN1

27

Bensbach River, Papua New Guinea

RAC2

RAC1

ORD

26

C. albertisii

Rapid Creek, Darwin, Northern Territory

24

25

Rapid Creek, Darwin, Northern Territory

23

New Guinea

Ord River, Western Australia

22

Field

LM

LM

LM

LM

Commercial

Commercial

LM

LM

LM

LM

LM

LM

Farm

LM

LM

LM

LM

Genbank

Genbank

QM

QM

Genbank

Field

Field

Genbank

1,769

1,700

1,700

>1,700

>1,700

200-400

200-400

200-400

200-400

200-400

200-400

200-400

200-400

-

200-400

88

88

88

15

2,345

13

13

13

11

11

-

KJ920788

KJ920787

KJ920786

KJ920785

KJ920784

KJ920783

KJ920782

KJ920781

KJ920780

KJ920779

KJ920778

KJ920777

KJ920776

KJ920775

KJ920774

KJ920773

KJ920772

KJ920771

EU244889

EU244893

KJ920770

KJ920769

EU244890

KJ920768

KJ920767

EU244879

KJ920868

n/a

n/a

n/a

n/a

KJ920867

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

KJ920866

KJ920865

n/a

KJ950508

n/a

n/a

n/a

n/a

KJ950507

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

KJ950506

KJ950505

n/a

KJ950565

n/a

n/a

n/a

n/a

KJ950564

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

KJ950563

KJ950562

n/a

no
yes

no

no

no

yes

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

yes

yes

no
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LAY9

Lake Paniai, rocky substrate, Papua, Indonesia

Lake Tigi, Papua, Indonesia

Lake Tigi, Papua, Indonesia

Lake Tigi, Papua, Indonesia

2 km north of Lake Tigi, Papua, Indonesia

2 km north of Lake Tigi, Papua, Indonesia

Wagethe market near Lake Tigi, Papua, Indonesia

Wagethe market near Lake Tigi, Papua, Indonesia

20km SE Lake Ayamaroe, Bird‟s Head, Papua, Indonesia

20km SE of Lake Ayamaroe,Bird‟s Head, Papua, Indonesia

Crayfish Farm, Surabaya, Indonesia

Unknown, south-east of Sorong, Papua, Indonesia

Unknown, south-east of Sorong, Papua, Indonesia

Lake Tigi, Papua, Indonesia

52

53

54

55

56

57

58

59

60

61

62

63

64

65

Wamia River, near Timika, Papua, Indonesia

Wamia River, near Timika, Papua, Indonesia

Misool Island, south of Papua, Indonesia

C. misolicus

C. monticola

70

71

72

73

Lake Habbema, Wamena, Papua, Indonesia

Lake Habbema, Wamena, Papua, Indonesia

west of Kaukenau, Timika, Papua, Indonesia

69

74

west of Kaukenau, Timika, Papua, Indonesia

68

west of Kaukenau, Timika, Papua, Indonesia

67

C. lorentzi

Lake Tigi, Papua, Indonesia

66

C. longipes

LAY8

Lake Paniai, rocky substrate, Papua, Indonesia

51

C. holthuisi

WAG2

Cape Bobairo, Lake Paniai, Papua, Indonesia

50

LHA2

LHA1

MIS

WAI2

WAI1

KAU3

KAU2

KAU1

TIG7

TIG6

SOR3

SOR2

FAR2

WAG1

TIG5

TIG4

TIG3

TIG2

TIG1

PAN9

PAN8

PAN7

PAN6

Cape Bobairo, Lake Paniai, Papua, Indonesia

49

PAN5

Lake Paniai, muddy substrate, Papua, Indonesia

48

LM

LM

LM

QM

QM

QM

LM

LM

LM

LM

Commercial

Commercial

Farm

LM

LM

Field

Field

Field

Field

LM

Field

Field

Field

Field

Field

Field

Field

3,327

3,327

0-200

0-100

0-100

0-100

0-100

0-100

>1,700

>1,700

200-400

200-400

-

200-400

200-400

1,726

1,726

1,728

1,728

>1,700

1,724

1,724

1,762

1,762

1,763

1,763

1,769

KJ920815

KJ920814

KJ920813

KJ920812

KJ920811

KJ920810

KJ920809

KJ920808

KJ920807

KJ920806

KJ920805

KJ920804

KJ920803

KJ920802

KJ920801

KJ920800

KJ920799

KJ920798

KJ920797

KJ920796

KJ920795

KJ920794

KJ920793

KJ920792

KJ920791

KJ920790

KJ920789

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

KJ920881

KJ920880

KJ920879

n/a

n/a

KJ920878

KJ920877

KJ920876

KJ920875

n/a

n/a

KJ920874

KJ920873

KJ920872

KJ920871

KJ920870

KJ920869

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

KJ950521

KJ950520

KJ950519

n/a

n/a

KJ950518

KJ950517

KJ950516

KJ950515

n/a

n/a

KJ950514

KJ950513

KJ950512

KJ950511

KJ950510

KJ950509

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

KJ950578

KJ950577

KJ950576

n/a

n/a

KJ950575

KJ950574

KJ950573

KJ950572

n/a

n/a

KJ950571

KJ950570

KJ950569

KJ950568

KJ950567

KJ950566

no
no

no

no

no

no

no

no

no

no

yes

yes

yes

no

no

yes

yes

yes

yes

no

no

yes

yes

yes

yes

yes

yes
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Cherax sp. nov. 2

Warisa Mulya, Spring 1, Bomberay, Fakfak, West Papua

Warisa Mulya, Spring 2, Bomberay, Fakfak, West Papua

Warisa Mulya, Spring 3, Bomberay, Fakfak, West Papua

Tomage Village, Bomberay, Fakfak, West Papua, Indonesia

98

99

100

101

Musunggu (river), Bomberay, Fakfak, West Papua

Lake Tigi, Papua, Indonesia

C. solus

German Petshop, originating near Merauke, Papua

94

97

Lake Tage, Papua, Indonesia

93

96

Lake Tage, Papua, Indonesia

92

Merauke, Papua, Indonesia

Lake Tage, Papua, Indonesia

91

95

Lake Tage, Papua, Indonesia

90

C. peknyi

Lake Tage, Papua, Indonesia

Lake Paniai, Papua, Indonesia

88

C. paniaicus

Lake Paniai, Enarotali, Papua, Indonesia

87

89

Lake Paniai, Enarotali, Papua, Indonesia

Lake Paniai, Enarotali, Papua, Indonesia

86

North of Cape Bobairo, Lake Paniai, Papua, Indonesia

C. pallidus

85

Lake Paniai, Enarotali, Papua, Indonesia

81

84

Crayfish Farm, Surabaya, Indonesia

80

North of Cape Bobairo, Lake Paniai, Papua, Indonesia

Crayfish Farm, Surabaya, Indonesia

79

83

Wamena, Papua, Indonesia

78

Lake Paniai, Enarotali, Papua, Indonesia

Wamena, Papua, Indonesia

77

82

Wamena, Papua, Indonesia

76

C. murido

Wamena, Papua, Indonesia

75

TOM1

WMU3

WMU2

WMU1

ASM1

TIG8

MER

NEG

TAG5

TAG4

TAG3

TAG2

TAG1

PAN17

PAN16

PAN15

PAN14

PAN13

PAN12

PAN11

PAN10

FAR5

FAR4

WAM4

WAM3

WAM2

WAM1

Field

Field

Field

Field

Field

LM

Commercial

Genbank

Field

Field

Field

Field

Field

LM

MZB

LM

LM

Field

Field

LM

LM

Farm

Farm

Field

Field

Field

Field

31

15

14

14

20

>1,700

-

0-20

1,783

1,780

1,780

1,763

1,763

>1,700

>1,700

>1,700

>1,700

1,762

1,762

>1,700

>1,700

-

-

1,500-2,000

1,500-2,000

1,500-2,000

1,500-2,000

KJ920841

KJ920840

KJ920839

KJ920838

KJ920837

KJ920836

KJ920835

AY191775

KJ920834

KJ920833

KJ920832

KJ920831

KJ920830

KJ920829

KJ920828

KJ920827

KJ920826

KJ920825

KJ920824

KJ920823

KJ920822

KJ920821

KJ920820

KJ920819

KJ920818

KJ920817

KJ920816

KJ920897

KJ920896

KJ920895

KJ920894

KJ920893

n/a

n/a

AY191747

KJ920892

KJ920891

KJ920890

KJ920889

KJ920888

n/a

n/a

n/a

n/a

KJ920887

KJ920886

n/a

n/a

n/a

n/a

KJ920885

KJ920884

KJ920883

KJ920882

KJ950538

KJ950537

KJ950536

KJ950535

KJ950534

n/a

n/a

KJ950533

KJ950532

KJ950531

KJ950530

KJ950529

KJ950528

n/a

n/a

n/a

n/a

KJ950527

KJ950526

n/a

n/a

n/a

n/a

KJ950525

KJ950524

KJ950523

KJ950522

KJ950594

KJ950593

KJ950592

KJ950591

KJ950590

n/a

n/a

EU977416

KJ950589

KJ950588

KJ950587

KJ950586

KJ950585

n/a

n/a

n/a

n/a

KJ950584

KJ950583

n/a

n/a

n/a

n/a

KJ950582

KJ950581

KJ950580

KJ950579

yes
yes

yes

yes

yes

no

no

yes

yes

yes

yes

yes

yes

no

no

no

no

yes

yes

no

no

no

no

yes

yes

yes

yes
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Waremo River, Bomberay, Fakfak, West Papua, Indonesia

Unknown, south-east of Sorong, West Papua, Indonesia

Cherax sp. nov. 5

(C. cf. holthuisi)

112

113

114

C. destructor

C. preissii

C. quinquecarinatus

C. tenuimanus

121

122

123

124

Engaeus lyelli

Engaeus sericatus

125

126

Primary Outgroups

C. dispar

120

Unknown, south-east of Sorong, West Papua, Indonesia

118

Penshurst, Victoria, Australia

Enfield, Victoria, Australia

Margaret River, Western Australia, Australia

McGregor Rd., Western Australia, Australia

Lower Kalgan River, Western Australia, Australia

Finke River, Northern Territory, Australia

Oxley Creek, Queensland, Australia

South-west of Rockhampton, Queensland, Australia

Unknown, south-east of Sorong, West Papua, Indonesia

117

C. cairnsensis

Unknown, south-east of Sorong, West Papua, Indonesia

116

119

Crayfish farm, Surabaya, Indonesia

115

Cherax Outgroups

Unknown, Bomberay, Fakfak, West Papua, Indonesia

111

Unknown, south-east of Sorong, West Papua, Indonesia

Musunggu (river), Bomberay, Fakfak, West Papua

110

Warisa Mulya (river), Bomberay, Fakfak, West Papua

108

Warisa Mulya (river), Bomberay, Fakfak, West Papua

Nambukteb (river), Fakfak, West Papua, Indonesia

107

109

Nambukteb (river), Fakfak, West Papua, Indonesia

106

Cherax sp. nov. 4

Kryawaswas (river), Fakfak, West Papua, Indonesia

Kryawaswas (river), Fakfak, West Papua, Indonesia

104

105

Unknown, Bomberay, Fakfak, West Papua, Indonesia

103

Cherax sp. nov. 3

Tomage Village, Bomberay, Fakfak, West Papua, Indonesia

102

-

MAR

MCG

LKA

FIN

OXL

STO

SOR8

SOR7

SOR6

FAR3

SOR5

SOR4

WAR

BOM2

ASM2

WMU5

WMU4

NAM2

NAM1

KRY2

KRY1

BOM1

TOM2

Genbank

Genbank

Field

Field

Field

Genbank

Genbank

Genbank

Commercial

Commercial

Commercial

Farm

Commercial

Commercial

Field

Field

Field

Field

Field

Field

Field

Field

Field

Field

Field

-

76

30

32

400

100

10

200-400

200-400

200-400

-

200-400

200-400

21

-

20

17

17

402

402

91
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Table 2.2. Primers used for amplification and sequencing in this study
Gene

16S

12S

COI

GAPDH

Primer
name

Sequence (5’-3’)

Reference

1471

CCTG TTTANCAAAAACAT

Crandall and Fitzpatrick 1996, Crandall et al. 1995

1472

AGATAGAAACCAACCTGG

Crandall and Fitzpatrick 1996, Crandall et al., 1995

SASp3-16SF

GAATTTAACTTTTAAGTG

Schultz et al. 2009

SASp4-16sR

TCAACATCGAGGTCGCAAAC

Schultz et al., 2009

16S.73-74H

ACTTTATAGGGTCTTATCGTC

Schultz et al. 2009

16S.73-74L

GGGACGATAAGACCCTATAAA

Schultz et al. 2009

16S.74-89H

TTACGCTGTTATCCCTAAAGTAA

Schultz et al. 2009

16S.74-89L

TTACTTTAGGGATAACAGCGTAA

Schultz et al. 2009

H1478F

GRAAGCGACGGGCGATATG

This study

L1085R

TWTAAAACARGATTAGATACC

This study

CAF

CTACAAATCATAAAGATATTG

Folmer 1994

CABR

CTTCAGGGTGACCAAAAAAATC

Folmer 1994

G3PCq157F

TGACCCCTTCATTGCTCTTGACTA

Buhay et al. 2007

G3PCq981R

ATTACACGGGTAGAATAGCCAAACTC

Buhay et al. 2007
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Figure 2.1. Sample collection sites for Cherax with the geographic regions defined on the
basis of the phylogenetic analysis of Munasinghe et al. (2004b) and superimposed on a map
from Source Terrain Basemap, ESRI (2013) (map generated by J.S.E. Yuwono, Department
of Archaeology, Faculty of Cultural Sciences, Universitas Gadjah Mada).
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2. 3. Results
2.3.1. Sequences
A total of 1101 new 16S rRNA sequences (KJ920752 - KJ920861) representing
28 putative Cherax species from northern Australia and New Guinea were used for
the 16S data set excluding outgroup samples. All but 10 of these sequences, available
from GenBank, were obtained by this study. The multigene data set was made up of
sequences representing 58 individuals (including six for Cherax outgroup samples)
representing 11 putative species from northern Australia and New Guinea. This data
set includes; 53 new 12S rRNA sequences (KJ920862 - KJ920914); 57 new COI
sequences (KJ950502 - KJ950558); and 55 new GAPDH sequences (KJ950559 KJ950613)2 as detailed in Table 2.1 including NCBI GenBank accession numbers for
all nucleotide sequences used in this study.

2.3.2. Phylogenetic analyses
From Figure 2.2, which gives the Bayesian estimation of phylogenetic
relationship using the 16S data, there is strong support for the monophyly of the
genus Cherax with respect to the northern Australia and New Guinea samples and
representatives of species from eastern Australia and the south west of Western
Australia with a Bayesian posterior probability (Pp=1.0). The northern Australian
and New Guinea species form a well supported clade (Pp=1.0) relative to the
southern Australia samples, indicating that these samples are appropriate as
outgroups for the multigene data set. The reduced support for the outgroup lineage
1

Of the 110 sequences I obtained 66, the remainder were either from GenBank or were obtained by
members of Professor Austin‟s laboratory.
2
Of these 165 sequences I obtained 163, the remainder were similarly from GenBank or were obtained
by members of Professor Austin‟s laboratory
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(Pp=0.78) indicates that the relationships among the eastern, western and northern
(including New Guinea) Cherax lineage are unresolved.

Lineage

A

Lineage

B

Figure 2.2. Phylogenetic relationships among Cherax spp. from northern Australia and New
Guinea based on a Bayesian analyses of 16S rRNA sequences (n=134). Lineage A: New
Guinea and Lineage B: northern Australia and two species from lowland New Guinea. See
Table 2.1 for detailes of codes and sample locations.

63

The two Bayesian analyses support two major clades for both the 16S and
multigene data sets and labeled as A and B (Figures 2.2 to 2.5). While the Bayesian
posterior probabilities (Pp) for these 2 clades is less that 0.95 (0.88 and 0.92) for the
16S tree, they receive strong support for the multigene data set (0.98 and 1.00) albeit
with more limited taxon sampling. One of these clades comprises exclusively New
Guinea species including all the highland species (lineage A). The second clade
contains all the northern Australian species and lowland New Guinea species from
central and eastern Papua (lineage B). Additional features of these two clades and
taxonomic implications are highlighted below in more detail.

Figure 2.3 Expanded view of the lineage A - first of the two major clades for the tree
presented in Figure 2.1 showing relationships among the New Guinean Cherax spp.
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Figure 2.4. Expanded view of the lineage B- the second of the two major clades for the tree
presented in Figure 2.1 showing relationships among northern Australian Cherax species and
two of the low land New Guinea Cherax spp.

Figure 2.5. Bayesian analyses for concatenated data of four gene regions (16S, 12S, COI and GAPDH) among Cherax spp. from northern Australia and New
Guinea

A

Lineage

B

Lineage
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2.3.3. Molecular taxonomy
The phylogenetic relationships and degree of divergence among samples in
the New Guinea clade (A) provide strong support for the distinctiveness of 10
species comprising: C. boesemani, C. peknyi, C. misolicus, C. holthuisi, C.
monticola, and a minimum of four new species from western Papua (western Bird‟s
Head and Fakfak region). Surprisingly, no support was found for the eight nominal
highland species of Cherax (C. communis, C. murido, C. solus, C. paniaicus, C.
pallidus, C. longipes, C. buitendijkae and C. boschmai) described from the Wissel
Lakes region. Both trees recovered a single highly divergent clade containing all
samples from the three lakes and the nearby Yawey River, with individuals showing
minimal divergence for the 16S sequences (average divergence = 0.65%, maximum
divergence = 2.4%). Two somewhat divergent clades were identified from the Wissel
Lakes specimens in the multigene analyses, however these 2 clades did not correlated
with named species or lake of origin (Figure 2.5).
The other highland lineage consists of eight samples of C. monticola from the
Wamena region. While this lineage was well supported (Pp=1.0) the samples were
further split into two groups, one comprising samples form Lake Habbema and the
other from the nearby Baliem River. While the degree of divergence between group
is not high (1.56%) it may be taxonomically significant given the close proximity of
the two locations.
A plot of the relationship between samples for the species placed in the clade
containing the putative highland species and C. peknyi (Figures 2.2 and 2.3) using
multidimensional scaling is provided in Figure 2.6. It can be seen from this analysis
that while the samples of C. monticola and C. peknyi form discrete and isolated
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clusters, all the samples of the Wissel lakes species group together without clear
separation of any of the putative species from this region.

Figure 2.6. MDS plot of uncorrected genetic similarity among highland crayfish of the
genus Cherax (Wissel Lakes species complex and C. monticola from Wamena) and one
lowland species, Cherax peknyi. Species selected based on the relationships depicted in Fig.
2.3. Individual sample codes for each species are given in Table 2.1.

Three of the 5 putative new species come from a small region to the north
east of Fakfak that had not previously been surveyed before for crayfish. All species
were highly divergent from one another (range of divergence: 6.75% - 7.76%) and
either clade with other species from the Bird‟s Head region or are placed in a basal
position. One of these species, Cherax sp.nov.4 consists of 2 divergence lineages that
may be also be taxonomically distinct from each other (average divergence=3.92%).
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The 4th new species appears to be a sister species to C. holthuisi and it is also
morphologically distinctive with respect to its colour pattern with average divergence
between two clades of 3.68%. One other sample FAR1, while clustering with the
other C. boesemani samples, is also quite divergence (average divergence= 2.29%)
and may be of taxonomic significance. As this sample originated from an aquaculture
farm it‟s geographic origin is unknown. The morphologically similar C. boesemani
from the western Bird‟s Head peninsular and C. misolicus known only from the
island of Misool and placed as sister to one another are closely related with a
divergence level of 4.84%.
A second multidimensional scaling analysis including all other New Guinea
samples in Lineage A is provided in Fig. 2.7. From this analysis, the samples of the
putative species C. holthuisi and C. boesemani and the single sample of C. misolicus
are distinct and isolated from the other samples. Similarly, the samples of the new
species identified as Cherax sp.nov.2, 3, and 5 are distinct from each other and the
other 3 recognised species. It can also been seen that while the samples of Cherax
sp.nov.4 are also distinct there is significant variation within this species as discussed
above.
In general the deeper relationships within the New Guinea clade are
unresolved. However, there is some strong support for phylogenetic relationships
between some of the more closely related species. For example C. holthuisi and its
sister species (Bird‟s Head specimens - Cherax sp.nov.5) are always consistently
sister to Cherax sp.nov.2, Cherax sp.nov.3 and Cherax sp.nov.4 from the Fakfak
region; and C. boesemani (Bird‟s Head), C. misolicus and Cherax sp.nov.4 are
resolved as close relatives by one or more of the analyses.
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The only other consistency between the single gene and multigene data sets is
that the species C. peknyi (eastern Papua) and the two highland clades from the
Wissel Lakes and Wamena are consistently placed together, although these
relationships only receive low Pp values (0.58-0.67).

Figure 2.7. MDS plot of uncorrected genetic similarity among Fakfak, Bird‟s Head, and
Misool Island clades (C. holthuisi, C.boesemani, C. misolicus, C. sp.nov.2., C. sp.nov.3, C.
sp.nov.4, and C.sp.nov.5). Individual sample codes for each species are given in Table 2.1.

The second main lineage (B) consisting of Australian species and lowland
New Guinea species from central and eastern Papua and the far south west of Papua
New Guinea shows relationshsips among samples that also have significant
taxonomic implications. Three distinct lineages are apparent: the C. nucifraga
lineage represented by a single sample from the Darwin region; the C. bicarinatus
lineage, which includes samples assigned to the species C. barretti and C. rhynchotus
and the “red claw” lineage, which is a complex of related species and cryptic species
characterised by adult males with a reddish red uncalcified patch on the outer margin
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of each their major claws. The average divergence amongst these three distinct
lineages ranges from 7.88% to 9.46%. While the analysis clearly supports the
distinctiveness of C. nucifraga, it is apparent that several species have been confused
within the otherwise distinct lineage recognised in this study as C. bicarinatus. This
lineages comprises a set of samples that show limited divergence across a relatively
wide distribution across the most northern part of Australia (average divergence
among samples= 0.21%; maximum divergence= 0.70 %). The multidimensional
scaling analysis of the samples making up lineage B (Fig 2.8) illustrates both the
distinctiveness of the species, C. nucifraga and the C. bicarinatus species complex,
with the degree of variation with the latter typical of that normally observed within
species. The samples of the C. bicarinatus complex include recently discovered
crayfish with a white semi-calcified patch on the claws of adult males from the
Northern Territory, a sample from the Wessel Islands, the type locality and the only
known locality of C. barretti and samples of C. rhynchotus from the northern most
part of the Cape York Peninsular, Queensland.
Within the red claw clade there is a primary division between the lineage that
supports the recognition of C. lorentzi as a distinct and well defined species from the
central lowlands of Papua and it‟s sister lineage, a complex of samples from both
Australia and central New Guinea (average divergence between the two clades =
4.71%). This sister clade to C. lorentzi includes samples putatively identified as C.
quadricarinatus and C. albertisii, and may represent as many as five species. The
Cherax quadricarinatus samples, as conventionally recognised from central and
eastern northern Australia form a distinct cluster (Pp=1.0), however this lineage also
includes samples, that show only limited divergence, identified as C. albertisii from
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southern New Guinea west of Daru (BEN). This is in contrast to samples also
identified as C. albertisii from three separate locations (TAM, ORI and MTB) each
of which are sufficiently divergent to potentially represent separate, undescribed
taxa. Further, a group of samples putatively identified as C. quadricarinatus from the
western part of its distribution in the Northern Territory (RAC, HOS, ORD, and
HOR) form a well defined lineage (Cherax sp.nov.1 – Table 2.1) that is quite distinct
from the more easterly samples of this species (C. quadricarinatus sensu stricto) with
an average divergence of 3.30% between the two species. The complexity of the
relationships within the red claw lineages and levels of divergence with and between
putative species is effectively summarised by the multidimensional scaling analysis
(Fig 2.8). The samples of C. lorentzi, C. quadricarinatus sensu stricto and Cherax sp.
nov.1 each form discrete clusters well separated from each other. It can also be seen
that the samples of C. abertisii from New Guinea are highly heterogenous, with some
samples (BEN) clustering with the Australian samples of C. quadricarinatus sensu
stricto and others (TAM, ORI and MTB) showing various levels of divergence from
each other and the other members of the redclaw species complex. As with the New
Guinea lineage A, the deeper level relationships among the three lineages within
lineage B are unresolved.
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Figure 2.8. MDS plot of uncorrected genetic similarity among red claw clades (C. albertisii,
C. quadricarinatus, C. bicarinatus, C. sp.nov.1., C. lorentzi, C. nucifraga, C. barretti, and C.
rhynchotus). Individual sample codes for each species are given in Table 2.1.

2.3.4. Molecular Clock Analysis
Figure 2.9 shows the BEAST tree from a dating analysis using a strict clock
with the maximum-clade-credibility phylogeny overlain with the 95% highest
posterior density (HPD) intervals of divergence times and Bayesian Posterior
probabilities (Pp). The parameter estimates for the ucld.stdev and the coefficient of
variation were 0.33 and 0.32, respectively, indicating that the data were close to
clock-like with only low rate-heterogeneity among lineages. Branching order for Fig.
2.9 was almost entirely congruent with Fig. 2.2 (the MrBayes tree from the 16S
analysis); however, there were some notable differences.
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In the BEAST analysis of the 16S rRNA partition, node bars in Fig. 2.9 are
highly variable (i.e. 95% HPD intervals are large), but are reduced towards the
terminal nodes of the tree i.e. further from the root. Estimates of divergence times
were not statistically valid for some nodes in the phylogeny, shown as nodes without
node bars. As the 95% HPD intervals are large and mostly overlapping, these
estimates of divergence times should be considered as approximate only. The
divergence of the three main lineages within Cherax most likely occurred between
15-10 Ma (mid Miocene). The separation of the two main lineages within the
northern Australia and New Guinea clade is estimated to have happened between 105 Ma (late Miocene). Most speciation within the northern and New Guinea species
appears to have occured between the late Miocene and Pliocene (7 – 2.5 Ma). The
two highland lineages (C. monticola and Wissel Lakes species) are relatively deep
and extend well into the early Pliocene and possibly late Miocene. Recent
diversification within both lineages is estimated to have been restricted to the
Pleistocene. This estimation also applies for the red claw lineage which consist of
Cherax quadricarinatus, C. albertisii, C. bicarinatus, C. lorentzi, C. barretti,
C. rhynchotus, C. nucifraga and Cherax sp.nov.1 (C. cf. quadricarinatus).
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Figure 2.9. Bayesian tree and molecular clock estimates for Cherax lineages based on
analysis of mitochondrial 16S rRNA. Horizontal bar represents the 95% highest posterior
density ranges.
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2. 4. Discussion
This study presents the first comprehensive molecular taxonomic and
phylogenetic review of the diverse and remotely located Cherax fauna of northern
Australia and New Guinea, including the diverse and enigmatic highland species
from the New Guinea central mountain range. Sequence data were obtained for a
total of 20 putative species from the region, which represents the first sequence data
for all but three of these species. The level of taxonomic sampling includes all but 4
putative species with efforts to obtain sequences from C. minor, C. papuanus,
C. aruanus (New Guinea) and C. wasselli (Australia) unsuccessful for this study. The
implications of these finding for the taxonomy of Cherax and the understanding of
the evolution and biogeography of the genus in northern Australia and New Guinea
are discussed below.

2.4.1 Molecular Taxonomy
The results of this study contribute significant new information or
perspectives on several aspects of the current taxonomy of Cherax. These include
strong evidence for cryptic speciation in relatively well studied taxa, resolution of
some long standing taxonomic issues involving some of the earliest described species
of Cherax, significant undocumented species diversity in poorly sampled areas and
lack of evidence to support a number of species amongst both the distinctive
highland lake species of Papua and Australian species.
The most surprising result is the failure to find any support for more than a
single species within the Wissel Lakes complex in the highlands of Papua, Indonesia.
The data set included at least one fragment of the 16S gene from all putative species,
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together with sequences from fresh samples for Lake Paniai and the previously
unsampled Lake Tage, that were screened for variation at four loci. Based on
Holthuis‟ work (1949) the Wissel Lakes have eight putative species and while
several of these species are morphologically similar there are several that have
extreme phenotypes (Figure 1.3) nowhere else reported for the genus and south
hemisphere crayfish in general. This level of local species richness within a single
genus is also unprecedented for both south and northern hemisphere crayfish. There
are several possible explanations for the disconnect between morphological and
molecular divergence. Based on the molecular clock analysis and geological history
(see below) it is clear that the Wissel Lakes fauna originated from a single invasion
of a quite divergent species that became established more than 1 million years ago.
Firstly, the Wissel lakes crayfish may be polytypic as a result of habitat differences
within the lakes and associated subterran environments and local adaptation. The
lakes are relative deep (~100 m) and fed by subterranean fluvial systems in what is
largely a karst system. Further there are number of distinct shallow water habitats
including rocky and pebble-based, riparian and dense algal rafts, and soft and fine
sediments. Given the size of the lake coupled with the generally limited dispersal
ability of crayfish it is thus possible that the populations have become established
that are adapted to local environments.
An expectation would that crayfish from different environments would be
able to interbreed. A similar model was proposed by Austin & Knott (1996) to
account for high levels of habitat related diversity between allopatric populations of
Western Australian Cherax species. Alternatively, it maybe that a similar scenario
has applied, but has led to reproductive isolation and incipient speciation, but without
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substantial sequence divergence due to the relatively short time crayfish have been
within the lake system. This model would be similar to those proposed for other
young large lake or lake systems with high diversity among closely related species
(Salzburger & Meyer 2004; von Rintelen et al. 2007; Macdonald III et al. 2005).
Significant taxonomic disputation and confusion has surrounded the number
and identity of species that is referred to as the C. quadricarinatus – C. albertisii
complex, which are identifiable on the basis of red soft membraneous outer margin
of the propodus of the claw. The earliest taxonomic reviewers of the genus Cherax,
(Smith 1912; Calman 1911; and Clark 1936), considered there was no justification in
considering C. quadricarinatus, a large freshwater crayfish, described by von
Martens (1868) from northern Australia to be taxonomically distinct from C.
albertisii described by Nobilli (1899) from southern New Guinea. This view also
extended to the species C. lorentzi and C. aruanus described by Roux (1911) from
Papua. In contrast, Holthuis (1949; 1950; 1982) considered C. quadricarinatus, C.
albertisii and C. lorentzi to be taxonomically distinct, with the former species
restricted to Australia and the later two species occurring in New Guinea.
My results support the position of Holthuis in that C. lorentzi appears to be
specifically distinct based on the phylogenetic analysis and the degree of divergence.
There is also evidence to support the recognition of C. quadricarinatus and C.
albertisii, however there is much greater taxonomic diversity within this complex
than previously realised. The recognition of two species within C. quadricarinatus,
consisting of a western form from the Northern Territory and eastern form from
northern Queensland and extending into southern New Guinea is supported by the
findings of Baker et al. (2008). These authors examined 16S rRNA variation (their
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sequences were used in this study) and also microsatellite variation and considered
the two forms were behaving as separate species. Their findings were also consistent
with Austin (1996) in that the eastern form from northern Australia also extended its
distribution into southern New Guinean in at least the vicinity of Daru. Baker et al.
(2008) erroneously followed Riek (1969) by applying the name C. bicarinatus to the
western form of “C. quadricarinatus”. Cherax bicarinatus represents an entirely
different species of crayfish which is broadly sympatric with “C. quadricarinatus”
across the Northern Territory (see below) which has only recently been rediscovered,
but is clearly taxonomic distinct based on the results of this study. Thus the western
form of the C. quadricarinatus – C. albertisii complex is an undescribed new
species, based on the assumption that the original description of C. quadricarinatus
by von Martens most likely applies to the eastern form from Queensland, which is
reasonable as the type locality is given as Cape York (von Martens, 1868).
The results indicate that previously conceptualisation of Cherax albertisii as a
close relative of C. quadricarinatus from south central New Guinea cannot be
maintained. Some samples (BEN) of what were previously identified as C. albertisii
clearly represent C. quadricarinatus. However, another sample (ORI) from within
200 km of the BEN samples, is sufficiently divergent to be consistent with a separate
taxon, identifiable as C. albertisii. In additional, two other samples, collected from
several 100 km apart and putatively identified as C. albertisii are also highly
divergent from each other and the ORI sample. It is also possible that one of these
forms (TAM or MTB) may be consistent with the species C. divergence described by
Holthuis (1950), but considered latter by him to be a synonym of C. albertisii (1982).
The sample ORI most likely represents C. albertisii as this location (the Oriomo
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River near Daru) is adjacent to the Katau River, the type locality given by Nobili
(1899) which is within 15 km to the northwest of Daru.
The taxonomic complexity and the wide range of taxonomic opinions of this
group has generated are not surprising, given the taxonomic issues that have plague
the members of the genus Cherax. Austin & Knott (1996) and Austin (1996) found
high levels of morphological variation, including taxonomic characters, within and
between species of Cherax. This made the definition of species based on purely
morphological data problematic especially for widespread taxa, which are able to
exploit a range of environments and frequently display geographic variation. The
characters used to differentiate C. quadricarinatus, C. albertisii and related taxa
focus predominately on a suite of attributes that are often highly variable, including
the number of rostral spines, the length and degree of development of the rostral
carinae and the size and shape of the propodus. Thus it is obvious that a more
detailed

molecular

and

morphological

study of

variation

with

the

C.

quadricarinatus–albertisii group is required with more intensive sampling in both
northern Australia and southern New Guinea to confirm the number of taxa and
identify, if possible, diagnostic morphological traits for these species.
The identity, of Cherax bicarinatus, one of the first described species of
Cherax has long been perplexing (Clark 1936; Riek 1969; Short 1991; Short & Davie
1993). Described by Gray (1845) as Astacus bicarinatus with a type locality of Port
Essington (central northern of Northern Territory) it has been variously associated
with entirely different species from central and eastern Australia and also from the
south west of Western Australia. Riek (1969) applied the name to a large crayfish
from the Northern Territory closely related C. quadricarinatus. Austin (1996)

80

following Riek considered these two forms belong to the same species but
recommended the name C. quadricarinatus be used due to the uncertainty with
regard to the identity of C. bicarinatus and the validity of the type locality. Baker et
al. (2008) provide convincing evidence that there are western and eastern forms of
“C. quadricarinatus” that likely valid species, a position supported by the results of
this study. However the application of the name C. bicarinatus is not considered
appropriate, now that an additional species of Cherax has been found in the Northern
Territory that is widespread and consistent with the description and diagram of C.
bicarinatus and the type material located in the British Museum (examined by Chris
M. Austin). Cherax bicarinatus as identified in this study is also largely
indistinguisable from Cherax rhynchotus described by Riek (1951) from Cape York
and samples of C. barrettii, obtained from its type locality (Wessel Islands, Northern
Teritory) based on 16S sequences. Figure 2.10 gives photographs of the type
specimens of C. bicarinatus, a specimens from Blue Mud Bay in the Northern
Territory and a specimen of “C. cf. quadricarinatus” from the Northern Territory. It
is clear from these images that the type specimens show a close resemblance to the
Blue Mud Bay specimens as the rostrum is broad relative to the distance between the
postorbital spines and the rostral carina barely extend onto the cephalon compared to
the C. quadricarinatus specimen. Thus the names for these two species,
“bicarinatus” and “quadricarinatus” are entirely appropriate and highlight the main
distinguishing features for these species.
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A

C

D

B

E

Figure 2.10. The type series (A) and holotype (B) of C. bicarinatus from the British
Museum and comparison of samples of C. bicarinatus (Blue Mud Bay – C), C. rhynchotus
(Jardine River – D) and C. quadricarinatus (Rocky Pools, Arnhem Land – E); see Austin
(1996) for locality details for D and E.

2.4.2. Molecular Phylogeny
The inferred phylogeny supports a monophyletic origin for the northern
Australia and New Guinea species of Cherax that is consistent with the molecular
genetic and phylogenetic studies of Munasinghe et al. (2004) and Austin (1996a; and
1996b) who identified three geographically-based lineages within Cherax. These
consisted of a southwestern group, an eastern group and a northern group. Support
for the latter group however was based on only very limited sampling (eg. single
samples of C. quadricarinatus, C. rhynchotus and C. peknyi in Munasinghe et al.‟s
study). Thus the much more extensive sampling in this study greatly strengthens
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support for these three geographically-based lineages. Nevertheless, complete
confidence in this hypothesis can only be fully tested with complete taxon sampling
and it should be noted that there are still a number of species from both Australia and
New Guinea for which data is yet to be obtained.
The phylogenetic relationships recovered in this study are generally at odds
with earlier views defining relationships within Cherax based on morphology and
using species group designations (Holthuis 1949; 1950; 1982; 1986; 1996; Lukhaup
& Pekny 2006; 2008; Lukhaup & Herbert 2008; Riek 1969; and Short 1991) which
are summarized in Table 2.3. Holthuis (1949) in his major treatise on the New
Guinea Cherax considered species could be placed into two groups. One with the
rostral and median carine absent or only feebly developed and refered to as the
Cherax group following the characteristics of the type species, C. preissii (Erichson)
from the southwest of Australia. The other group contains species that have rostral
and sometimes the median carina well developed and refered to as the Astaconeprops
group with Nobili‟s (1899) Astaconeprops albertisii acting as the type 3. While
Holthuis (1949 and 1950) did not formally use subspecific designations, in his
biogeographic papers he indicated that the New Guinea species could be placed in
one of two subgenera and formally applied a subgeneric epithet in his figures, but
without a formally description of either subgenus. In his later paper describing a new
species, C. minor, Holthuis (1996) formally placed this species in the subgenus
Astaconephrops. Subsequent authors considering New Guinea species followed
Holthuis (1982; 1986; 1996) and placed newly described species into one or other of
the two subgenera (Lukhaup & Pekny 2006; Lukhaup & Pekny 2008; Lukhaup &
3

This latter genus was considered identical with Cherax by Roux (1911), Calman (1911) and Holthuis
(1949).
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Herbert 2008). Holthuis‟ concept of the Astaconeprops group changes over time and
by the time he described Cherax (A) minor, only noted the presence of an unclacified
patch on the claws of males as justification for its placement in the subgenus
Astaconephrops and did not refer to the nature of the postorbital and rostral spines
and ridges which are quite reduced in this species. Other authors (Riek 1951; 1967;
1969; and Short 1991) considering Australian species of Cherax appear to have been
unaware or ignored Holthuis‟(1949; 1950; 1982; 1986; and 1996) treatment. While
Riek (1969) also refers to an Astaconephrops species group he does not cite Holthuis
and only makes passing reference to New Guinea species. Based on a generalised
morphological assessment, Riek (1969) placed within his Astaconephrops species
group the northern species C. bicarinatus, C. quadricarinatus, C. barretti, C.
rhynchotus, and the southwestern species C. tenuimanus and he considered the New
Guinea species C. lorentzi, C. albertisii and C. divergens to be closely related to C.
quadricarinatus and therefore by implication part of this species group.

Species
Astaconephrops

Astaconephrops

Riek (1969)
quadricarinatus

Short (1991)

−

−

−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−


northern Lineage

Munasinghe et al.
(2004)

Species group or lineage

−
−
−




−
−


−
−


−
−


−








−


−
−

−
−

−
−

−
−

−
−

−
−

-
−
−

−
−

−
−




−


−
−

−
−

−
−

−
−

Lukhaup & Pekny (2006; 2008), and Lukhaup & Herbert (2008)

Cherax

Holthuis (1949) and others

C. bicarinatus
C. quadricarinatus
C. barretti
C. rhynchotus
C. nucifraga
New Guinea C. albertisii
C. lorentzi
C. lorentzi aruanus
C. misolicus
C. buitendijkae
C. boschmai
C. communis
C. longipes
C. murido
C. pallidus
C. papuanus
C. paniaicus
C. solus
C. divergens
C. monticola
C. minor
C. holthuisi
C. boesemani
C. peknyi
A
Holthuis (1949; 1950; 1982; 1986; 1996);

Australia

Region

A

northern
Lineage A
−







−




−




northern
Lineage B







−
−
−
-

This study

Table. 2.3. Summary of phylogenetic relationships and species group designations for northern Australian and New Guinean Cherax
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The phylogenetic relationships established in this study together with the results
of Munasinghe et al. (2004b) indicate that the division of Cherax into two subgenera, as
conceived by Holthuis and subsequent authors dealing with New Guinea has to be
abandoned. There is no evidence for a “Cherax” group as species lacking a soft patch
are divided across all the major lineages recovered in Cherax with the exception of
lineage B in this study. Further, it is clear from this study that the presence of soft patch
is not a unifying apomorphic character as suggested by Lukhaup & Herbert (2008).
While all species in lineage B possess this trait, C. misolicus, C. monticola and C.
boesemani also have this trait but are placed in Lineage A, together with a number of
species lacking this trait. Further both Holthuis (at least in his earlier papers) and Riek‟s
conceptualisation of the Astaconephrophs species based on Cherax that have from 4 to
5 distinct ridges is not supported either, as Cherax tenuimanus (5 distinct ridges) is
aligned with western Australian species and other species that are phylogenetically
aligned with the Cherax quadricarinatus, C. albertisii and C. lorentzi group have reduce
development of ridges (C. bicarinatus, C. nucifraga, and C. minor).
Thus the molecular phylogeny is consistent with the concept that C. tenuimanus
belongs to the southwest species groups (Austin 1996a; Munasinghe et al. 2004) but
exhibits convergent morphological similarities with C. quadricarinatus and it‟s allies.
This arrangement is also very similar to Short‟s (Short 1991) “C. quadricarinatus”
species complex in which he also included the newly described C. nucifraga and C.
monticola on the basis that all species are united on the basis of a presence of an
uncalcified patch. While he surprisingly ommited C. albertisii, lineage B is consistent
with his conceptualisation of relationships, with the exception that C. monticola is
placed within lineage B.
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2.4.3 Zoogeography and divergence times
The phylogenetic relationships and associated divergence times estimated in this
study both extend and confirm earlier research on Cherax and provides new insights
into historical patterns of dispersal and the evolutionary history of the genus Cherax.
Finding that Cherax from northern Australia and New Guinea form a monophyletic
group that is distinct from both the southwestern and eastern species is consistent with
the findings of Austin (1996a; 1996b) and Munasinghe et al. (2004), that the genus
consists of 3 deep geographically-based lineages. Further, the dating estimates in this
study (13 Mya with a 95% confidence of 21-7 Mya) are consistent with the views of
Munasinge et al. (2004) that these deep lineages are a result of widespread dispersal and
subsequent diversification from a common ancestor in the early to mid Miocene (10-19
Mya). The relationships between the three lineages remains unresolved and requires
more data in terms of nucleotides and taxon sampling, but the possibility exists that they
represents an essential contemporaneous evolutionary split (Munasinghe et al. 2004).
A number of studies using molecular approaches have found complex patterns
of species exchange between Australia and New Guinea for several Australian groups
of animals with Gondwanan origins during the late Miocene to the Pliocene that most
likely resulted from land bridge connections. These include research on freshwater fish
(McGuigan et al. 2000; Unmack et al. 2013), snakes (Rawlings and Donnellan; 2003;
Kuch et al., 2005; Wüster et al. 2005), bandicoots (Westerman et al., 2012), turtles
(Georges et al. 2014), small birds (Norman et al. 2007; Driskell et al. 2011; Kearns et al.
2013), and arboreal marsupials (Malekian et al. 2010; Meredith et al. 2010). The
postulated initial dispersal of Cherax from northern Australia to New Guinea in the late
Miocene is inconsistent with earlier views that Australia and New Guinea were isolated
from the early Miocene to the Pleistocene (Flannery 1989), a position that has also been
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challenged by a number of studies (e.g. Malekian et al. 2010; Meredith et al. 2010,
Westerman et al. 2012). The dating of the establishement of the New Guiena lineage of
Cherax at 6 Mya is similar to the estimated time for the divergence of freshwater turtle
species Emydura worrelli (Australian) and E. subglobosa (New Guinea) at 5.4 Mya
(Georges et al. 2013); between Australia and New Guinea lineages within the glider
species Petaurus breviceps estimated at 5.8 Mya (5.2-6.5 Mya) (Malekian et al. 2010)
and within Australo-Papuan distributed elapid snakes (Acanthophis laevis group) 7.825.60 Mya (Wüster et al. 2005). Geological evidence supports a late Miocene land bridge
that would have facilitated dispersal of crayfish through the development of
interconnections between northerly and southerly flowing rivers and associated
wetlands (Hall 2001; Malekian 2010; Meredith 2010).
Another important geological consideration influencing the biogeography of
Cherax in New Guinea is the presence and timing uplift of the central mountain range.
The island of New Guinea in its current topography is not very old with the central
mountain ranges running east to west through the center of New Guinea the result of a
major period of uplift from the mid to late Miocene (Loffler 1977; Hill & Gleadow
1989; Georges et al. 2014). This range reached a height close to its current elevation
(3,000 m+) by the end of the Miocene (Baldwin et al. 2012; Johns et al. 2007) and it
sharply delineates northern and southern water sheds. The height of these ranges
presents a significant faunal barrier to many kinds of organisms, especially those
adapted to freshwater and lowland tropical environments (Georges et al. 2014; Unmack
et al. 2013). Holthuis (1982) noted that the distribution of Cherax in New Guinea “keep
strictly to the [biogeographic] rules” as it mirrors the demarcation by the dividing range
of the northern and southern drainages from the Kikori River system in the east to
western portion of the Birds‟ Head Peninsula. The fact that the uplift of the central
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range predates the dispersal of Cherax to New Guinea explains the limitation to the
genus‟ distribution and provides the basis for Holthuis‟ observation. Holthuis (1982)
concluded that the distribution of Cherax provided evidence for the Sahul land bridge
and that the rivers now flowing into the Arafura Sea “once formed a single drainage
with northern Australian rivers”
The above scenario does not hold true for other Australian freshwater groups
that have dispersed to New Guinea from Australian as both freshwater turtles and
rainbow fish have distributions that extend into northern New Guinea (Georges et al.
2014; Le et al. 2013; Unmack et al. 2013). However, molecular dating studies suggest
that these groups radiated into New Guinea much earlier than Cherax, nevertheless the
subsequent evolution of these groups within New Guinea has been significantly
influenced by the biogeographic barrier presented by the central mountain range.
This study also indicates that despite the New Guinea lineage of crayfish being
relatively young, the ancestral species that invades New Guinea were able to effectively
disperse and exploit a range of aquatic environments. These include the lowland
environments of the Bird‟s Head Peninsular which formed at approximately 10 Mya
(Hill & Hall 2002; Unmack et al. 2013) and is now known to contain at least 6 species
of Cherax, four of which are new to science, and mostly likely with new species waiting
discovery as a result of more systematics sampling. New Guinean also has deep
highland lakes and possible subterranean systems and rivers, some at over 3,000 M,
with water temperatures below 10°C that are inhabited by Cherax (Holthuis 1949; 1950)
– environments that are radically different from the mostly slow flowing, warm and
often turbid aquatic environments from northern Australia.
A second more recent dispersal event from Australia to New Guinea is estimated
to have occured during the late Pliocene (3.0 Mya). Such a date coincides relatively
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close with the earliest Pliocene land connection between southern New Guinea and
Australia at about 3.3 Mya according to Chivas et al. (2001) and Kearns et al. (2013).
This dispersal event involved the common ancestor of the „red claw‟ lineage, which is
placed within the second major northern Cherax lineage comprising all the Australian
species and low land New Guinea species. While the 2 most basal species in this lineage
are Australian (C. nucifraga and C. bicarinatus) the „red claw‟ lineage subsequently
became established with C. lorentzi located in the central Papuan lowlands and its sister
lineage, which evolved into the C. albertisii-C. quadricarinatus species complex,
occuring widely across northern Australia and into southern most portion of New
Guinea in south eastern Papua, Indonesia and south western Papua New Guinea. This
species complex contains two putative Australian species, and possibly another three
potential taxa from southern New Guinea.

The Australia species Cherax

quadricarinatus (sensu stricto) together with C. bicarinatus also have populations in the
extreme south west of Papua New Guinea indicating there has been a third very recent
transfer of crayfish between the two land masses (Austin 1996; Baker et al. 2008).
Baker et al. (2008), whose 16S data was used to augment the data presented in
this study, considered two scenarios involving two colonization events to explain the
patterns of genetic divergence within the „red claw‟ (C. quadricarinatus–sensu stricto
and C. cf. quadricarinatus). They first proposed an intial colonisation in the Miocene to
give rise to the New Guinea lineages (exclusive of C. lorentzi which was not sampled
by them), followed by a second very recent one (Pleistocene colonization). The second
scenario involved the initial „red claw‟ evolution in New Guinea, followed by three
back migrations. These hypotheses can be reevaluated with the larger data set available
in this study, which includes much greater taxon sampling and reveals another distinct
“red claw lineage” from southern New Guinea from Tanah Merah. Firstly, my dating
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suggested that the major diversification in the „red claw‟ lineage occurred in the late
Pliocene or early Pleistocene rather than the Miocene in contradistinction to Baker et al.
(2008). Baker et al‟s (2008) second hypothesis is incompatible with the larger data set
which indicates that the C. lorentzi-„red claw‟ clade emerged from the major Australian
clade. Thus their first hypothesis of an Australian origin for the „red claw‟ clade is both
consistent with the new phylogenetic information and is more parsimonius as it requires
fewer colonisation events. Although, it should be noted it is also equally plausible that
there were one of more reverse migration events from New Guinea.
An alternative approach to explaining the patterns of speciation in the „red claw‟
to speciation scenarios based on occasional dispersal, is a vicariance model. A plausible
scenario is that during periods when a land a bridge was present many if not the
majority of river systems flowing into the Arafura Sea both within and between New
Guinea and Australia would be linked and allow wide spread dispersal of crayfish
within a relatively short geological period of time. This scenario of rising sea levels
would not only have isolated crayfish from New Guinea and northern Australia but also
between major catchments within each land mass. What makes this scenario compelling
is that all the major lineages in the „red claw‟ clade are allopatric and the more
divergent clades are from areas which would have had ancestral populations isolated (or
the most frequently isolated) earlier as the sea inundated the land bridge from east to
west, and lesser extent from west to east. For example C. lorentzi would have been
become isolated first, followed by Tanah Merah, and Mount Bosavi, in the west. The
last pair to be split would have been the 2 geographically closest, C. quadricarinatus
(sensu stricto) and the Oriomo sample which is closest to where the last land bridge
links would be in the shallowest and geographically proximate to the Torres Straight.
As emphasised by Baker et al. (2008) additional studies are required with much more
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intensive sampling in both southern New Guinea and northern Australia to fully resolve
both the evolutionary history of the „red claw‟ lineage and the taxonomy and it is highly
likely that additional cryptic lineages may be discovered especially in the large water
shed of southern New Guinea.
Like C. quadricarinatus, C. bicarinatus also has a wide distribution across
northern Australia and also like C. quadricarinatus has been found in southern New
Guinea just north of the Torres Straight (Austin 1996). Cherax bicarinatus show much
less geographic diversity than C. quadricarinatus which may indicate it has greater
powers of dispersal. This may be due to exploitation of shallow lentic environments
such as large freshwater swamps and the ability to burrow in order to survive seasonal
droughts. Lastly it is apparent that dispersal of species between the two countries has
been very recent as both the widespread Australian species (C. bicarinatus and C.
quadricarinatus sensu stricto) occur in the southern part of Papua New Guinea (Austin
1996; this study). Such dispersal could have occurred as recently as 10 Kya during the
last glacial cycle when a land bridge connected northern Australia and southern New
Guinea. Baker et al. (2008) emphasised that evidence for a large freshwater lake – Lake
Carpentaria (Chivas et al. 2001; Reeves et al. 2007; Voris 2000) at this time would have
facilitated crayfish dispersal between Australia and New Guinea.

2. 5. Conclussion
This study was the first attempt to review the molecular systematics and
construct a robust phylogeny of the New Guinean Cherax genus. This has contributed
significant new knowledge about phylogenetic relationships amongst the northern
Australia and New Guinea Cherax using 16S sequences and combination of four gene
regions (16S+12S+COI+GAPDH). The New Guinean crayfish do not form a
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monophyletic group but share relationships with northern Australia species at different
evolutionary depths, which is consistent with the geological history of the region. The
diverse highland Cherax fauna of the Wissel Lakes form a well support monophyletic
group but show minimal molecular divergence, which is at odds with their high
morphological diversity. This study also revealed at least five new species of the genus
Cherax from New Guinea and northern Australia based on molecular evidence and
highlights the need to reconceptualise species boundaries for a number of long standing
species. Lastly, the estimated phylogenies did not support the separation of Cherax into
two subgenera as proposed by Holthuis and other recent authors.
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CHAPTER 3
General Discussion

3.1. Significance of Research findings
Our knowledge of the molecular systematics and evolution of crayfish at a range
of taxonomic levels has advanced significantly over the last 15 years for both southern
and northern hemisphere genera and species (Apte et al 2007; Austin & Ryan 2002;
Austin et al. 2003; Braband et al. 2006; Buhay et al. 2007; Crandall et al. 1999; 2000a;
2000b; Crandall & Buhay 2008; Grandjean et al. 2000a; Grandjean 2002a; Grandjean et
al. 2002b; Grandjean et al. 2006; Filipova et al. 2010; Fratini et al. 2005; Ponniah &
Hughes 2006; Nguyen et al. 2004; Nguyen & Austin 2005; Maguire et al. 2014
Munasinghe et al. 2003; 2004a; 2004b; Shull et al. 2005; Schultz et al. 2007; 2008;
2009; Schubart & Huber 2006; Sinclair et al. 2004; Toon et al. 2010; Trontelj et al.
2005; Zaccara et al. 2004). While members of the genus Cherax are one of the best
known and best studied crayfish species, a major knowledge gap has been our lack of
understanding of the molecular taxonomy and diversity of crayfish of this genus that
occur in the remote and difficult to access regions of northern Australia and New
Guinea.
Within this context this thesis largely fills this important knowledge gap in
freshwater crayfish diversity. Specifically, I assembled a comprehensive set of samples
obtained both from the field and museum collections for the mitochondrial rRNA 16S
gene fragment with a subset of these samples also sequenced for the mitochondrial
12SrRNA and COI gene fragments and a nuclear gene fragment (GAPDH). This DNA
sequence data were used to examine both systematic and biogeographical questions and
93
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expands our understanding of the evolutionary history of Cherax from northern
Australia and New Guinea (Indonesia and Papua New Guinea). This study thus extends
and is complementary to studies of Cherax from southern Australia (Austin 1995,
Austin & Knott 1996; Austin 1996; Austin et al. 2003; Munasinghe et al. 2004a;
2004b).
One key finding is that the Cherax fauna of New Guinea is more diverse than
previously thought with evidence for a minimum of six and possibly as many as eight
new species. Four of these come from what is a still poorly sampled areas of west Papua
in the Bird‟s “head” and “neck” region (Fakfak) and two from eastern Papua New
Guinea (sites MTB and TAM). In addition, my study confirms that the “red claw”
crayfish most likely consists of two species with a phylogenetically distinct form from
the Northern Territory consistent with Baker et al. (2008). This species will required a
new description and name as the name applied by Baker et al. (2008) is occupied by a
separate and distinct species, C. bicarinatus from the Northern Territory, which is quite
distinct and wide spread across northern Australia.
Conversely, my study found that there are several named species that are of
doubtful validity, or represent a taxonomic complex of forms that have recently
evolved. The most surprising and significant result is that I could not find any genetic
evidence for more than a single species from the morphologically diverse Wissel Lakes
crayfish fauna. There are several possible factors that may help account for this
extraordinary conflict between the results of traditional taxonomy and morphology
(Figure 1.3) on the one hand and molecular genetic data on the other (see Figures 2.3,
2.4 and 2.6). One possibility is incipient or parapatric/sympatric speciation within and
between these large lakes have resulted in morphological divergence with only limited
genetic divergence such as in European whitefish (Coregonus lavaretus L.) in Lake
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Femund, Norway (Østbye et al. 2005) and Chiclids from Lake Malawi, Africa (Shaw et
al. 2000). While there is some extreme morphologies presented by species in the Wissel
Lakes, another possibility is that some of the species may not be taxonomic valid with
the morphological characters used to distinguish species possibly unreliable. In the field
I examined at least 15 adult specimens of C. communis and C. murido and found them
very difficult to distinguish. The two species are morphologically very similar and the
distinguishing characters given by Holthuis (1949) with respect to the distribution of
tubercles of carapace (C. communis having smaller and dense tubercles and C. murido
having bigger and more spaced tubercles) difficult to assess and with character states
overlapping. Holthuis (1949) also states that C. murido is also morphologically similar
to C. buitendijkae and C. pallidus and differ only with respect to the size and shape of
the claws and the degree of tuberculation. In addition, Holthuis (1949) reports high
levels of morphological similarity between C. communis and C. paniaicus with the
species only distinguished by minor diffrences in the shape of the chelae and rostrum,
characters that are known to highly plastic in Cherax (Austin & Knott, 1996). Similarly,
there are also high levels of morphological similarities between what can be referred to
as species pairs between Lake Tigi and Lake Paniai, viz. C. paniaicus (Lake Paniai) and
C. solus (Lake Tigi) and C. pallidus (Lake Paniai) and C. boschmai (Lake Tigi). Given
C. communis is common to both lakes there has obviously been opportunities for
migration and gene flow between these lakes in the relatively recent past. Resolving this
conflict of high levels of morphological variation without significant genetic divergence
will be one of the most interesting, pressing and challenging condrums for freshwater
crayfish systematic and of great interest to evolutionary biologists and speciation
specialists more generally.
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In addition, the genetic analysis of what can be refered to as the “white-claw”
crayfish complex from across northern Australia, comprising the putative species,
C. bicarinatus, C. barretti and C. rhynchotus, is consistent with only a single
widespread species that also extends into southern New Guinea (Austin 1996). The
oldest available name for this species C. bicarinatus originally recorded from Port
Essington, Northern Territory, which resolves, finally, what has been the subject of
major confusion and disputation in Cherax nomenclature (Clark 1936; Holthuis 1949;
Riek 1969).
The phylogenetic analysis indicates that the northern Australian and New
Guinean crayfish form a monophyletic clade, distinct from the western and eastern
clades established for the genus by previous studies (Munasinghe et al. 2004b; Schultz
et al. 2009). This therefore supports Munasinghe et al.‟s model of endemic species
within Cherax, that contrasts with earlier evolutionary models and taxonomic
hypotheses (Riek 1969; Holthuis 1949; 1982) that implicity require Cherax species to
have unrealistic powers of dispersal for a freshwater dependent group (Munasinghe et
al. 2004b). In this context it is recommended that the current subgeneric designations
for Cherax be abandoned as it is not consistent with the phylogenetic relationships and
requires remarkable biogeographic connections between species from southern
Australia and New Guinea. The phylogenetic analysis also indicate that speciation, as in
Australia (Munasinghe et al. 2004b), has largely been on a regional basis within New
Guinea as there is a well supported lineage that contains all the highland and western
species. Nevertheless there is also a complex of species form the central lowlands that
forms a clade with northern Australian species indicating that close biogeographical
connections between these regions.
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A biogeographical interpretation of the phylogenetic hypotheses and dating
estimates indicated a complex biogeographic history for Cherax spanning the north of
Australia and southern New Guinea region. Given that that the genus Cherax is thought
to have evolved in southern Australia (Riek 1969; Riek 1972; Holthuis 1949; Holthuis
1982) the most likely scenario is that a single ancestral Cherax species invaded northern
Australian river systems in the mid to late Miocene (Munasinghe et al. 2004) during
flooding events in low relief areas that connected normally southern flowing drainages
with northern ones. Subsequently in the later Miocene Cherax would have been able to
penetrate into New Guinea river systems during period of lowered sea levels, which
would have created a land bridge and the continent of Sahul (Hall 2001; Malekian 2010;
Meredith 2010) with common drainages between northern Australia and New Guinea.
Such a scenario is consistent with other species groups with similar distributions to
Cherax (Wüster et al. 2005; Malekian et al. 2010; Georges et al. 2013). Geological
evidence supports a late Miocene land bridge that would have facilitated dispersal of
crayfish through the development of interconnections between northerly and southerly
flowing rivers and associated wetlands (Hall 2001; Malekian 2010; Meredith 2010).
However it is clear that the elevation of the central New Guinea mountain range
predated the arrival of Cherax species in central New Guinea, as Cherax follows the
“biogeographic rules” by not occurring to the north of this range (Holthuis 1982).
Since the original dispersal of Cherax into New Guinea there has been
additional exchanges between northern Australia and New Guinea, including most
likely the establishment of C. lorentzi and current sharing of the species C. bicarinatus
(as re-defined in this study) and C. quadricarinatus (also as re-defined in this study)
between the two regions.
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3.1.1. Cherax diversity – an overview
Based on molecular genetic evidence this study support the recognition of a
minimum of 14 species of Cherax endemic to New Guinea, consisting of seven named
species (C. monticola, C. peknyi, C. holthuisi, C. boesemani, C. misolicus, C. albertisii,
and C. lorentzi), six new species (Cherax sp.nov.2, C. sp.nov.3, C. sp.nov.4, C.
sp.nov.5, C. cf. albertisii-MTB and C. cf. albertisii-TAM), with the Wissel Lakes
crayfish fauna conservatively reduced to a single polytypic species and the status of
other four named taxa yet to be examined using molecular data (C. divergens, C. minor,
C. papuanus and C. lorentzi aruanus). Similarly, this and previous molecular studies
(Austin 1996; Baker et al. 2008) supports the recognition of five species of Cherax from
northern Australia with two of these species also occurring in the extreme south of New
Guinea (C. bicarinatus and C. quadricarinatus). These results now allow a synthesis of
data from molecular systematic studies on Cherax spanning its entire distribution
obtained over 15 years (Austin 1995b; Austin 1996; Austin & Knott 1996; Austin &
Ryan 2002; Austin et al 2003; Nguyen et al. 2004; Nguyen & Austin 2005; Munasinghe
et al. 2003; 2004a; 2004b).
A summary of all the results and conclusions of all molecular genetic studies on
Cherax is given in Table 3.1 using a list of formally described species for Australia
principally after Riek (1969) for Australia and Holthuis (1949, 1950, 1996) for New
Guinea, but inclusive of more recently described species (Lukhaup & Pekny 2006;
Lukhaup & Pekny 2008; Lukhaup & Herbert 2008; Short 1991; 1993; Coughran 2005;
Austin & Ryan 2002). Based on the summary given in Table 3.1 a total of 59 species of
Cherax have been recognized. All but four of these species, C. minor, C. papuanus from
New Guinea and C. cartalacoolah and C. urospinosus (presumed extinct) from
Australia, have been examined using either allozyme or nucleotide data or both (see
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references above). Assuming these species to be valid, the recognition of an additional
26 species is supported by molecular data. However, no molecular evidence was found
to support 18 nominal species, highlighting the difficulties with the use of
morphological data and the trend for crayfish taxonomists to distinguish species using
only minor morphological differences, often based on an analysis of a limited number
of specimens. Conversely, the molecular data has supported the recognition of 10 new
species, of which only 3 have been formally described (C. cainii, C. peknyi and mostly
likely C. leckii). With the increasing application of molecular data to freshwater
crayfish, it is becoming apparent that the occurrence of cryptic species of crayfish is not
restricted to Cherax. Cryptic diversity has been found in Engaeus Erichson, Geocharax
Clark and Gramastacus Riek (Schultz et al. 2007; 2009), Paranephrops (Apte et al.
2007) and Astacopsis (Sinclair et al. 2001) in southern hemisphere crayfish and in
northern hemisphere groups it has been reported in Orconectes (Filipova et al. 2010),
Pacifastacus (Larson et al. 2012), Austropotamobius (Grandjean et al. 2002a; 2002b)
and Astacus (Maguire et al. 2014).
The summary presented in Table 3.1 also highlights that Australia can no longer
be considered the center of diversity for Cherax (Riek 1969; Toon et al. 2010). While
the distribution of Cherax occurs over a much wider area than in New Guinea, the
number of species is now recognized is 22 for New Guinea and 18 for Australia. No
doubt the more substantial and diverse hydrological environments and complex
topography of New Guinea, compared with the low relief and aridity have contributed
these differences.

C. sp. nov. cf C. albertissi -1

C. sp. nov. cf C. albertissi -2

C. aruanus Roux (1911)

C. barretti Clarke (1941a)

C. bicarinatus Gray (1845)

C. boesemani Lukhaup & Pekny (2008)
C. boschmai Holthuis (1949)

C. buitendijkae Holthuis (1949)

C. communis Holthuis (1949)

C. divergens Holthuis (1950)

C. holthuisi Lukhaup & Pekny (2006)
C. longipes Holthuis (1949)

2.

3.

4.

5.

6.

7.
8.

9.

10.

11.

12.
13.

1.

Species/Author(s)
Northern Australia and New Guinea
C. albertisii Nobili (1899)

No.

West Papua, Indonesia
Wissel Lakes, Papua,
Indonesia

Western PNG

Wissel Lakes, Papua,
Indonesia

Wissel Lakes, Papua,
Indonesia

Wessel Islands, NT,
Australia
Port Essington, NT,
Australia
West Papua, Indonesia
Wissel Lakes, Papua,
Indonesia

Aru Island, Indonesia

East Papua, Indonesia

South west PNG

South west PNG

Distribution
Part of red claw complex, may comprise at
least 3 species; Sample from ORI from this
study mostly likely C. albertisii. Requires
further study
Part of red claw complex; sample MTB
sufficiently distinct to be a new species.
Part of red claw complex; sample TAM
sufficiently distinct to be a new species.
Not examined genetically, considered to be a
subspecies of C. lorentzi, requires reexamination
Not a valid species, not distinguishable from C.
bicarinatus, which has priority
Valid species, and not distinguishable from C.
barretti and C. rhynchotus
Valid species
Not distinguishable from other Wissel Lakes
species; C. pallidus is the valid species name
on the basis of page priority
Not distinguishable from other Wissel Lakes
species; C. pallidus is the valid species name
on the basis of page priority
Not distinguishable from other Wissel Lakes
species; C. pallidus is the valid species name
on the basis of page priority
Not examined, considered a synonym of C.
albertissi by Holthuis (1996)
Valid
Not distinguishable from other Wissel Lakes
species; C. pallidus is the valid species name

Status/ remark

This study; Baker et al.
(2008)
This study



This study
This study


X

Holthuis (1996)
This study
This study; Holthuis (1949)


X

This study

X

X

This study

This study



X

This study

X

X

Holthuis (1949)

This study; Baker et al.
(2008)





References

Valid

Table 3.1. Summary of the status of Cherax species with reference to molecular genetic studies. Location codes follow the distribution of the
principal phylogenetic groups as shown in Figure 2.1.
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C. lorentzi Holthuis (1949)
C. minor Holthuis (1996)
C. misolicus Holthuis(1949)

C. monticola Holthuis (1950)

C. murido Holthuis (1949)

C. nucifraga Short (1991)

C. pallidus Holthuis (1949)

C. paniaicus Holthuis (1949)

C. papuanus Holthuis (1949)
C. peknyi Lukhaup & Herbert (2008)

C. quadricarinatus Von Martens (1868)

C. rhynchotus Riek (1951)

C. solus Holthuis (1949)

C. wasselli Riek (1969)

Cherax sp.nov.1 cf C. quadricarinatus

Cherax sp.nov.2
Cherax sp.nov.3

14.
15.
16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.
30.

West Papua, Indonesia
West Papua, Indonesia

Cape York, QLD,
Australia
Northern NT, Australia

Wissel Lakes, Papua,
Indonesia

Lake Kutubu, PNG
East Papua, western
PNG
North eastern NT,
north QLD, Australia
and south western PNG
Cape York, QLD

Wissel Lakes, Papua,
Indonesia
Wissel Lakes, Papua,
Indonesia

Northern NT, Australia

Papua, Indonesia
Papua, Indonesia
Misool Island,
Indonesia
Wamena, Papua,
Indonesia
Wissel Lakes, Papua,
Indonesia

New species, specifically distinct from eastern
population of C. quadricarinatus in NT;
requires description as a new species
New species
New species

Not distinguishable from C. bicarinatus and
C.barretti; C.bicarinatus has priority
Not distinguishable from other Wissel Lakes
species; C. pallidus is the valid species name
on the basis of page priority
Valid

Valid, but specifically distinct from western
population in NT

Not distinguishable from other Wissel Lakes;
valid on the basis of page priority
Not distinguishable from other Wissel Lakes
species; C. pallidus is the valid species name
on the basis of page priority
Not examined
Valid

Not distinguishable from other Wissel Lakes
species; C. pallidus is the valid species name
on the basis of page priority
Valid

Valid

on the basis of page priority
Valid
Not examined
Valid

This study

Austin (1996)
This study; Baker et al.
(2008)
This study
This study






This study; Munasinghe et
al. (2004b)
This study; Austin (1996);
Baker et al. (2008);
Munasinghe et al. (2004b)
This study
X

X






X

This study; Holthuis (1949)

This study; Schultz et al.
(2009)
This study




This study

This study


X

This study; Holthuis (1949)
Holthuis (1996)
This study
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Western Victoria

Eastern Australia
C. albidus Clark (1936)

C. cairnsensis Riek (1969)

C. cartalacoolah Short (1993)
C. cuspidatus Riek (1969)

C. davisi Clarke (1941a)

C. depressus Riek (1951)

C. destructor Clark (1936)

C. dispar Riek (1951)

C. esculus Riek (1956)

C. gladstonensis Riek (1969)

C. leckii Coughran (2005)

C. neopunctatus Riek (1969)

C. parvus Short & Davie (1993)
C. punctatus Clark (1936)
C. robustus Riek (1951)

C. rotundus Clarke (1941a)

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.
47.

48.

Northern VIC

Eastern Australia
South east QLD
South east QLD

North eastern NSW

Eastern Australia

Eastern QLD

Eastern Australia

Eastern and central
Australia
South east QLD

South east QLD

Eastern Australia

Cape York, QLD
North east NSW

Eastern Australia, QLD

West Papua, Indonesia
West Papua, Indonesia

Cherax sp.nov.4
Cherax sp.nov.5 cf C. holthuisi

31.
32.

Valid

Not distinguishable from C. destructor, which
has priority
Not distinguishable from C. cairnsensis, which
has priority
Valid, mostly likely the same Cherax sp.
nov.of Austin (1996) and Munasinghe et al
(2004b)
Not distinguishable from C. cuspidatus, which
has page priority
Valid
Valid
Valid

Valid

Valid

Not distinguishable from C. destructor, which
has priority
Valid

Not examined
Valid

Part of the C. destructor complex, not a valid
species and mostly likely does warrant
recognition as a subspecies
Valid

New species
New species







X



X

X







X










X

Austin (1996); Austin et al.
(2003); Munasinghe et al
(2004a)
Austin (1996); Munasinghe
et al. (2004a)
Short (1993)
Austin (1996); Munasinghe
et al. (2004a)
Austin & Knott (1996);
Austin et al. (2003)
Austin (1996); Munasinghe
et al. (2004a)
Austin et al. (2003);
Munasinghe et al (2004a)
Austin (1996); Munasinghe
et al. (2004a)
Austin & Knott (1996);
Austin et al. (2003)
Austin (1996); Munasinghe
et al. (2004a)
Austin (19996); Munasinghe
et al. (2004b); Coughran
(2005)
Austin (1996); Munasinghe
et al. (2004a)
Munasinghe et al. (2004a)
Munasinghe et al. (2004a)
Austin (1996); Munasinghe
et al. (2004a)
Austin et al. (2003);
Munasinghe et al. (2004a)

This study
This study
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Margaret River, WA

South Western Australia
C. cainii Austin & Ryan (2002)

C. crassimanus Riek (1967)

C. glaber Riek (1967)

C. glabrimanus Riek (1967)

C. neocarinatus Riek (1967)

C. plebejus Hess (1965), Riek (1967)

C. preissii Erichson (1846)

C. quinquecarinatus Gray (1845)

C. tenuimanus Smith (1912)

51.

52.

53.

54.

55.

56.

57.

58.

59.

South West WA

South west WA

South west WA

South west WA

South west WA

South west WA

South west WA

South west WA

South east QLD

C. urospinosus Riek (1969)

50.

Eastern NSW

C. setosus Riek (1951)

49.

Valid

Valid

Valid

Not distinguishable from C. quinquecarinatus,
which has priority
Not distinguishable from C. quinquecarinatus,
which has priority
Not distinguishable from C. preissii

Valid

Valid

Valid

Known only from Type locality from inner
Brisbane. Presumed extinct.

Valid. Originally recognized as a subspecies of
C. rotundus







X

X

X





Austin & Ryan (2002);
Munasinghe et al. (2004b)
Austin & Knott (1996);
Munasinghe et al. (2004b)
Austin & Knott (1996);
Munasinghe et al. (2004b)
Austin & Knott (1996);
Munasinghe et al. (2004b)
Austin & Knott (1996);
Munasinghe et al. (2004b)
Riek (1967); Austin & Knott
(1996); Munasinghe et al.
(2004b)
Austin & Knott (1996);
Munasinghe et al. (2004b)
Riek (1967); Austin & Knott
(1996); Munasinghe et al.
(2004b)
Austin & Ryan (1996)

Austin (1996)





Austin et al. (2003);
Munasinghe et al. (2004a)
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3.2. Further study
There are three areas of obvious further study that arise from my study. First, the
most surprising result, the failure to detect species level differences amongst the
samples of crayfish form the Wissel Lakes, presents intriguing questions in relation to
factors behind the disconnect between morphological diversity and molecular
divergence. It is recommended that a detailed morphological and genetic study be
conducted on new samples of crayfish from the Wissel Lakes. The morphological
studies should take advantage of multivariate methods for measuring morphological
variation and these should aim to look for associations between habitats and phenotypic
variation (Austin & Knott 1996). It should also integrate data from the samples
examined by Holthuis and held in the Leiden Museum of Natural History (Nationaal
Natuurhistorisch Museum, Leiden, the Netherland). Such a study should also take a
population genetic approach to assessing genetic variability and gene flow within and
between lakes using rapidly evolving markers such as microsatellites, SNPs or the
mitochondrial control region.
Second, the finding of high diversity of new species from a short sampling trip
to a relatively restricted geographic region near Fakfak coupled with the recent
description of two new species from the Bird‟s Head, and an additional new species
from this region discovered from commercial operators from Sorong in this study, and
the diversity within the New Guinea red-claw complex suggest that there may be many
more undiscovered species of New Guinea Cherax. Thus sampling trips to Bird‟s Head
and Bird‟s “neck” and to eastern Papua and southwestern PNG would be a priority and
it may not be unreasonable to expect to double the number of Cherax species from New
Guinea as a result of intensive sampling and molecular genetic analyses.
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Lastly, the combination of the sequences from this study with similar sequences
from Australian species of Cherax, offers the opportunity to undertake one of the most
geographically wide ranging studies of the evolution and biogeography of a major
group of freshwater organisms. The genus Cherax is unique among Australian crayfish
(and other aquatic groups) in the extent of its distribution from the south west to eastern
and northern Australia and New Guinea. Such a study would be of special interest to
biogeographers specializing in aquatic groups and molecular phylogeneticists in
general. This kind of study would also benefit from the wealth of new nucleotide data
being generated by next generation sequencing, including the rapid sequencing of
complete mitogenomes (Gan et al. 2014).
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