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Abstract: Numerous and diverse groundwater habitats suitable for sustaining aquatic invertebrate
communities exist across Australia. These habitats include enclosed subterranean aquifer systems,
fractured rock, alluvial aquifers, perched aquifers, artesian springs, and spring-fed seeps and marshes.
Crustaceans are a dominant member of these groundwater-associated invertebrate communities,
and amphipods, both stygobiont and associated epigean species, are particularly diverse yet are still
relatively poorly known. We review both the diversity and distributions of Australian amphipods
associated with groundwater habitats, describing hotspots of diversity, providing notes on the
unique Australian habitats, and examining the extraordinary species diversity and endemism of the
Australian species. Our review highlights the significance of Australian groundwater ecosystems,
their associated biodiversity, and the importance in considering these ecosystems in groundwater
conservation management plans.
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1. Introduction

Groundwater provides the largest source of freshwater on earth, and it is exploited widely
for anthropogenic activities, including irrigation, drinking, and industrial applications [1,2].
However, it is often overlooked that groundwater, in addition to directly supporting
diverse terrestrial ecosystems through the provision of water and nutrients to plants,
contains a huge diversity of microbial and metazoan species [3]. These species are usually
unique to their specific subsurface aquatic habitats, where they provide essential ecosystem
services by processing terrestrial carbon and maintaining the porosity of aquifers [4–7].
As such, groundwater ecosystems have recently been proposed as a keystone ecosystem
that interacts with and supports many dependent ecosystems [8]. However, frameworks
for identifying and conserving groundwater ecosystems have been limited by a lack of
knowledge of the taxonomic diversity of subterranean aquatic species (stygobionts) [9].

The northern hemisphere, with numerous regions rich in karst and pseudo-karst
areas, dominates in terms of global exploration and the description of stygobiont and
groundwater-associated species, particularly invertebrates. In recent decades, Australia
has emerged as a continent with a rich diversity in groundwater-associated invertebrates,
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with regions of exceptional biodiversity in geologic settings such as isolated groundwater
calcrete aquifers, alluvial aquifers, fractured rock systems, artesian springs, and spring-
fed seeps and marshes [10,11]. Crustaceans are an important and prevalent member of
Australian groundwater-associated invertebrate communities (with diverse taxa including
amphipods, isopods, ostracods, copepods, syncarids, and decapods). Here, we focus
on amphipods. Within Australian groundwater habitats, stygobiont and groundwater-
associated epigean amphipod species are remarkably diverse, with a large contingent of
species documented, but as yet undescribed.

Stygobiont amphipods live entirely aquatic lifecycles and, as members of the Per-
acarida, brood their young in specialized “brooding pouches” developed by mature females
ventrally to their bodies. With no dispersing larval stages, juveniles emerge directly from
the maternal brood pouch. Although amphipods are active swimmers, their small size
combined with distributional restraints within freshwater habitats mean that freshwater
amphipods have limited dispersal capabilities (i.e., restricted within creeks, springs, tribu-
taries, or aquifers). Amphipods are keystone species within many aquatic environments,
performing important functional roles in nutrient recycling, and their presence/absence is
often used as a biological indicator of ecosystem health [12–14].

In the seminal reviews of global freshwater [15] and subterranean [16] amphipod
biodiversity, groundwater-associated species numbers in Australia were historically consid-
ered to be important but low. Väinölä et al. [15] estimated that the entirety of the Australian
freshwater amphipod species comprised approximately 6% of the global freshwater am-
phipod diversity, but indicated that this was likely to be an underestimate. Holsinger [16]
recorded 10 Australian stygobiont species from nine genera across six families at that
time, dominated by the Paramelitidae. Bradbury and Williams [17] have provided the
most recent substantial revision of Australian freshwater amphipods, finding 30 species
in five families from subterranean habitats and a further eight epigean species associated
with groundwater (in cave pools, springs, and interstitial habitats). Subsequently, sig-
nificant work has taken place incorporating molecular and morphological data that has
synonymized many of these species (King et al. [18] synonymized 11 species of Nedsia,
whereas work by Finston et al. [19] suggested a much smaller number of Chydaekata species
in the Pilbara). Alongside this, an expansion of the exploration of groundwater systems
across regions like Western Australia (WA), South Australia (SA), New South Wales (NSW),
and the Northern Territory (NT) [20–23], often linked to surveys associated with resource-
focused environmental impact assessment, has uncovered large numbers of new and
diverse amphipod taxa and expanded ranges of others [19,24–27]. Humphreys [28] noted
significant advancements and utilization of molecular “species” lineage detection meth-
ods, which accounted for an estimate of at least 140 documented but mostly undescribed
Australian stygobiont amphipod species in unpublished data (across the Paramelitidae,
Neoniphargidae, Chiltoniidae, “Melitidae” (now Eriopisidae), and Bogidiellidae).

2. Materials and Methods

Using nominal species, published molecular lineages from the literature, and unpub-
lished data from our collective research efforts, we aim to provide an informed and updated
comprehensive review with annotated list and summary table of amphipod taxa distributed
across Australian groundwater-dependent habitats, for both stygobiont and epigean as-
sociates. We also highlight possible areas of high biodiversity for future exploration and
identify specific taxon groups for future focus.

3. Results

Annotated list of Australian Groundwater-Associated Amphipod Taxa.
Superfamily Talitroidea Rafinesque, 1815 [29].
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3.1. Family Chiltoniidae J.L. Barnard, 1972 [30]

The Australian Chiltoniidae were long thought to be a relictual group, consisting
of a small number of epigean species widespread across southern Australia. Recent re-
search has shown that this family has successfully colonized numerous diverse freshwater
ecosystems across Australia with particular success in groundwater-associated habitats.
The Australian taxa are currently comprised of 17 species in eight genera across south-
ern Australia and Western Australia, and 14 species are associated with groundwater
habitats (Table 1, Figure 1).
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Table 1. Australian groundwater-associated amphipod species. Locations include South Australia (SA),
Victoria (VIC), Western Australia (WA), New South Wales (NSW), Queensland (QLD), and Tasmania (TAS).

Classification and Diversity Species
(Number Corresponds to Figure 1)

Stygobiont (*) or
Groundwater-Associated

Epigean (ˆ)
Distribution and Habitat

Infraorder Talitrida:
Parvorder Talitridira:
Superfamily Talitroidea:
Family Chiltoniidae
14 described species
Up to 60 undescribed species

1. Arabunnachiltonia murphyi
King, 2009 [32] ˆ SA, Kati Thanda–Lake Eyre.

Artesian springs.

2. Austrochiltonia australis
(Sayce, 1901) [33] ˆ SA, VIC. Spring-fed creeks.

3. Austrochitonia dalhousiensis
Zeidler, 1997 [34] ˆ SA, Kati Thanda–Lake Eyre.

Artesian springs.

4. Kartachiltonia moodyi
King and Leys, 2014 [35] * SA, Kangaroo Island.

Spring-fed marsh.

5. Phreatochiltonia anophthalma
Zeidler, 1991 [36] * SA, Kati Thanda–Lake Eyre.

Artesian springs.

6. Scutachiltonia axfordi King, 2012 [37] * WA, Yilgarn. Calcrete aquifer.

7. Stygochiltonia bradfordae
King, 2012 [37] * WA, Yilgarn. Calcrete aquifer.
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Table 1. Cont.

Classification and Diversity Species
(Number Corresponds to Figure 1)

Stygobiont (*) or
Groundwater-Associated

Epigean (ˆ)
Distribution and Habitat

Infraorder Talitrida:
Parvorder Talitridira:
Superfamily Talitroidea:
Family Chiltoniidae
14 described species
Up to 60 undescribed species

8. Wangiannachiltonia ghania
Murphy and King, 2015 [38] ˆ SA, Kati Thanda–Lake Eyre.

Artesian springs.

9. Wangiannachiltonia gotchi
Murphy and King, 2015 [38] ˆ SA, Kati Thanda–Lake Eyre.

Artesian springs.

10. Wangiannachiltonia guzikae
King, 2009 [32] ˆ SA, Kati Thanda–Lake Eyre.

Artesian springs.

11. Wangiannachiltonia olympicdamia
Murphy and King, 2015 [38] ˆ SA, Kati Thanda–Lake Eyre.

Artesian springs.

12. Wangiannachiltonia stuarti
Murphy and King, 2015 [38] ˆ SA, Kati Thanda–Lake Eyre.

Artesian springs.

13. Wangiannachiltonia wabmakabarbu
Murphy and King, 2015 [38] ˆ SA, Kati Thanda–Lake Eyre.

Artesian springs.

14. Yilgarniella sturtensis
King, 2012 [37] * WA, Yilgarn. Calcrete aquifer.

Infraorder Hadziida:
Parvorder Hadziidira:
Superfamily Hadzioidea:
Family Eriopisidae
20 described species
Up to 10 undescribed species

15. Aenigmata megabranchia
Stringer and King, 2024 [39] * WA, Barrow Island.

Alluvial aquifer.

16. Nedsia canensis King and Cooper, 2022 [18] * WA, Pilbara. Alluvial aquifer.

17. Nedsia cheela
King and Cooper, 2022 [18] * WA, Pilbara. Alluvial aquifer.

18. Nedsia douglasi
Barnard and Williams, 1995 [40] * WA, Pilbara. Alluvial aquifer.

19. Nedsia erinnae
King and Cooper, 2022 [18] * WA, Pilbara. Alluvial aquifer.

20. Nedsia hurlberti
Bradbury and Williams, 1996 [41] * WA, Barrow Island.

Alluvial aquifer.

21. Nedsia macrosculptilis
Bradbury and Williams, 1996 [41] * WA, Barrow Island.

Alluvial aquifer.

22. Nedsia mcraeae
King and Cooper, 2022 [18] * WA, Barrow Island and Pilbara.

Alluvial aquifer.

23. Nedsia nanutarra
King and Cooper, 2022 [18] * WA, Pilbara. Alluvial aquifer.

24. Nedsia pannawonica
King and Cooper, 2022 [18] * WA, Pilbara. Alluvial aquifer.

25. Nedsia quobba
King and Cooper, 2022 [18] * WA, Pilbara. Alluvial aquifer.

26. Nedsia robensis
King and Cooper, 2022 [18] * WA, Pilbara. Alluvial aquifer.

27. Nedsia
shawensis King and Cooper, 2022 [18] * WA, Pilbara. Alluvial aquifer.

28. Nedsia wanna
King and Cooper, 2022 [18] * WA, Pilbara. Alluvial aquifer.

29. Nedsia weelumurra
King and Cooper, 2022 [18] * WA, Pilbara. Alluvial aquifer.

30. Nedsia wyloo
King and Cooper, 2022 [18] * WA, Pilbara. Alluvial aquifer.

31. Nedsia yarraloola
King and Cooper, 2022 [18] * WA, Pilbara. Alluvial aquifer.

32. Norcapensis mandibulis
Bradbury and Williams, 1997 [42] * WA, Cape Range. Cave pool.

33. Pilbarana grandis
Stringer and King, 2022 [43] * WA, Pilbara. Alluvial aquifer.

34. Pilbarana lowryi
Stringer and King, 2022 [43] * WA, Pilbara. Alluvial aquifer.
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Table 1. Cont.

Classification and Diversity Species
(Number Corresponds to Figure 1)

Stygobiont (*) or
Groundwater-Associated

Epigean (ˆ)
Distribution and Habitat

Family Hadziidae
2 described species

35. Hadzia branchialis
Bradbury and Williams, 1996 [41] * WA, Cape Range.

Anchialine cave.

36. Hadzia subthalassicus
Bradbury and Williams, 1996 [41] * WA, Barrow Island.

Anchialine cave.

Family Melitidae
3 described species
Up to 10 undescribed species

37. Brachina invasa
Barnard and Williams, 1995 [40] * SA, Flinders Ranges.

Interstitial water.

38. Josephosella plumulosa
Zeidler, 1989 [44] ˆ NSW, north-east coast.

Groundwater-fed lake.

39. Nurina poulteri
Bradbury and Eberhard, 2000 [45] * WA, Nullarbor Plain. Cave pool.

Infraorder Bogidiellida:
Parvorder Bogidiellidira:
Superfamily Bogidielloidea:
Family Bogidiellidae
4 described species

40. Bogidiella veneris Leijs et al., 2011 [46] * SA, west coast. Coastal aquifer.

41. Bogidomma australis
Bradbury and Williams, 1996 [41] ˆ WA, Barrow Island. Cave pool.

42. Xystriogidiella capricornea
Stock, 1984 [47] * QLD, Great Barrier Reef. Marine

interstitial habitat.

43. Xystriogidiella juliani
Coleman, 2009 [48] * QLD, Great Barrier Reef. Marine

interstitial habitat.

Infraorder Gammarida:
Parvorder Crangonyctidira:
Superfamily
Crangonyctoidea: Family
Chillagoeidae
3 described species

44. Carnarvonis katjae
King, Stringer and Leijs, 2023 [49] * QLD, north-east. Artesian spring.

45. Chillagoe thea
Barnard and Williams, 1995 [40] * QLD, north-east. Cave pool.

46. Warregoensis lowryi
King, Stringer and Leijs, 2023 [49] * QLD, north-east. Artesian spring.

Family Giniphargidae
1 described species 47. Giniphargus pulchellus Sayce, 1899 [50] * VIC, Gippsland. Spring-fed creek.

Family Neoniphargidae
15 described species
Up to 20 undescribed species

48. Jasptorus solepti
Bradbury and Williams, 1997 [42] * NSW, south-east. Cave pool.

49. Neocrypta annae
Bradbury and Williams, 1997 [42] * NSW, central. Cave pool.

50. Neocrypta georginae
Bradbury and Williams, 1997 [42] * NSW, central. Cave pool.

51. Neocrypta moniae
Bradbury and Williams, 1997 [42] * NSW, central. Cave pool.

52. Neocrypta primaris
Bradbury and Williams, 1997 [42] * NSW, central. Cave pool.

53. Neocrypta robinae
Bradbury and Williams, 1997 [42] * NSW, central. Cave pool.

54. Neocrypta simoni
Bradbury and Williams, 1997 [42] * NSW, central. Cave pool.

55. Neoniphargus coolemanensis
Bradbury and Williams, 1997 [42] ˆ NSW, Mt Kosciuszko. Cave pool.

56. Neoniphargus fultoni Sayce, 1902 [51] ˆ VIC, Warburton. Spring.

57. Neoniphargus obrieni Nicholls, 1926 [52] ˆ VIC, Mt Buffalo. Beneath bog mass.

58. Neoniphargus richardi
Bradbury and Williams, 1997 [42] * NSW, Wombeyan. Cave pool.

59. Neoniphargus secus
Bradbury and Williams, 1997 [42] * NSW, Wombeyan. Cave pool.

60. Wesniphargus nichollsi
Straškraba, 1964 [53] ˆ WA, south-west. Cave outflow.

61. Wesniphargus yanchepensis
Bradbury and Williams, 1997 [42] * WA, Yanchep. Cave pool.

62. Wombeyanus botulosus
Bradbury and Williams, 1997 [42] * NSW, Wombeyan. Cave pool.
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Table 1. Cont.

Classification and Diversity Species
(Number Corresponds to Figure 1)

Stygobiont (*) or
Groundwater-Associated

Epigean (ˆ)
Distribution and Habitat

Family Paramelitidae
38 described species
Up to 60 undescribed species

63. Austrocrangonyx barringtonensis
Chilton, 1917 [54] ˆ NSW, Barrington Tops. Spring-fed

creeks.

64. Austrocrangonyx hynesi
Williams and Barnard, 1988 [55] ˆ NSW, Barrington Tops. Spring-fed

creeks.

65. Austrogammarus australis
Sayce, 1901 [33] ˆ VIC, Bayswater.

Spring-fed creeks.

66. Austrogammarus haasei
Sayce, 1902 [51] ˆ VIC, Monbulk. Spring-fed creeks.

67. Austrogammarus multispinosus
Williams and Barnard, 1988 [55] ˆ VIC. Spring-fed creeks.

68. Austrogammarus saycei
Williams and Barnard, 1988 [55] ˆ VIC, Sassafras. Spring-fed creeks.

69. Austrogammarus smithi
Williams and Barnard, 1988 [55] ˆ TAS, north-west.

Spring-fed creeks.

70. Austrogammarus spinatus
Williams and Barnard, 1988 [55] * VIC, Croydon. Spring-fed creek.

71. Austrogammarus telsosetosus
Barnard and Williams, 1995 [40] * SA, south-east. Spring-fed creek.

Chydaekata species complex: 15 species.
72.Chydaekata acuminata
Bradbury, 2000 [56]
73. Chydaekata anophelma
Bradbury, 2000 [56]
74. Chydaekata brachybasis
Bradbury, 2000 [56]
75. Chydaekata carscutica
Bradbury, 2000 [56]
76. Chydaekata diagonalis
Bradbury, 2000 [56]
77. Chydaekata dolichodactylus
Bradbury, 2000 [56]
78. Chydaekata gyraspis
Bradbury, 2000 [56]
79. Chydaekata nudulum
Bradbury, 2000 [56]
80. Chydaekata ovatosetosa
Bradbury, 2000 [56]
81. Chydaekata scopula
Bradbury, 2000 [56]
82. Chydaekata scuticari
Bradbury, 2000 [56]
83. Chydaekata simulata
Bradbury, 2000 [56]
84. Chydaekata tetraspis
Bradbury, 2000 [56]
85. Chydaekata transversi
Bradbury, 2000 [56]
86. Chydaekata unispinulata
Bradbury, 2000 [56]

* WA, Pilbara. Alluvial aquifers.

87. Hurleya kalamundae
Straškraba, 1966 [57] * WA, south-west.

88. Kruptus linnaei
Finston, Johnson and Knott, 2008 [58] * WA, Pilbara. Confined aquifer.

89. Maarrka etheli
Finston et al., 2011 [24] * WA, Pilbara. Confined aquifer.

90. Maarrka weeliwollii
Finston et al., 2011 [24] * WA, Pilbara. Confined aquifer.

91. Molina pleobranchos
Bradbury, 2000 [45] * WA, Pilbara. Alluvial aquifer.
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Table 1. Cont.

Classification and Diversity Species
(Number Corresponds to Figure 1)

Stygobiont (*) or
Groundwater-Associated

Epigean (ˆ)
Distribution and Habitat

Family Paramelitidae
38 described species
Up to 60 undescribed species

92. Pilbarus millsi
Bradbury and Williams, 1997 [42] * WA, Pilbara. Springs.

93. Protocrangonyx fontinalis
Nicholls, 1926 [52] * WA, south-west.

94. Totgammarus eximius
Bradbury and Williams, 1995 [59] * WA, south-west. Spring-fed creek.

95. Toulrabia willsi
Barnard and Williams, 1995 [40] * WA. Spring-fed creek.

96. Uroctena affinis Nicholls, 1926 [52] ˆ WA, south-west. Spring-fed creek.

97. Uroctena setosa Nicholls, 1926 [52] * WA, south-west. Spring-fed creek.

98. Uroctena westralis
Chilton, 1925 [60] * WA, south-west. Spring-fed creek.

99. Uroctena whadjukia Barnard and
Wiliams, 1995 [40] * WA, south-west. Spring-fed creek.

100. Uroctena yellandi
Nicholls, 1926 [52] ˆ WA, south-west. Spring-fed creek.

Family Perthiidae
2 described species
Up to 10 undescribed species

101. Perthia acutitelson Straškraba,
1964 [53] ˆ WA, south-west.

Groundwater-fed lake, creeks.

102. Perthia branchialis
Nicholls, 1924 [61] ˆ WA, Perth and south-west region.

Spring-fed creeks

Family Uronyctidae
1 described species

103. Uronyctus longicaudus
Stock and Ilife, 1990 [62] * SA, Mount Gambier. Cave

pool/aquifer.

The vast majority of the chiltoniid radiation is associated with the Great Artesian
Basin (GAB), where the chiltoniids have become established as dominant and critical taxa
within spring invertebrate communities in surface pools, seeps, and springs. Four genera
Arabunnachiltonia, Austrochiltonia, Phreatochiltonia, and Wangiannachiltonia are described from
artesian springs within the Kati Thanda–Lake Eyre region of the GAB [32,34,36,38], with an
additional speciose genus documented from northern Kati Thanda–Lake Eyre [26] (King
unpublished data) and numerous documented but undescribed genera and species known
from across GAB artesian springs in Queensland (QLD), NSW, as well as WA (Atlas of Liv-
ing Australia at https://doi.org/10.26197/5d7f2348165a0 accessed on 4 September 2024) [63].
Austrochiltonia has been recorded as the most widespread of the Australian chiltoniid gen-
era; however, molecular data indicate more discrete generic taxa, leaving Austrochiltonia
(five epigean species in Victoria (VIC), SA, and Tasmania (TAS)), as it is currently known, as
likely paraphyletic [32,64]. Arabunnachiltonia is a monotypic epigean genus existing within
the Kati Thanda–Lake Eyre springs. The Wangiannachiltonia complex of six species are also
distributed within the Kati Thanda–Lake Eyre region and remain morphologically cryptic
despite significant isolation within springs [38]. Whilst most of the GAB species are con-
sidered epigean and have eyes, two documented species are considered true stygobionts:
Phreatochiltonia anophthalma was described from the Witjira-Dalhousie springs and remains
monotypic, and unpublished data (Stringer et al.) have revealed an additional stygobiont
species of Arabunnachiltonia.

The calcrete aquifers of the Yilgarn region of WA are another habitat dominated by
chiltoniid and paramelitid amphipods [25]. Three described chiltoniid genera, including
Scutachiltonia, Yilgarniella, and Stygochiltonia and their associated type species, are all dis-
tributed in a single calcrete aquifer (Sturt Meadows) in the Yilgarn from three demonstrated
separate colonization events dating back to the Miocene [37,65,66]. In addition to these
three species, six chiltoniid evolutionary lineages have previously been identified, based
on mitochondrial DNA sequence analyses, and are likely to represent distinct species [25].

https://doi.org/10.26197/5d7f2348165a0
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Each are restricted in their distribution to single calcrete aquifers with multiple species
sometimes occurring in discrete calcretes [25,37].

The monotypic Kartachiltonia is not a true stygobiont but was collected from interstitial
habitats and pools in spring-fed marsh areas on Kangaroo Island in SA [35]. Significant
bushfires in 2020 on the island removed previously thick vegetation and allowed for more
comprehensive sampling to take place, indicating additional species of Kartachiltonia exist
from newly sampled spring sites (Leijs, unpublished data).

Unpublished data (Leijs and King) indicate that as many as 40 documented, but yet to be
described, chiltoniid species exist in radiations across the Yilgarn (WA), Amadeus basin (NT),
Great Artesian Basin (SA, NSW, and QLD), Flinders Ranges (SA), the Eyre Peninsula
(SA), the SE Australian mainland including the Murray Darling basin (SA and VIC), and
TAS. Additionally, at least seven undescribed epigean species have been found associated
with rivers and streams in the south-west of WA (Leijs, unpublished data). Given that
individual calcrete aquifers are likely to contain unique communities of species, and around
210 major calcrete bodies and numerous small calcretes exist in the Yilgarn region of central
WA [67] with many yet to be surveyed, there is likely to be a huge diversity of chiltoniid
amphipod genera and species in that region (King, unpublished data). It is also likely
that further exploration of spring vents across GAB spring complexes will uncover more
stygobiont species.

Superfamily Hadzioidea S. Karaman, 1943 (Bousfield, 1983) [68].

3.2. Eriopisidae Lowry and Myers, 2013 [69]

The Eriopisidae is a cosmopolitan family comprised of marine, freshwater, epigean,
and hypogean species [69]. There are four genera and 20 species of groundwater-associated
eriopisids that have been described in Australia (Table 1, Figure 1), which were historically
identified as Melitidae until revised by Lowry and Myers [69]. All are stygobiont and
largely occur in unconfined alluvial aquifer systems in WA.

The monotypic Norcapensis (for Norcapensis mandibulis) is found in pools in deep
limestone caves of Cape Range (North West Cape) in WA.

Nedsia is largely a morphologically cryptic species complex of 16 species, distributed
through unconfined alluvial aquifer systems across the Pilbara, Barrow Island, and Cape
Range (North West Cape) [18]. Barrow Island is an anticline of Miocene limestone, similar
to Cape Range (North West Cape), but there are alluvial deposits along some coasts and
gravels in stream beds. The type species Nedsia douglasi is described from Cape Range, WA
(we note that access to the type locality has been destroyed), and a further 15 species are
described from Barrow Island and across the Pilbara in WA.

Pilbarana, with two species, is also described from alluvial aquifer systems in the
Pilbara region [43]. Unpublished data suggest several additional undescribed species.

The described species of Nedsia and Pilbarana are identified as short-range endemics,
as defined by Harvey [70] to be taxa with ranges <10,000 km2. Thus, it is likely that consid-
erably more species will be found as additional molecular data from broader geographic
areas across the Pilbara are examined.

An additional monotypic genus, Aenigmata (A. megabranchia) described alongside this
publication in same volume [39], is now described from a very limited distribution (1–2 bores)
on Barrow Island.

3.3. Hadziidae S. Karaman, 1943 [71]

The Hadziidae are a cosmopolitan family with marine, freshwater, epigean, and hypogean
taxa [69]. Two Australian hadziid species (Hadzia branchialis [41] and Hadzia subthalassicus [41]
are described from anchialine cave systems in North West Cape and Barrow Island (WA)
(Table 1, Figure 1). Both are true stygobionts. They were originally described within
Liagoceradocus but moved when this genus was later synonymized with Hadzia [72].
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3.4. Melitidae Bousfield, 1973 [73]

The Melitidae are diverse and cosmopolitan, with marine, freshwater, epigean, and
hypogean taxa [69]. Three melitid species from separate genera are found in groundwater
habitats across eastern and southern Australia (NSW, SA, and WA) (Table 1, Figure 1).

The monotypic Brachina (for Brachina invasa [40]), from alluvial aquifers in the Flinders
Ranges in SA, is a true stygobiont.

Nurina poulteri [45], also a true stygobiont, is described from a groundwater pool in
Nurina cave in the Nullarbor karst in WA.

Josephosella plumulosa [44] is recorded from a groundwater-fed artificial freshwater lake
in NSW.

Additional species of melitids have been identified (Leijs, unpublished data) from
alluvial aquifers in the Flinders Ranges, karst aquifers in the Uley groundwater basin (Eyre
Peninsula, SA), and small limestone basins on Yorke Peninsula, SA.

Bogidielloidea Hertzog, 1936 [74].

3.5. Bogidiellidae Hertzog, 1936 [74]

The bogidiellids are a family of freshwater, hypogean taxa with a world-wide distribution [69].
Four bogidiellid species in three genera have been recorded from Australia, largely along
coastal habitats in WA, SA, and QLD (Table 1, Figure 1).

Bogidomma australis [41] is known from a cave on Barrow Island (WA). This species
has eyes, so it is not considered a true stygobiont but considered groundwater dependent.

Bogidiella veneris [46] is a true stygobiont species from a groundwater observation well
drilled in an aeolianite limestone formation on the Eyre Peninsula, SA.

Xystriogidiella capricornea [47] and Xystriogidiella juliani [48] are both stygobiont species
from interstitial waters off marine beaches, Great Barrier Reef, QLD. It is likely that this is a
site of groundwater undersea venting.

Crangonyctoidea Bousfield, 1973 [73].

3.6. Chillagoeidae Lowry and Myers, 2013 [69]

Lowry and Myers [69] established Chillagoeidae for the monotypic Chillagoe (for
Chillagoe thea [40]), a stygobiont from a freshwater pool in a cave in northern QLD. Two fur-
ther QLD stygobiont genera and species (Warregoensis lowryi [49] and Carnarvonis katjae [49])
were recently described from a spring-fed upwelling of groundwater within a gravel creek
bed in central QLD (Table 1; Figure 1). With these two new genera and species recently
described from a single spring site, it is likely that many additional stygobiont species will
be found across QLD as more areas are explored.

3.7. Giniphargidae Lowry and Myers, 2013 [69]

Lowry and Myers [69] established Giniphargidae for the monotypic Giniphargus (for
Giniphargus pulchellus [50]), a blind species collected from a freshwater pool (likely spring-
fed) in Gippsland in eastern VIC (Table 1, Figure 1).

3.8. Neoniphargidae Bousfield, 1977 [75]

The Neoniphargidae are an endemic Australian freshwater amphipod family with
both epigean and hypogean species [69]. Currently this family includes five genera and
15 species associated with groundwater: Jasptorus and Neocrypta (from caves in NSW) [42],
Neoniphargus (species found in cave pools and spring-fed lakes across NSW and VIC) [42],
Wesniphargus (from cave pool habitats in WA) [42,53], and Wombeyanus (from a cave pool
in NSW) [42] (Table 1; Figure 1). We have excluded the monotypic genera Tasniphargus
and Yulia from our list as they are epigean species from high altitude lakes in TAS, not
necessarily associated with groundwater [55]

At least three new genera with undescribed species of neoniphargids have been
collected from alluvial aquifers and spring habitats in SA: western slopes of the Mount
Lofty Ranges (Leijs unpublished), southern Mount Lofty Ranges and Fleurieu Peninsula
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(Leijs, King and Schwartz unpublished), and further species occur in the Mount Gambier
aquifer, southeast SA (Leijs unpublished).

3.9. Paramelitidae Bousfield, 1977 [75]

The Paramelitidae include freshwater epigean and hypogean amphipod genera dis-
tributed across Australia and South Africa [76]. Twelve genera and 38 species associated with
groundwater are currently described from Australia: Austrogammarus and Austrocrangonyx from
spring habitats in southern Australia (SA, VIC, NSW, and TAS) [55]; Hurleya, Protocrangonyx,
Totgammarus, Toulrabia, and Uroctena from southwestern WA [52,57,59]; and Pilbarus, Maarrka,
Molina, Chydaekata, and Kruptus from the Pilbara, WA [24,40,42,56,58] (Table 1, Figure 1).
Habitats include southern springs in VIC and SA, aquifers in the Pilbara, and springs in
south-west WA. We have excluded Antipodeus species from our list as they are epigean species
from high altitude lakes in TAS, not necessarily associated with groundwater [55], although
we note that Bradbury and Williams [42] referred to Antipodeus species as “troglophiles”.

Unpublished data document 50+ potential species across several new genera in WA
(King, unpublished data). Sixteen evolutionary lineages/species have also been identified
in the Yilgarn calcretes [25] and more are likely to be known given numerous unexplored
calcretes remain. There is also at least one blind Austrogammarus species collected from
bore holes in the Mount Gambier Aquifer in south-east SA (Leijs unpublished).

3.10. Perthiidae Williams and Barnard, 1988 [55]

The Perthiidae are an Australian endemic freshwater amphipod family, distributed
across temperate habitats. There is one known genus of the family, Perthia, with two
epigean species described from groundwater-fed habitats in southwestern WA [53,61]
(Table 1, Figure 1).

There is evidence of greater species diversity within Perthia, with four additional
undescribed Perthia species, including stygobionts, from southwestern WA [77] and species
reported from SA (Scott Creek, Mount Lofty Ranges and Lower SE), Lake Condah area,
VIC (Leijs unpublished data), as well as other locations in NSW and VIC [78].

3.11. Uronyctidae Lowry and Myers, 2013 [69]

Lowry and Myers [69] established Uronyctidae for the monotypic and former cran-
gonyctid taxon Uronyctus longicaudus [62] from SA. This species was collected from rotting
wood inside a sinkhole and limestone cave habitat in Mount Gambier and is a true stygob-
iont (Table 1, Figure 1).

Unpublished data suggest several additional species occur in the Mount Gambier
limestone aquifer, SA (Leijs unpublished).

4. Discussion

Globally, amphipod crustaceans have substantial biodiversity, with total species esti-
mates of 10,500, including around 2100 freshwater species [79]. Updated estimates of total
global subterranean amphipod species are lacking; however, older estimations indicated
197 species from 10 families in the North American–West Indian region and 376 species
from 12 families in the central and southern European–Mediterranean region [16]. At
that time, the Australian stygobiont fauna was considered to comprise ten species from
nine genera and six families [16]. Later, Bradbury and Williams [17,42] estimated around
30 Australian subterranean species. In the current review of Australian fauna, we show
that 103 formally described freshwater amphipod species representing 11 families are re-
ported as subterranean or associated with groundwater habitats, and we estimate a further
170 amphipod species have been documented but not yet formally described (Table 1). In-
deed, based on the current taxonomy, we estimate that Australian groundwater-associated
species represent 12% of the global freshwater amphipod fauna, compared to the 6% esti-
mated by Väinölä in 2008 [15]. Given this updated review, here, we describe the current
hypotheses on the origins of this amphipod biodiversity in Australia, highlight possible
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regions of high biodiversity for future exploration, and identify specific taxon groups for
future focus (Table 1).

It has been argued that the presence of significant Australian invertebrate stygo-
biont communities has been overlooked in the past because of assumptions over the
overall aridity of Australia, as well as the lack of widespread carbonate rocks, and the
lack of widespread historical glaciation events [10,27,67]. Glacial events, in particular,
were deemed to be necessary for the evolution of diverse invertebrate communities in
subterranean hotspots of the northern hemisphere [80,81]. Emerging research indicates
aridity may be the main driver of stygobiont radiations across the Australian continent, and
that Australian subterranean aquatic habitats of exceptional invertebrate biodiversity exist
in atypical/unusual geologic settings, such as the isolated calcrete aquifers of the Yilgarn
(WA) [82,83] and Amadeus and Ngalia Basins (NT) [84], Miocene limestone aquifers with
scattered alluvial deposits of Barrow Island and Cape Range (WA), the Cambrian limestone
aquifer system of Beetaloo Basin (NT), the Tertiary limestone aquifer of the Lower South
East (SA), a number of small limestone groundwater basins on the Eyre Peninsula (SA),
numerous confined and unconfined alluvial aquifers in the Pilbara (WA) and eastern Aus-
tralia (NSW and QLD) [20,85,86], alluvial and fractured rock aquifers in the Flinders and
Mount Lofty Ranges (SA) and NSW, anchialine cave systems in north-west Australia (WA),
artesian springs (GAB spring groups in SA, NSW, and QLD), and springs and spring-fed
seeps and marshes (largely in southern temperate regions).

The predominant picture forming for the evolution of Australian stygofauna generally
indicates that it is an ancient fauna, many with Gondwanan affinities [87]. In the arid zone,
there is evidence for significant radiations that align with tributaries (Pilbara, WA) [19],
spring groups (Great Artesian Basin) [26,65,88], and individual confined aquifers (Yilgarn,
WA [89–91]), as well as the Ngalia, Amadeus, and Beetaloo basins, NT [22]. There is also
evidence for repeated patterns of colonization and isolation of invertebrates within ground-
water systems across the arid zone [92], likely linked to climatic changes starting in the
Miocene that have led to increased aridity across central and northern Australia [25,65,93].
It should be noted that exploration efforts for groundwater-associated invertebrates have
been uneven across Australia, with a recent intense focus on areas of resource mining
(i.e., the Pilbara region of WA), where exploration wells and bores can provide exceptional
access to aquifers as well as providing specimens from legislated environmental reporting
that requires biological survey work. Recent surveys of springs across non-arid regions
of SA (Leijs, King and Schwartz, unpublished data) indicate that springs associated with
fractured rock aquifers are core habitats for diverse invertebrate stygobiont communities,
with springs existing as important but poorly surveyed interfaces between groundwater
and surface habitats [94].

As predicted by Väinölä et al. [15], Australian stygobiont amphipods are now being
demonstrated to show exceptional patterns of distribution and diversity [18,25,26,32,37].
Many species have distributions that are restricted to localized habitats (individual aquifers,
tributaries, or springs) and are considered ultrashort-range endemics (uSREs), taxa with
distributions less than 100 km2 [88]. Considering the described species, the Chiltoniidae,
Giniphargidae, Melitidae, Neoniphargidae, Paramelitidae, Perthiidae, and Uronyctidae
are largely distributed across temperate eastern and southern Australia, although some
(Chiltoniidae, Paramelitidae) are also successful within groundwater systems across arid
zones in WA and SA. Other groups are more restricted: the Eriopisidae are represented by
taxa in the arid north-west of Australia; the Chillagoeidae in tropical north-east QLD; the
Bogidiellidae from coastal anchialine (i.e., freshwater habitats with subterranean connec-
tions to the ocean) habitats in the north-west (WA), coastal SA, and interstitial beaches in
north-east Australia; and the Hadziidae from coastal (anchialine) habitats in the north-west.
As noted by Humphreys [28], groups distributed in subterranean habitats across the arid
zones, tropics, and subtropics comprise only stygobiont species, whereas combinations
of epigean and stygobiont species are common in groundwater-associated groups in the
southern temperate regions.
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5. Conclusions

Australian groundwater habitats contain exceptional invertebrate biodiversity, par-
ticularly for amphipod crustaceans (both stygobiont and associated epigean species).
One hundred and three described freshwater amphipod species are classified herein as
associated with groundwater habitats, and we estimate a further 170 amphipod species
have been documented but not yet formally described. Additional species from poorly
explored areas (especially QLD, and springs across temperate southern Australia) are still
likely to be found and will increase species numbers significantly.

The predominant hotspot of stygobiont amphipod biodiversity are the alluvial aquifers
of the Pilbara region (WA). However, numerous diverse habitats are identified as emerging
biodiversity hotspots: the isolated calcrete aquifers of the Yilgarn (WA), Amadeus Basin,
and Ngalia Basins (NT); limestone aquifer systems of the Beetaloo Basin (NT); the limestone
aquifers of the Lower South East of SA; numerous confined and unconfined alluvial aquifers
in eastern Australia (NSW and QLD); alluvial and fractured rock aquifers in the Flinders
and Mount Lofty Ranges (SA) and NSW; anchialine cave systems in north-west Australia
(WA); artesian springs (Great Artesian Basin spring groups in SA, NSW, and QLD); and
springs and spring-fed seeps and marshes in southern temperate regions.

It is likely that many of the true stygobiont amphipod taxa, and many epigean asso-
ciates dependent on the subterranean systems, are uSREs, with severely restricted distribu-
tions of less than 100 km2, and often within confined aquifer systems. Amphipods form
an important ecological constituent within subterranean habitats and should be a primary
focus of water and landscape conservation management plans. Also, their evolutionary re-
lationships provide significant palaeoecological information on landscape and biodiversity
changes over time, which is of particular importance as we navigate global climatic and
biodiversity crises.
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