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Subterranean Fauna of the Arid Zone

Stuart A. Halse

�Introduction

Subterranean fauna can be divided into two broad groups – stygofauna are aquatic 
and occur in groundwater, while troglofauna are air-breathing and occur in the 
unsaturated zone from depths of a metre or so below the ground surface down to the 
water table. Defining exactly which species are covered by the term subterranean 
fauna is quite complex, because of the different life histories of many vertebrate and 
invertebrate species, and the habitat differences between caves and the much more 
extensive, but less studied underground matrix outside caves. However, a useful 
starting point for understanding the general characteristics of subterranean species 
is provided by various schemes that categorise species according to their depen-
dence on the underground environment. These schemes are discussed in detail by 
Sket (2008), but, in summary, species occurring only in the aphotic zone of caves or 
deep underground are classified as troglobites or stygobites (Table 1). The terms 
troglophiles and stygophiles are applied to species found in parts of caves where 
there is some penetration of light or to species that use surface habitats for one (usu-
ally short) part of their life history. Occasionally, troglophilic or stygophilic species 
may have some surface populations and some wholly subterranean populations. The 
third category, trogloxenes and stygoxenes, is applied to primarily surface species 
that regularly make use of caves or underground habitats, often as a refugium during 
periods of adverse conditions (such as drought) in their usual surface habitat.

In this chapter, the terms subterranean fauna, troglofauna and stygofauna refer 
principally to troglobites, stygobites, troglophiles and stygophiles (Table  1). 
Species in these categories are clearly dependent on caves and other subterranean 
habitats for their survival. Trogloxenes and stygoxenes are mostly excluded from 
coverage, although there are occasions and situations in which subterranean habi-
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tat is important for these species. Bats and cave-nesting birds are excluded from 
consideration, largely because this chapter deals with what is happening in the 
broad landscape outside caves. Aquatic invertebrates found in the bed of streams 
are also not treated as subterranean for the purpose of this chapter, although, glob-
ally, much study of stygofauna is conducted in stream beds (Hancock et al. 2005; 
Dole-Olivier et al. 2009). Similarly, there is little consideration of fish and reptiles, 
because nearly all subterranean fauna species in Australia are invertebrates, 
although some stygofauna fish and troglofaunal reptiles do occur (e.g. Aplin 1998; 
Larson et al. 2013).

The major difference between this chapter and most accounts of subterranean 
fauna is the focus on underground habitats other than caves. Globally, most subter-
ranean fauna studies deal with caves. However, the arid zone of Australia has very 
few large caves; in fact, there are arguably only two large cave systems in the arid 
zone. These are on the Nullarbor Plain (Webb and James 2006) and around 
Camooweal, north-west of Mount Isa (Grimes 1988; Eberhard 2003) (Fig.  1). 
Despite their large size, both systems have relatively depauperate subterranean fau-
nas (Richards 1971; Eberhard 2003) which is perhaps unsurprising given the lack of 
wider occurrence of caves. Other cave systems on the edge of the arid zone, such as 
the Judbarra/Gregory karst area in the Northern Territory, are also depauperate 
(Moulds and Bannick 2012) (Fig. 1). Largely as a result of the paucity of cave fauna 
and the traditional emphasis of subterranean fauna studies on caves, it is only during 
the last 20 years that the richness of the Australian arid zone subterranean fauna 
outside caves has begun to be appreciated (Guzik et al. 2010).

This chapter provides a summary of current information on subterranean fauna 
in the Australian arid zone, particularly in the western half of the arid zone where 
most richness appears to occur. Some of the main issues in contemporary subterra-
nean fauna research are discussed, together with issues that are relevant to the con-
servation of that subterranean fauna. A recent account with greater focus on the 
evolution of subterranean fauna in Australia is provided by Humphreys (2016).

Table 1  Characteristics of different types of species found underground

Subterranean species, troglofauna and stygofauna
 � Troglobite/

stygobite
Occur in aphotic zone of caves or deep in the unsaturated zone

 � Troglophile/
stygophile

Occur in caves where there is some light or use surface habitats for one 
part of their life history (or some populations occur on surface in case of 
stygofauna)

Primarily surface species found underground
 � Trogloxene/

stygoxene
Occasional use of caves or the unsaturated zone, often as a refugium in 
adverse conditions

 � Accidental Occurrence at mouth of cave, fallen into drill hole or bore
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Fig. 1  Locations of the Western Shield, Pilbara and Yilgarn cratons (or regions) and other places 
mentioned in text
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�Subterranean Fauna Habitats

While many stygofauna species occur in groundwater below stream beds and in 
cave streams and ponds, most of this chapter deals with stygofauna in deeper 
regional aquifers that extend more widely across the landscape. The habitats of 
troglofauna outside caves are less well documented, but in general terms they com-
prise the habitat between the ‘dry’ ground surface and the water table. This habitat 
is often referred to as the vadose zone (e.g. Halse and Pearson 2014), although the 
term ‘unsaturated zone’ is also apt. Juberthie (1983) was the first to pay much atten-
tion to the unsaturated zone, although his focus was on the upper part of the zone, 
and he applied the term milieu souterrain superficial (MSS) to shallow detrital habi-
tats across the landscape that support troglofauna (see also Mammola et al. 2016). 
Culver and Pipan (2008) applied the term shallow superficial habitats (SSH) to a 
wider variety of situations (including near-surface stygofauna habitat) but in doing 
so implied that caves comprised the major deep subterranean habitat. This is not the 
case in the Pilbara and Yilgarn regions of Western Australia, where stygofauna and 
troglofauna may be found tens of metres below the surface in various types of very 
small spaces that are widespread across the landscape. These small spaces are 
mostly what Howarth (1983) termed microcaverns (<5 mm in width) or, less com-
monly, mesocaverns (5–500  mm) (Fig.  2). A variety of other terms are used to 
describe the spaces, with the names often providing some information about their 
genesis [e.g. interstitial spaces in alluvium, vugs (or small spaces) in weathered 
rock, fissures in fractured rock].

The factors determining the occurrence of subterranean fauna are still in the 
early stages of investigation. While the size, pattern and quantity of spaces in a habi-
tat is important for the occurrence of fauna, poor connectivity with the surface may 
constrain the number of species present (Halse et al. 2014), because most energy (as 
carbon) comes from the surface. Studies elsewhere suggest that the chemistry of the 
host substrate is not particularly important in most cases beyond its influence on 
habitat structure (Hahn and Fuchs 2009). The importance of spaces to the occur-
rence of subterranean fauna is most clearly documented for stygofauna, where the 
likelihood of species occurring is related in a positive way to the transmissivity of 
the aquifer (Maurice and Bloomfield 2012). At the same time, studies by Bradford 
et al. (2013) and others have shown there is currently poor understanding of how the 
finer details of habitat structure affect subterranean fauna occurrence. One example 
of fine-scale variation in occurrence, however, is provided by Hose et al. (2017) who 
showed differences in the abundance of stygofauna species in different alluvial sub-
strates over vertical distances of less than 1 m. Such fine-scale control of distribu-
tions probably occurs in many species.

While predictions about the suitability of habitats for subterranean fauna at a fine 
scale tend to be unreliable, existing work enables some general observations to be 
made. Despite subterranean fauna occurring in a wide range of geologies in the arid 
zone, they tend to occur most abundantly in three broad geological units: karst 
(especially calcrete), alluvium and colluvium and mineralised or weathered iron 
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formations, especially banded iron formation and channel iron deposit. They are 
sometimes abundant in weathered volcanics and ultramafics but mostly occur in low 
numbers in other geologies.

The relationship between large numbers of stygofauna and calcrete bodies in 
palaeochannels in the Yilgarn region of Western Australia is well documented 
(Humphreys 2001, 2008; Guzik et al. 2010), with up to 75 species recorded from a 
single calcrete body (EPA 2016a). Another well-studied relationship is the occur-
rence of large numbers of troglofauna species in mineralised banded iron forma-
tions and channel iron deposits of the Pilbara, with more than 120 species being 
recorded from sections of banded iron formation in the Hamersley Range and up to 
25 species being recorded from individual small mesas in the Robe Valley (Harvey 

Fig. 2  Habitats in which subterranean fauna species occur. (a) Iron ore range in the Pilbara, with 
deep gullies and mesocaverns in hardcap; (b) drill core through saturated calcrete; (c) schematic 
illustration of subterranean habitat where calcrete is present; (d) Yilgarn palaeochannel containing 
calcrete below ground (red sand dune in foreground); (e) drill core through mineralised iron ore 
formation; and (f) schematic illustration of subterranean habitat in iron ore range
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et  al. 2008; G.  Humphreys and M.  Curran, unpublished data). It should also be 
noted that it is not uncommon for a site to yield high numbers of stygofauna and low 
numbers of troglofauna or vice versa. This is sometimes the result of different geol-
ogies in the unsaturated zone and in the underlying groundwater aquifer; in other 
situations the flow of water may have kept spaces open in the aquifer, whereas they 
have been filled by fine sediment in the unsaturated zone.

�Environmental Parameters

While physical habitat structure, connectivity and the extent of surface connection 
are determinants of subterranean fauna occurrence across the broad landscape 
matrix, some of the factors critical to subterranean fauna occurrence in caves are 
equally important across the landscape. These include the absence of light, stable 
temperatures and, in the non-saturated zone, high relative humidity (Culver and 
Pipan 2008). Differences in relative humidity are probably a key factor distinguish-
ing between the habitats of soil fauna and subterranean fauna in the arid zone, with 
subterranean habitats probably usually being very close to saturated (Fig. 3), while 
surface habitats in the Pilbara and Yilgarn are often quite dry as a consequence of 
annual pan evaporation being 3000–5000 mm.

Groundwater in much of the arid zone is saline, and salinity is another factor 
potentially controlling the occurrence of species in groundwater, in the same way as 
it does in surface systems (Pinder et al. 2005). While it has been widely thought that 
stygofauna in the Pilbara and Yilgarn are unlikely to occur at salinities much above 
seawater concentration (35,000  mg  L−1 or 50,000  μS cm−1) (e.g. Watts and 

Fig. 3  Relative humidity through the year at a depth of 15 m in an iron ore mesa in the Pilbara. 
Measuring humidity near saturation is technically difficult, and the data are interpreted as showing 
100% relative humidity throughout the year
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Humphreys 2006), there are recent records of stygofauna in the northern Yilgarn at 
salinities of approximately 100,000 mg L−1 (Outback Ecology 2012). Despite these 
records suggesting some stygofauna species are strongly salt-adapted, most species 
are restricted to salinities of less than 10,000 mg L−1 in the Pilbara (Halse et al. 
2014) and 25,000  mg  L−1 in the Yilgarn (Humphreys et  al. 2009) (Fig.  4). The 
broader environmental tolerances of stygofauna in Australia have been reviewed by 
Korbel and Hose (2011).

�Subterranean Fauna of the Western Shield

Sampling of stygofauna outside caves in the arid zone began only in the late 1990s, 
when Bill Humphreys and colleagues extended their coastal sampling at Cape 
Range into the Pilbara and Yilgarn regions of Western Australia (Pesce et al. 1996; 
Humphreys 1999, 2001). Troglofauna sampling began about 10 years later, with the 
collection of schizomids and other troglofauna in the Robe Valley in the Pilbara 
(Harvey et al. 2008). Examples of the fauna collected are shown in Fig. 5.

As the amount of sampling of both stygofauna and troglofauna has increased, the 
richness of these two groups in arid parts of Western Australia has become ever 
more apparent. For example, Humphreys (2008) reported the occurrence of 560 
stygofauna species on the Western Shield (principally the Pilbara and Yilgarn 
regions) (Fig. 1). This was followed by Eberhard et al. (2009) estimating, based on 
a regional sampling program, that 500–550 stygofauna species occur in the Pilbara 
alone, after which Guzik et al. (2010) estimated that 4140 subterranean fauna spe-
cies, comprising 2680 stygofauna and 1460 troglofauna species, occur in the west-
ern half of Australia, mostly in the arid zone. More recent work suggests that even 
Guzik et al.’s (2010) large figure underestimates the richness of the fauna.

Halse (2015) proposed, based on a combination of sampling results and extrapo-
lation based on the pattern of increasing richness seen with additional sampling, that 
nearly 3000 species of subterranean fauna occur in the Pilbara (Table 2). While they 
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Fig. 4  Comparative salinity tolerances of stygofauna in the Pilbara and Yilgarn as shown by num-
ber of species per sample in relation to total dissolved solids (TDS). (a) Pilbara and (b) Yilgarn
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Fig. 5  Species of subterranean fauna. (a) Billibathynella sp. (syncarid), (b) Lagynochthonius sp. 
(pseudoscorpion), (c) Haifameira pori (copepod), (d) Lathrobiina sp. (beetle), (e) Gomphodella 
yandii (ostracod), (f) Stenoniscidae gen. nov. sp. (isopod), (g) Mangkurtu kutjarra (spelaeogriph-
acid), (h) Limbodessus sp. (beetle), (i) Nocticola sp. (cockroach), (j) Linyphiidae sp. (spider), (k) 
Draculoides sp. (schizomid), (l) Hydrobiidae sp. (snail), and (m) Japygidae sp. (dipluran)
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do not represent systematic sampling, the results of surveys for environmental 
impact assessments suggest that the Yilgarn has similar stygofauna richness to that 
in the Pilbara but fewer troglofauna species. Therefore, it is considered likely that 
more than 4500 stygofauna and troglofauna species occur in the Pilbara and Yilgarn 
and that approximately 5500 subterranean species occur in the western half of 
Australia. By way of context, the known vascular plant richness in the Pilbara is less 
than 1800 species, with approximately 15% of these being endemic to the region 
(Erickson and Merritt 2016). Nearly all stygofauna and troglofauna species in the 
Pilbara (and Yilgarn and elsewhere) are endemic to the region in which they occur 
(Humphreys et al. 2009; Halse et al. 2014).

New comparisons of the richness of subterranean fauna in the Western Shield 
with other parts of the world are not made here, because there are substantial differ-

Table 2  Numbers of 
subterranean fauna species in 
the Pilbara, as collected by 
Bennelongia Environmental 
Consultants (BEC) or 
estimated to be present based 
on extrapolation of the 
collecting results to date by 
researchers, BEC and other 
environmental consultants

Faunal group
No. of species
Collected by BEC Estimated

Stygofauna
Crustacea
Amphipoda 106 200
Isopoda 31 75
Syncarida 70 300
Copepoda 130 250
Ostracoda 194 300
Others 4 4
Hydracarina 23 40
Annelida 74 150
Mollusca 5 10

637 1329
Troglofauna
Isopoda 81 200
Pseudoscorpiones 66 150
Schizomida 59 120
Araneae 53 130
Palpigradi 18 40
Diplopoda 24 50
Chilopoda 51 120
Symphyla 38 80
Pauropoda 27 60
Diplura 90 200
Thysanura 47 100
Blattodea 27 40
Hemiptera 23 50
Coleoptera 69 150
Others 7+ (mostly Diptera) 21

680 1511
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ences in the habitats that have been sampled in different countries, what species are 
treated as subterranean and the way in which numbers of species have been deter-
mined (Culver et  al. 2013). However, both Halse et  al. (2014) and Guzik et  al. 
(2010) provide some comparisons between the richness of stygofauna in the Pilbara 
and western half of the arid zone and the richness of assemblages in other parts of 
the world. Halse et al. (2014) suggested the Pilbara has higher known density of 
stygofauna species than any other region in the world, except the Dinaric karst in 
south-eastern Europe, while Guzik et al. (2010) suggested arid Australia is uniquely 
rich in stygofauna compared with other areas of the world. Few easy comparisons 
of troglofauna richness can be made, because regional inventories are rarely com-
piled, but, with an estimated 1511 species, the Pilbara is likely to be one of the rich-
est regions in the world for troglofauna. Only 995 troglofauna species have been 
recorded in the well-studied Dinaric karst (Sket et  al. 2004), which is widely 
regarded as an area of global importance for troglofauna.

�Stygofauna

A detailed account of the stygofauna of the Pilbara is given by Halse et al. (2014). 
Information on the Yilgarn is less consolidated, and the first moderately comprehen-
sive overview is provided here, although general information is also available in 
Humphreys (2001) and Humphreys et al. (2009).

There is relatively little overlap in composition of stygofauna assemblages below 
the stream bed and in deeper groundwater aquifers of the Pilbara (Halse et al. 2002, 
2014). This is probably because the groundwater associated with the alluvium of the 
ephemeral rivers and creeks of the Western Shield is poorly connected to regional 
groundwater (Dogramaci et  al. 2012). Thus, while some species typical of the 
streambed fauna are found in regional aquifers, such as darwinulid ostracods, the 
candonid ostracod Candonocypris tenuis, many cyclopoid copepods and possibly 
phreatoicid isopods (Knott and Halse 1999; Schön et al. 2010; Pinder et al. 2010), 
the reverse rarely occurs.

The stygofauna assemblages of the Pilbara and Yilgarn show similar patterns at 
higher taxonomic levels, despite some differences in the proportions of the major 
groups (Fig. 6). Further comments on six of the groups are made here. First, based 
on the number of animals collected, copepods dominate stygofaunal communities 
of both the Pilbara and Yilgarn, comprising approximately 60% of the fauna in the 
Yilgarn and 40% in the Pilbara. However, copepod species are often represented by 
large numbers of animals, and, based on species richness, copepods comprise 44% 
of the fauna in the Yilgarn and 20% in the Pilbara (Halse et  al. 2014; S. Halse, 
unpublished data). Complementing this overall picture, there appears to have been 
explosive speciation of harpacticoid copepods in some calcretes of the Yilgarn 
(Karanovic and Cooper 2011, 2012), where copepod species may represent almost 
half of the species at a site. As already noted, global comparisons are difficult to 
make, because of differences in habitats sampled and analytical methods, but cope-
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pods may be regarded as comprising 17% of the species in a typical stygofauna 
community elsewhere (Eberhard et al. 2005) or 20–40% of the species in European 
communities (Galassi et al. 2009). The diversity of copepods in the Pilbara con-
forms to global patterns, while the diversity in the Yilgarn is relatively high.

Ostracods represent 24% and 13%, respectively, of the stygofaunal animals in 
the Pilbara and Yilgarn (Fig. 6) and 30% and 10% of the species in these regions. 
The greater contribution of ostracod species in the Pilbara reflects the enormous 
radiation of candonid ostracods in this region, consisting of 11 described endemic 
genera and more than 108 collected species (Reeves et al. 2007; Karanovic 2007; 
S.A. Halse, unpublished data). By global standards, where ostracods typically con-
stitute about 3% of species in groundwater communities (Eberhard et al. 2005), both 
the Pilbara and Yilgarn are rich in ostracods.

Fig. 6  Proportions of stygofauna in the Pilbara and Yilgarn belonging to different taxonomic 
groups. (a) Pilbara species, (b) Pilbara abundance, (c) Yilgarn species, and (d) Yilgarn abundance
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Another outstanding characteristic of the stygofauna of the Yilgarn is the occur-
rence of more than 90 described species of dytiscid beetle in it and nearby regions 
(Watts and Humphreys 2009; Eberhard et al. 2016). In contrast, there is only one 
described beetle species in the Pilbara (Watts and McRae 2013), and this disparity, 
together with the difference in abundance of candonid ostracods, forms the clearest 
indications of the biogeographic differences between the Pilbara and Yilgarn. 
Despite their diversity, beetles are not a dominant component of the Yilgarn fauna in 
terms of either animal abundance or species richness. Beetles represent 0.01% and 
2.2%, respectively, of the animals in the Pilbara and Yilgarn and 0.01% and 4.5% of 
the species in these regions. (Far more sites, including some outside the Yilgarn, 
have been sampled for beetles than for other stygofaunal groups which is why a 
larger number of species have been described than their proportional representation 
in the Yilgarn suggests.)

Amphipods are common in most stygofauna communities, typically representing 
about 19% of species globally. They represent 16% and 7%, respectively, of the 
animals in the Pilbara and Yilgarn (Fig. 6) and 17% and 20% of the species in these 
regions (Halse et  al. 2014; S.A. Halse, unpublished data). Much of the focus of 
Yilgarn and Pilbara stygofauna research has been on amphipods (Finston et  al. 
2004, 2007; Cooper et al. 2007; Bradford et al. 2010, 2013; King et al. 2012), and 
comparisons of the results of this research with that from the northern hemisphere 
provide some insights into the different factors structuring communities in Australia 
and Europe.

Syncarids comprise 3.1% and 4.1%, respectively, of the stygofaunal animals in 
the Pilbara and Yilgarn and 11% of the stygofaunal species in both regions. This is 
a substantially larger proportion of the stygofauna community than is typically rep-
resented elsewhere by syncarids (Eberhard et al. 2005). Despite the relatively high 
number of species present and some recent morphological (e.g. Cho 2005; Cho and 
Humphreys 2010) and genetic work (e.g. Guzik et al. 2008), there is relatively poor 
understanding of the diversity and distributions of syncarids in the Pilbara and 
Yilgarn, especially for the family Bathynellidae (Perina et al. 2018).

Oligochaetes represent 9% and 8%, respectively, of the stygofaunal animals in 
the Pilbara and Yilgarn (Fig. 5) and 11% and 8% of the species, compared with a 
global average of 2% of the species in stygofauna communities (Eberhard et  al. 
2005). Many oligochaetes are quite widespread, and the proportion of stygobitic 
species in groundwater communities is often quite low (Creuze des Chatelliers et al. 
2009), which may have affected global calculations. However, the greater number 
of stygal species in the Pilbara and Yilgarn is mostly attributable to the collection of 
relatively large numbers of enchytraeid species, despite phreodrilids and other oli-
gochaete groups also occurring (Pinder 2008; Brown et al. 2015). Only 11% of the 
stygofaunal oligochaete species listed by Creuze des Chatelliers et al. (2009) are 
enchytraeids, which are considered to be a predominantly terrestrial family with 
unstable taxonomy and uncertain ecological attributes, whereas they comprise 31% 
of Pilbara and 50% of Yilgarn oligochaete species.
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�Troglofauna

Information on the occurrence of troglofauna outside caves comes almost entirely 
from environmental impact assessment surveys associated with mining proposals 
and is strongly biased towards the sampling of hard rock geologies. Areas of cal-
crete have usually been sampled at low intensity, if at all, because of the difficulty 
maintaining open holes without casings of soft substrata. Halse and Pearson (2014) 
have provided an analysis of the taxonomic composition of troglofauna in the 
Pilbara, but the first account of the overall composition of Yilgarn troglofaunal 
assemblages is presented here.

One of the peculiarities of the information on troglofauna in the Pilbara and 
Yilgarn is that there has been no attempt to assess the occurrence of troglofaunal 
mites and collembolans. Both groups occur as subterranean fauna in other parts of 
the world (Ortuño et al. 2013; Kováč et al. 2016) and have been observed in Pilbara 
and Yilgarn samples (Greenslade 2002). Leaving aside mites and collembolans, 
there are substantial differences between the troglofaunal assemblages of the Pilbara 
and Yilgarn, with isopods dominating the Yilgarn fauna and several of the groups 
that are prominent in the Pilbara (cockroaches, schizomids, dipterans) being absent, 
or nearly so, from the Yilgarn (Fig. 7). The occurrence of 10 groups is considered in 
detail.

Based on the number of animals collected, isopods comprise 6% and 43% of the 
troglofauna abundance in the Pilbara and Yilgarn, respectively. The difference 
between the regions is reduced somewhat when species richness is examined, with 
isopods comprising 12% of troglofauna species in the Pilbara and 30% of those in 
the Yilgarn. Comparisons of these proportions with typical troglofaunal communi-
ties elsewhere in the world are difficult to make, because of differences in the habi-
tats sampled (cave or broader unsaturated zone), the completeness of lists and 
whether lists include all troglofauna species or only troglobites. Nevertheless, the 
Yilgarn appears to have an unusually high proportion of isopods compared with 
other parts of the world, such as the Balkan Peninsula and various high-yielding 
sites where, in both cases, 12% of species are isopods (Culver and Sket 2000; Sket 
et al. 2004). On the other hand, in the small fauna of Portugal, isopods occur in 
proportions similar to the Yilgarn (26% of species; Reboleira et al. 2013). More 
than 72 troglofauna isopod species have been recorded in the Yilgarn, including 20 
troglomorphic species listed by Javidkar et al. (2016) that are not included in Fig. 7. 
This is nearly three times as many isopod species as recorded from Brazilian caves 
(Campos-Filho et  al. 2014), albeit that very few Yilgarn isopods are described 
(Taiti 2014).

Hemipterans, mostly belonging to the family Meenoplidae, are very abundant in 
the Pilbara and to a lesser extent the Yilgarn, representing 23% and 10%, respec-
tively, of all animals, but only 3.4% of the troglofauna species in each region 
(Fig. 7). Some troglophilic meenoplid species are widespread in the Pilbara and 
Yilgarn. Other potentially troglobitic species appear to have small ranges, but fur-
ther taxonomic and ecological work is required to confirm their status as troglobitic. 
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Culver and Pipan (2008) considered troglobitic hemipterans to be more common in 
shallow subterranean habitats than caves, although meenoplid species considered to 
be troglobitic are found in caves of northern Australia (Hoch 1993; Moulds and 
Banninck 2012).

Cockroaches, mostly belonging to the family Nocticolidae, are also very abun-
dant in the Pilbara, where they represent 19% of animals but only 4% of all 
troglofauna species. However, cockroaches are one of the many groups in which use 
of genetic species concepts is likely to substantially increase the number of species 
recognised (Trotter et  al. 2017). No cockroaches have been collected from the 
Yilgarn. Elsewhere, cockroaches often occur in low numbers (Roth 1991; Moulds 
and Banninck 2012), and their diversity in the unsaturated zone of the Pilbara 
appears to be comparatively high.

Fig. 7  Proportions of troglofauna in the Pilbara and Yilgarn belonging to different taxonomic 
groups. (a) Pilbara species, (b) Pilbara abundance, (c) Yilgarn species, and (d) Yilgarn abundance
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Millipedes are relatively abundant in both the Pilbara and Yilgarn, representing 
9% and 6% of all troglofaunal animals, respectively, in these regions (Fig.  7). 
However, this is largely the result of the widespread occurrence of the circum-
tropical, troglophilic Lophoturus madecassus (see Car et al. 2013), and millipedes 
comprise only 3.5% and 1.7% of the species present, respectively, in the two regions. 
In comparison, millipedes comprise 10% of the fauna in the Balkan Peninsula (Sket 
et al. 2004) and 8% of the fauna at selected sites around the world that are rich in 
troglofauna (Culver and Sket 2000).

Schizomids occur moderately often in caves and the unsaturated zone across 
Northern Australia (e.g. Harvey 2001) as well as in the tropics more generally 
(Monjaraz-Ruedas 2013). However, in iron ore ranges of the Pilbara, they are found 
with a diversity that appears to be exceptionally high for the group, and they com-
prise 7% of all animals and 9% of all species in Pilbara troglofaunal assemblages 
(Fig. 7). Some of the diversity of schizomids in the Robe Valley of the Pilbara was 
documented in detail by Harvey et al. (2008), while Harms et al. (2016) have dis-
cussed issues around species delineation in the Hamersley Range. At least in 
Australia, the occurrence of schizomids is indicative of a taxonomically rich troglo-
fauna community. As with cockroaches, schizomids are absent from the Yilgarn.

Diplurans usually comprise a small to moderate proportion of troglofaunal 
assemblages (1.1% in the Balkan peninsula, Sket et al. 2004; 1.4–6% in superficial 
subterranean habitats, Culver and Pipan 2008; 7% in Portugal, Reboleira et  al. 
2013). An unpublished report by Markus Koch in 2009 highlights the richness of 
diplurans in Western Australia, especially in the Pilbara, Yilgarn and Kimberley 
regions. However, troglofaunal dipluran species tend to occur at low abundance and 
comprise only 2.9% and 3.0% of animals in the Pilbara and Yilgarn, respectively, 

Table 3  Median linear range (recalculated from Halse and Pearson 2014) of troglofauna species 
in the Pilbara and the main geologies from which the groups are known in the Pilbara and Yilgarn

Troglofauna group Median linear range (km) Major habitats

Isopoda 1.8 Mineralised rock, detritals (calcrete)
Pseudoscorpiones 5.3 Mineralised rock, detritals (calcrete)
Schizomida 2.6 Mineralised rock
Araneae 2.2 Mineralised rock (calcrete)
Palpigradida 21 Mineralised rock, detritals (calcrete)
Diplopoda 4.5 Mineralised rock, detritals (calcrete)
Chilopoda 6.2 Mineralised rock, detritals (calcrete)
Symphyla 3.2 Detritals, mineralized rock (calcrete)
Pauropoda 6.6 Detritals, mineralized rock (calcrete)
Diplura 4.5 Mineralised rock, detritals (calcrete)
Thysanura 3.7 Mineralised rock, detritals (calcrete)
Blattodea 6.1 Mineralised rock
Hemiptera 68 Mineralised rock, detritals (calcrete)
Coleoptera 8.7 Mineralised rock, detritals
Diptera 159 Mineralised rock
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despite accounting for 13% and 7% of species. In fact, diplurans are the most 
species-rich troglofaunal group in the Pilbara, although some species are certainly 
troglophiles and the exact proportion of troglobitic species is unclear. The estimated 
median linear range of 4.5 km for Pilbara species (Table 3) suggests the proportion 
of troglobites may be quite high.

Pauropods, symphylans and, perhaps to a lesser extent, palpigrads provide even 
greater difficulty distinguishing troglofauna from surface species, because they 
occur in soil and lack eyes and pigment. While troglobitic palpigrads and sym-
phylans are regularly recorded elsewhere in the world (e.g. Sket et al. 2004), there 
are few records of troglobitic pauropods anywhere (Vandel 1965). However, Halse 
and Pearson (2014) suggested that at least some of the pauropod species collected 
from the unsaturated zone in the Pilbara are likely troglobites, because of their small 
ranges and, more particularly, the hostile surface soil conditions in the hot, arid 
Pilbara. More documentation of the surface soil faunas of pauropods, symphylans 
and palpigrads would help determine the status of species collected in subterranean 
sampling (see Trajano and Bichette 2010). Based on current interpretations of sur-
face and subterranean status, it is considered that all three groups are relatively 
species-rich in subterranean habitats of the Yilgarn and Pilbara. Pauropods, sym-
phylans and palpigrads are thought to comprise 2.8%, 2.3% and 1.5% of all troglo-
faunal animals in the Pilbara and 9%, 9% and 2.0% of Yilgarn animals, respectively 
(Fig. 7). As a result of most species being collected at low abundance, these animals 
represent 4.9%, 5.6% and 2.6% and 6.3%, 13.6% and 2.3% of all troglofaunal spe-
cies, respectively.

Compared with other parts of the world, the low proportions of beetles in the 
troglofauna assemblages of the Pilbara and Yilgarn are quite startling. It is also a 
contrast to the relative richness of stygofaunal beetles in the Yilgarn. Only 6% and 
3% of troglofaunal animals and 10% and 9% of species are beetles in the Pilbara 
and Yilgarn, respectively. Typically, beetles comprise about one-third of the species 
in troglofaunal communities (30% at selected species-rich sites around the world, 
Culver and Sket 2000; 39% in the Balkan Peninsula, Sket et al. 2004; approximately 
40% in Tennessee, Niemiller and Zigler 2013). While further taxonomic investiga-
tions are likely to substantially increase the number of beetles known from the 
Pilbara and Yilgarn (e.g. Baehr and Main 2016; Table 2), beetles are likely to con-
tinue to be poorly represented compared with other parts of the world.

�Species Delimitation

In addition to the capacity for study of subterranean fauna in the Pilbara and Yilgarn 
to provide new insights into evolutionary and biogeographic processes (see 
Humphreys 2016), the potential for mining and groundwater abstraction to threaten 
the persistence of subterranean species is an important driver of stygofauna and 
troglofauna research. The process of identifying species as units for conservation 
(whether or not formally described), and, more particularly, the ranges of those 
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species, is a fundamental step in assessing the likely conservation impacts of mining 
and groundwater developments.

There are challenges for both morphologists and geneticists when it comes to 
delimiting species in subterranean habitats. Identifying species through use of tradi-
tional morphological characters can be difficult, because of the occurrence of both 
convergent evolution on some characters (Ornelas-Garcia et al. 2008) and relaxed 
selection pressure on others that results in phenotypic plasticity, especially in rela-
tion to segmentation and setae on left and right sides of animals (Karanovic et al. 
2013). In addition, the mostly low numbers in which species are collected, and high 
proportions of immature animals, means that the number of suitable specimens for 
morphology is usually very small. Consequently, species descriptions are occasion-
ally based on single immature or damaged animals, making it difficult to achieve 
certainty when trying to align subsequently collected specimens with the described 
species.

Genetic recognition of species can also be challenging, because the likelihood of 
very limited dispersal capacity below ground means genetic structuring within a 
species is to be expected. Consequently, there may be almost as much intraspecific 
as interspecific variation in genes used for species discrimination (e.g. CO1; 
Bradford et al. 2010), which can cause problems in determining the number of spe-
cies present (Ferguson 2002; Ross et al. 2008). The extent of sequence variation 
appears to differ among taxonomic groups, with insects being relatively conserva-
tive (Leys et al. 2003; Guzik et al. 2009), while arachnids and, particularly, crusta-
ceans show greater variation (Harvey et al. 2008; Finston et al. 2007, 2011). Some 
variation in crustaceans in calcrete bodies is likely to be the result of successive 
isolation events for animal populations in refugia within the calcrete, followed by 
expansion events as higher water levels expand the area of saturated calcrete and 
permit wider gene flow. More generally, high intraspecific variability in subterra-
nean fauna is often accompanied by low nucleotide diversity (Guzik et al. 2009; 
Bradford et al. 2013), and it is likely that accurate genetic delimitation of species 
will often require the use of multiple genes (Bazin et al. 2006; Asmyhr and Cooper 
2012; Bradford et al. 2013) and collection of a large number of samples across the 
species’ range (Bergstein et al. 2012). However, adequate sampling is usually dif-
ficult to achieve when access to the species’ habitat is via pre-existing drill holes 
that probably cover only part of the species’ range and, in fact, may often not inter-
sect the species’ preferred microhabitat (Fig. 2).

The way in which sampling and identification effort may affect the recognition 
of troglofauna species was illustrated by Harms et al. (2016), who showed that lim-
ited sampling led to eight species being recognised in the schizomid genus 
Draculoides from a small part of the Hamersley Range. Applying the results of 
barcoding with the CO1 gene and a small amount of additional sampling led to 15 
species being recognised. However, further sampling in the same area and phyloge-
netic analysis using CO1 results reduced this to 12 species. This changing number 
of species highlights the complexity of delimiting species units in the subterranean 
environment, especially when the broad biological characteristics of the environ-
ment are still being investigated and there is a poor ecological and life-history 
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framework in which to interpret results. Genetic data may provide no clearer guid-
ance about species boundaries than morphological information, and, in such situa-
tions, use of a combination of genetics and morphology likely provides 
better-informed taxonomic decisions (De Queiroz 2007; Javidkar et al. 2016).

�Species Distributions

As a group, subterranean fauna species are characterised by small ranges. This is 
especially so for troglofauna species (Halse and Pearson 2014), which in the Pilbara 
appear to have ranges that are mostly at least an order of magnitude smaller than 
those of stygofauna species (Eberhard et al. 2009; Halse et al. 2014). Linear ranges 
of 1–2 km appear to be moderately common among arid-zone troglofauna species 
in Australia (Table 3), while existing data suggest only about 5% of Pilbara stygo-
fauna species are likely to have linear ranges of <30 km (Halse et al. 2014). There 
is probably less difference, however, between ranges of stygofauna and troglofauna 
species in the Yilgarn, particularly in calcretes.

Perhaps the best-known generalisation about the pattern of occurrence of subter-
ranean fauna species is the ‘calcrete island hypothesis’ of Steve Cooper and others 
to explain the restricted distributions of many stygofauna species in calcrete bodies 
of the Yilgarn (Cooper et al. 2002, 2007). It also seems to apply to troglofauna spe-
cies in Yilgarn calcretes (Javidkar et al. 2016). Under this hypothesis, most species 
in calcretes of the Yilgarn region are expected to be restricted to individual calcrete 
bodies that may have linear ranges of only tens of kilometres at most. The area 
between calcrete bodies, which includes intervening sections of the palaeochannel 
valleys hosting the calcretes, is considered to be unsuitable for stygofauna and tro-
glofauna, because of high salinity (Humphreys et al. 2009), lack of suitable voids 
and spaces or otherwise inhospitable habitat for a variety of reasons. A series of 
papers by Tomislav Karanovic on the copepods of the Yeelirrie calcrete illustrate the 
extreme levels of geographic replacement and local endemism that may occur, with 
some species appearing to have linear ranges of <5  km (Karanovic and Cooper 
2011, 2012; Karanovic et al. 2015).

Another apparent generalisation is that mineralised and weathered iron ore for-
mations provide rich troglofaunal habitat. The occurrence of rich troglofauna com-
munities in iron ore ranges in Australia is analogous to the occurrence of troglofauna 
in iron ore mining areas of Brazil (Silva et al. 2011), although in Brazil the animals 
have mostly been collected from caves, rather than from microcaverns across the 
iron ore deposit (Fig. 2). While iron ore formations are used extensively by troglo-
fauna, the factors affecting the extent to which different types of deposits are used 
are still being studied and, for example, the reasons why banded iron formations in 
the Pilbara support greater numbers of troglofauna species than banded iron forma-
tions in the Yilgarn are not understood. Pilbara communities are more complex in 
structure and, as already mentioned, support groups such as schizomids and cock-
roaches that are absent from the Yilgarn.
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In terms of species ranges, the microcaverns comprising most of the spaces in 
vuggy banded iron and other rock formations are unlikely to provide many path-
ways for long-distance lateral dispersal (Fig. 2). Therefore, the troglobitic species 
found in rock habitats would be expected to have smaller ranges than species inhab-
iting various types of detritals (scree and alluvium/colluvium) where the potential 
for dispersal through the matrix is likely greater. Despite this, based on current 
understanding of the habitats occupied by species, the ranges of troglofauna species 
in the Pilbara are not strongly determined by the type of geology in which the spe-
cies occur (Table 3). Probably the most important factor is whether species are tro-
glophilic and have a surface dispersal phase (rather than the lateral below-ground 
dispersal of troglobites), but intrinsic biological differences among groups may also 
affect ranges.

The finding that stygofaunal syncarids in alluvial aquifers in New South Wales 
display some genetic structuring over distances of 50 m in an apparently homoge-
neous alluvial aquifer (Asmhyr et al. 2013) highlights that lateral movement through 
the substrate by subterranean species is limited in many habitats. Furthermore, it 
may be vertically constrained by the physical structure of the substrate or its chem-
istry (Hose et al. 2017). With the limited information about subterranean habitats 
that is available from the surface (albeit often augmented with data from drill holes), 
it is usually difficult to determine whether species ranges are constrained by subtle 
habitat variation acting as barriers to reduce movement (Guzik et al. 2009; Trontelj 
et al. 2009) or innate life-history characteristics. This latter phenomenon is widely 
recognised in trapdoor spiders (Bond et al. 2001; Cooper et al. 2011) and, given the 
considerable variation in species’ ranges between different taxonomic groups, may 
also be important in subterranean fauna.

�Conservation Challenges

There are three issues that make it challenging to put together an appropriate pro-
gram for the conservation of subterranean fauna in the Australian arid zone. These 
issues apply in other regions as well. The first issue is that the small ranges of sub-
terranean fauna species make them particularly vulnerable to even single develop-
ment projects where subterranean habitat is removed. The second issue is the limited 
information about the ecology and distribution of subterranean species across the 
arid zone as a whole. There has been only one regional survey to identify the local 
areas of high species richness (Halse et al. 2014), as well as to identify the extent to 
which different geologies are used by subterranean species. The third issue is per-
haps the biggest challenge. It is the low level of awareness of subterranean fauna 
among policymakers and the public at large. There is no impetus to protect species 
that people know little about and which have poorly documented ecological roles.
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�Species Ranges in Relation to Project Impacts

Large mining operations may have open mine pits that extend 20 km or more, with 
annual dewatering requirements of up to 150 gigalitres and substantially larger 
areas of drawdown than the mine pits themselves (e.g. EPA 2015). In some cases, 
the pits may be hundreds of metres deep (e.g. EPA 2002). There may also be require-
ments for mine processing water or, where dewatering produces more water than 
can be used, the excess may be reinjected below ground. Irrigation projects in the 
arid zone are another potential user of large amounts of groundwater. All of these 
developments may pose a conservation threat to subterranean species. Given that 
many troglofauna and stygofauna species, respectively, have linear ranges of 1–2 km 
and <  30  km (and sometimes <5  km), such developments have the potential to 
threaten significant numbers of species through direct loss of habitat. There is also 
potential for reduction in stygofauna populations, and perhaps even extinction of 
species under some circumstances, as a result of changes in water chemistry associ-
ated with mining and irrigation. Potential changes include increased salinity, 
reduced carbon and nutrient inputs as a result of mining and increased nutrient loads 
as a result of irrigated agriculture (Hancock et al. 2005; Humphreys 2009; Nevill 
et al. 2010).

�Documenting Distributions and Managing Threats

While assessments of the potential impacts of development on subterranean fauna 
usually focus on threats to species, another important conservation value to consider 
is the overall richness and biological uniqueness of the subterranean fauna assem-
blage in a development area. Regional surveys provide a framework of information 
that enables the relative value of assemblages to be assessed, as well as enabling 
prediction of the likely values of an area in advance of survey.

Regional surveys also help provide information on the distributional characteris-
tics of species of different taxonomic groups, sometimes enabling a species’ range 
to be predicted from that of related species. This type of information will be refined 
over time as more ecological and life-history studies of species are undertaken. The 
other important aspect of distributions, particularly from the viewpoint of predicting 
and managing impact, is the vertical occurrence of species. This may largely be 
controlled by the geological preferences of the species or, in the case of stygofauna, 
their salinity tolerance. Current sampling methods provide relatively unreliable 
information about the depths at which animals occur, although use of packers and 
other new techniques would improve the quality of information obtained when sam-
pling (Sorensen et al. 2013).

In many situations, the threat to species is likely to be partial, whereby a consid-
erable amount (but not all) of habitat is lost or the quality of the habitat is affected 
by development. If the biology of the species is well understood, then its likely 
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impacts can be reduced or mitigated through management actions. One scenario 
where better information may allow mining to proceed without threat to species is 
where the vertical distribution of suitable habitat for a subterranean species can be 
shown to extend deeper than the mine pit or the extent of groundwater drawdown. 
However, sometimes the process of mining, groundwater abstraction or reinjection 
will alter conditions in the deeper ‘refuge’, rendering it unsuitable for the species. 
Sound ecological understanding is critical to decision-making in such situations.

�Awareness of Subterranean Fauna

Of the government agencies in Australia, the Western Australian Environmental 
Protection Authority has responded most strongly to the threats to subterranean 
fauna, with stygofauna featuring in assessments in the arid zone as early as 1997 
(EPA 1997, 1998) and troglofauna in 2006 (EPA 2006, 2007). This is largely a 
reflection of the richness of subterranean fauna on the Western Shield and the large 
amount of mining that occurs in Western Australia.

A series of guidelines on subterranean fauna assessment has been released in 
Western Australia, with the most recent describing the principles of assessment 
(EPA 2016b). Elsewhere in Australia, the Queensland Government released a sub-
terranean fauna assessment guideline in 2014, while South Australia released a dis-
cussion document in 2015 (Goonan et  al. 2015). Subterranean fauna have been 
identified as an issue requiring assessment in many development projects in New 
South Wales (e.g. Eco Logical 2015), but the framework for assessment is less for-
mal than in Western Australia and Queensland.

Maintaining or increasing agencies’ interest in the conservation of subterranean 
fauna would be assisted by clearer demonstration of the ecological services pro-
vided by these animals. There has been greater effort in this regard for stygofauna 
(e.g. Danielopol et al. 2003; Steube et al. 2009; Griebler and Avramov 2015) than 
for troglofauna, where the focus has been more taxonomic and biogeographic. 
However, troglofauna are likely to provide similar ecological services to those pro-
vided by soil fauna (e.g. Lavelle et al. 2006), albeit at greater depth. Plant roots, 
especially of trees, extend much deeper than the zones occupied by soil fauna and 
probably often rely on subterranean fauna to maintain a suitable environment.

�Concluding Remarks

In summary, the arid zone of Western Australia contains very significant stygofau-
nal and troglofaunal biodiversity at the global scale. Largely because the animals 
are mostly tiny, and live underground, they have usually been overlooked in conser-
vation planning, and their scientific importance has frequently been underestimated 
compared with surface plants and animals. While the large, iconic Karijini National 
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Park in the Pilbara is probably uniquely rich in troglofauna, there is no information 
whatsoever about the species within it.

The historical lack of interest in subterranean fauna is currently being redressed 
to some extent by research funding agencies, with many interesting research results 
emerging. In terms of management, both stygofauna and troglofauna provide taxo-
nomic challenges when determining what comprises a species. Legislation for pro-
tecting fauna uses species as the operational unit, which means taxonomy will 
continue to be an important component of subterranean fauna research. New genetic 
techniques, such as environmental DNA, may assist in documenting the distributions 
of rare or ‘difficult to collect’ species, while more intensive studies of individual 
species and how particular microhabitats are used by subterranean fauna will pro-
vide the basis for informed management of subterranean fauna and for mitigation of 
threats to them. It is also important that research and reviews focus on providing 
more information about the environmental services provided by subterranean fauna 
and the sensitivity of these services to the loss of different types of species.
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