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The Great Artesian Basin of Australia represents one of the largest and deepest
basins of freshwater on Earth. Thousands of springs fed by the Basin are
scattered across Australia’s arid zone, often representing the sole sources of
freshwater for thousands of kilometers. As “islands” in the desert, the springs
support endemic fauna and flora that have undergone millions of years of
evolution in almost total isolation. Here, we review the current body of
knowledge surrounding Great Artesian Basin springs and their significance
from ecological, evolutionary, and cultural perspectives using South
Australian spring wetlands as a case study. We begin by identifying the status
of these springs as critical sources of groundwater, the unique biodiversity they
support, and their cultural significance to the Arabana people as Traditional
Custodians of the land. We then summarize known threats to the springs and
their biota, both exogenous and endogenous, and the potential impacts of such
processes. Finally, considering the status of these at-risk habitats as time
capsules of biodiversity, we discuss lessons that can be learnt from current
conservation and management practices in South Australia. We propose key
recommendations for improved biodiversity assessment and monitoring of
Great Artesian Basin springs nationwide, including 1) enhanced legal
protections for spring biota; 2) increased taxonomic funding and capacity; 3)
improved biodiversity monitoring methods, and 4) opportunities for reciprocal
knowledge-sharing with Aboriginal peoples when conducting biodiversity
research.
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1 Introduction

The Great Artesian Basin (GAB) is an expansive aquifer
spanning an area of 1.7 million km” in arid and semi-arid
regions of Australia. In addition to representing one of the
world’s largest sources of groundwater the GAB feeds around
6,300 individual springs, approximately 80% of which occur in
South Australia (SA) (National Parks South Australia, 2017)
with the remainder in Queensland and New South Wales.
GAB springs, also called mound springs in certain states
(Fensham et al., 2010), are often the only permanent bodies of
freshwater for thousands of kilometers in the arid interior of
the country. Springs have persisted for upwards of 1 million
years at certain sites (Love et al, 1993) and represent
immeasurable value from both biodiversity and cultural
perspectives  (e.g. the
Biodiversity Conservation Act 1999, hereafter EPBC Act;
Dodd v State of South Australia [2012] FCA 519; Malone v
State of Queensland [2019] FCA 2115),
extraordinary numbers of endemic species not found
elsewhere on Earth (Murphy et al,, 2015a; CAPAD, 2016;
Rossini et al., 2018) and serving as the foci of ancient songlines

Environment  Protection and

supporting

vital to Aboriginal cultural identity (Nursey-Bray et al., 2020).

The GAB springs have been managed using traditional
practices by Aboriginal peoples for at least 5,000 vyears
(Florek, 1993). However, substantial modifications have been
made to these water sources since European colonization,
particularly via the sinking of bores, which have lowered
aquifer pressure and reduced emergent water from springs.
Contemporary threats to the springs include extraction of
water for industrial and pastoral practices, grazing and
trampling of wetlands by livestock, the presence of invasive
(or overabundant native) fauna and flora, disruption of
habitat by tourists, and climate change (Brake, 2020). All of
these processes have the potential to impact spring environments
in the long term. Indeed, changes have already been observed at
certain sites: these include declines and extinctions of fauna,
decreased water flow rate, and disturbance of spring sediment
(Mudd, 2000; Noack, 2003; Guzik et al., 2012). Unfortunately, the
exceptionally diverse GAB spring fauna and flora are not
adequately protected in the face of these threats under
existing federal Australian environmental legislation (Rossini,
2020), and many springs of high biodiversity and cultural value
sit outside of protected areas such as conservation parks (Rossini
et al., 2018; Habermehl, 2020a). The cultural heritage of GAB
springs have also not been appropriately respected or recognised,
either by government legislation or industrial stakeholders
(Parliament of Australia, 2021).

The GAB springs clearly require our renewed attention and
protection. However, the majority of existing conservation efforts
to ameliorate threats to GAB springs have primarily focused on
improving artesian pressure—and therefore the flow of emergent
water—and the fencing of wetlands, to varying degrees of success
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(Fatchen and Fatchen 1993; Fensham et al., 2019; GABCC 2019).
At the heart of these efforts is a national strategic management
plan that has facilitated the rehabilitation of over 700 bores
through a GAB-wide capping program (Great Artesian Basin
Coordinating Committee, 2019). The rehabilitation of bores has
led to increased water flow rates at certain springs (Fensham
et al.,, 2019), associated with healthier wetlands (Fensham and
Laffineur, 2022). However, approximately a third of bores still
flow uncontrollably and other remaining threats, such as
surface disturbances caused by livestock, have received
comparatively little attention to date (Brake, 2020). As a
result, an adaptive management plan was recently proposed
to ensure the future survival of GAB springs (Brake et al,,
2020). This integrated approach advocates for a range of
measures, including a stronger evidence base related to
spring the
monitoring of spring condition, and improved biodiversity

environmental  characteristics, ongoing
assessments. Nonetheless, major knowledge gaps mean that
our capacity to improve and implement biodiversity
assessment and monitoring is limited due to poor
understandings of GAB spring biodiversity in the first place.

A comprehensive biodiversity assessment of GAB springs is
critical because species reliant on such vulnerable habitats are at
risk of decline themselves. This absence of taxonomic reference
information has led to a paucity of biodiversity knowledge for the
GAB springs more broadly and is a well-recognized “taxonomic
of

underexplored environments (Ficetola et al, 2019). If the

impediment” to robust understandings similarly
biotic inventory of a habitat is poorly known, such an

impediment can render any spring bioassessment or
monitoring program lacking in ecological sensitivity. Extreme
vulnerabilities therefore exist for GAB spring endemic fauna in
the face of the above-mentioned habitat degradation, as the vast
majority cannot and have not been effectively assessed regarding
their extinction risk (Rossini et al., 2018; Rossini, 2020). Further,
without formal names and/or identification methods, these fauna
also cannot be effectively protected by environmental legislation
such as the EPBC Act, exacerbating their vulnerability.
Ultimately, one of the most fundamental issues facing
that

mechanism by which GAB spring biodiversity value can be

scientists, managers, and legislators is a unified
assessed and monitored does not currently exist.

Several robust reviews on GAB springs as “oases of life” have
been conducted from diverse angles in response to concerns
surrounding their survival. These have included retrospectives,
papers on legal mechanisms of protection, the cultural
of the

biogeography and biodiversity of ecological communities

significance springs, spring hydrogeology, and
dependent on springs (Nursey-Bray and Arabana Aboriginal
Corporation, 2015a; Nursey-Bray and Arabana Aboriginal
Corporation, 2015b; Rossini et al., 2018; Habermehl, 2020a;
2020b; Harris, 2020; Kerezsy, 2020; Moggridge, 2020; Nursey-

Bray et al., 2020; Pointon and Rossini, 2020; Rossini, 2020). Clear
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issues and gaps in knowledge have been identified, primarily in

relation to management directives, awareness, and
conservation of the system as a whole or endemic species
therein. However, most reviews on spring biodiversity have
primarily concentrated on Queensland wetlands, in stark
contrast to the fact that approximately 80% of GAB springs
are found in South Australia (Rossinietal., 2017, 2018, 2020;
Pointon and Rossini, 2020). The ecological communities
reliant on GAB springs in South Australia are some of the
best-characterized in the system from a taxonomic and
genetic standpoint. However, even in these springs true
measures of diversity of fauna and flora are no doubt
vastly underestimated due to the widespread presence of
undescribed species that cannot be distinguished from one
another morphologically (i.e., cryptic species) (Murphy
et al., 2009; 2015b; Guzik et al., 2012; Guzik and Murphy,
2013). Advancements towards better understandings of
these biota offer a roadmap ahead for characterizing and
conserving the biodiversity of springs in other states. In
South Australia, much of the GAB spring fauna consists
of invertebrates that are ultra-short-range endemics
(i.e., with distributions <100 km?) (Guzik et al., 2019) and
at risk of decline, though the majority remain undescribed
and lack formal names. Springs in Queensland are similarly
ecologically diverse, but almost no genetic or taxonomic
research has been conducted on that fauna to examine the
presence of cryptic or undescribed species (Rossini 2020). To
our knowledge no such work has been conducted on the New
South Wales springs.

addition

biodiversity standpoint, a substantial body of knowledge

In to being well-characterized from a
exists regarding the Aboriginal significance of South
Australian GAB springs. The involvement of Aboriginal
peoples in natural resource management, including the
GAB has
systematic level in Australia (Parliament of Australia,

springs, been intentionally limited on a
2021; Samuel, 2021). However, this status quo is slowly
changing. In the case of the GAB springs, Aboriginal
names and stories associated with springs have been
collated on a fine geographic scale (Hercus and Sutton,

1985)—of note as many Australian Aboriginal languages

are threatened with extinction (McConvell and
Thieberger, 2001)—and the potential and realized cultural
impacts of spring loss have been documented in

collaboration with Traditional Custodians (Nursey-Bray
et al., 2020). Frameworks have also been proposed for the
co-management of GAB springs that utilize Aboriginal
knowledge alongside Western scientific understandings
(Nursey-Bray and Arabana Aboriginal Corporation, 2015a,
2015b). As such, South Australian GAB springs provide an
opportunity to amplify Aboriginal voices and develop
understandings of spring biodiversity in partnership with
Aboriginal knowledge.
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FIGURE 1

A Great Artesian Basin-fed spring vent (foreground) in the
Elizabeth North spring group (Kati Thanda—Lake Eyre supergroup),
South Australia with a distinctive distal "tail” (background) formed
by the overflow of groundwater. Tails support wetlands that
house endemic fauna and flora and act as refuges for migratory
species such as waterbirds. Photo credit Rachael King.

Compared to other springs fed by the GAB nationwide,
those found in South Australia are some of the best-studied
from biodiversity and taxonomic standpoints. This is
particularly the case for cryptic species, which to our
knowledge have not been characterized in other states
and hint at a much more diverse biota than is currently
known. With this in mind, we believe South Australian GAB
springs the
development of a roadmap ahead to conserve and
GAB-
wide. In the current review, we use South Australian GAB

represent an underutilized resource for
characterize groundwater-dependent ecosystems

(hereafter SA GAB) springs as a case study to propose future
directions for GAB spring biota within the state and beyond.
We begin by providing an overview of the biodiversity of the
SA GAB springs and their cultural significance. We then
discuss current threats to SA springs, the potential impacts
of such threats, and lessons that can be applied to the GAB as
a broader system, particularly with respect to biodiversity
and taxonomic research. In doing so,

we provide

recommendations to facilitate future research on

groundwater-dependent ecosystems supported by the
GAB by proposing: 1) enhanced legal protections of GAB
spring taxa under federal environmental legislation; 2)
increased taxonomic funding and capacity to ensure
of these

mechanisms for effective monitoring of such taxa using

members communities are named; 3)
novel, less invasive technologies compared to traditional
surveys; and finally 4) opportunities for collaboration with
Aboriginal peoples to inform spring management and

biodiversity research.
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FIGURE 2

View of vegetation in the Jersey spring group (Kati Thanda—Lake Eyre supergroup) dominated by bore-drain sedge (Cyperus laevigatus). Photo

credit Rachael King.

2 SA GAB spring terminology

Great Artesian Basin-fed springs can either be generally

categorized as recharge springs, which form due to
overspilling of groundwater at recharge points, or discharge
springs, which form at geological faults (Fensham and Fairfax,
2003). Springs fed by the GAB in South Australia are
predominantly the latter and, being at the extreme westerly
margin of the GAB, are reliant on water which has traveled
thousands of kilometers through aquifers from the western slopes
of the Great Dividing Range in eastern Australia. South
Australian GAB springs are generally grouped together using
a hierarchical framework established in the 1980s (Ponder, 1986)
and standardized relatively recently by the Allocating Water and
Maintaining Springs in the Great Artesian Basin (AWMSGAB)
project (Lewis et al., 2013). Discrete discharge points of water
from the GAB, also called vents, are the smallest unit used when
referring to springs from a policy standpoint and are joined
together by permanent wetland vegetation to form springs. In
some cases, springs are represented by a single vent. Tails are the
distal ends of wetlands that flow away from vents (see Figure 1).
Springs are clustered together to form spring groups, which
themselves form spring complexes. Supergroups represent the
broadest geographic classification of GAB springs. Figure 2.
The

hydrogeological factors: spring groups and complexes cluster

above hierarchical classification also considers
spring units together that broadly share water chemistry,
geomorphology, or source water from the same fault or
structure (Fatchen and Fatchen, 1993). For consistency we
here employ the spring hierarchy and naming conventions of
the AWMSGAB project. However, other classification systems or
clustering definitions have been used historically (Habermehl,

1982; Zeidler and Ponder, 1989; Kinhill Engineers, 1997;
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Fensham and Fairfax, 2003), and may also differ when
referring to discharge points of the GAB in other Australian
states (Fensham and Price, 2004; Rossini et al., 2018). Three
spring supergroups exist in South Australia: Dalhousie, Lake
Eyre, and Lake Frome (Figure 3). We note that since 2012, the salt
lake basin Lake Eyre has been officially known by the dual name
Kati Thanda-Lake Eyre in acknowledgement of the traditional
lands of the Arabana people (detailed below). We will therefore
refer to that supergroup as Kati Thanda-Lake Eyre. Per the
naming system of Lewis et al. (2013), the three South Australian
supergroups contain 22 spring complexes, which themselves
encompass 169 individual spring groups. Prior to the above-
mentioned standardization, other complexes or groups were
infrequently recognized in the literature but have since been
subsumed within other sites: for example, the Mount Hopeless
complex in the Lake Frome supergroup is now split into the
Petermorra, Reedy, and Lake Blanche complexes (Social and
Ecological Assessment Pty Ltd, 1986).

3 Biodiversity

The SA GAB springs are a critical source of freshwater in an
otherwise arid landscape for a diverse biota including
invertebrates, birds, mammals, fishes and a wide range of
unique wetland vegetation. Springs also support a large
number of species representing short-range endemics, with
some restricted to single spring groups (Murphy et al., 2015a;
Guzik et al., 2019). A preliminary checklist of species endemic to
the GAB springs Australia-wide has shown a large number of
putatively undescribed species exist in springs (Rossini et al.,
2018), but the South Australian fauna and flora (both endemic
and non-endemic) remain to be systematically collated and
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FIGURE 3

Location and naming of the three Great Artesian Basin (GAB) spring supergroups in South Australia following Lewis et al. (2013): (A) Dalhousie,
(B) Kati Thanda-Lake Eyre, (C) Lake Frome. The approximate extent of the GAB is indicated top-left. Spring complexes (coloured circles) contain
spring groups (points). The Maree complex is also referred to as Marree under certain classifications.

standardized. Here, we outline the current body of knowledge
regarding SA GAB taxa (summarized in Figure 4) including their
conservation and taxonomic status. A more detailed description
of taxonomic groups mentioned here are provided in the
Supplementary Material.

South Australian GAB-fed springs can be viewed as
“museums of biodiversity, preserving lineages that would have
otherwise gone extinct” (Murphy et al., 2015a). Research over the
last 15 years has demonstrated that fauna endemic to the springs
have undergone millions of years of evolution in almost complete
isolation, reflected in an extraordinary genetic diversity and
degree of local endemism, adaptation, and mutational change
(Murphy et al., 2009, 2012, 2013, 2015a; Guzik et al., 2012, 2019;
DeBoo et al., 2019). Due to the extent of this endemism, it is also
likely that in the event of local extinction, particular sites might
represent complete species extinctions in certain cases. There are
currently nine described endemic animal taxa of formal
in the SA GAB. Three fish, the
Dalhousie  goby  (Chlamydogobius  gloveri), hardyhead
(Craterocephalus  dalhousiensis), and gudgeon (Mogurnda
thermophila) are critically endangered and restricted to the

conservation concern

Dalhousie spring supergroup/complex (Hammer et al, 2019;
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Unmack et al.,, 2019; Whiterod et al,, 2019). Six snail taxa in
the genera Trochidrobia and Fonscochlea, which may represent
many additional species based on molecular data (Ponder et al,
1995; Rossini et al., 2018), are either endangered or vulnerable
(Ponder, 1996a, 1996b, 1996¢; Mollusc Specialist Group, 1996;
Ponder et al, 1996; Clark, 2011). However, no insect or
crustacean in the SA GAB, the system’s two most speciose
groups containing endemics, has been evaluated on a per-
taxon basis to determine if it is at risk of decline, either at an
Australian federal legislative or global level (e.g. the EPBC Act or
The International Union for Conservation of Nature’s Red List of
Threatened Species). It is likely that many other species
associated with GAB springs are also at risk of decline in SA
but have not been formally investigated in this context.

In addition to the described species presently recognised as
endemic to the SA GAB springs, a significant number of
undescribed species have been identified from molecular
studies (Murphy et al., 2009; 2015b; Guzik et al., 2012; Guzik
and Murphy, 2013) However, three major limiting factors
impede our ability to quickly and effectively describe species
from GAB springs. Firstly, the rigors of formal taxonomic work
and a global lack of taxonomic expertise mean the description of

frontiersin.org
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FIGURE 4

Broad taxonomic groups known to occur in the SA GAB

springs. Taxon numbers are listed for each group; divergent
genetic lineages or morphological forms explicitly stated as
putatively undescribed species in the literature are included

as separate taxa following Rossini et al. (2018). A full summary of
the taxa detailed here is supplied in the electronic supplementary
material. Here, algae refer to a paraphyletic grouping including
both micro-algae and filamentous algae (see text). *Group is not
known to contain representatives endemic to SA GAB springs.

species often occurs decades after their discovery. For example,
32 putative species from SA GAB springs need formal taxonomic
descriptions at the time of writing; almost all are divergent
lineages of isopods and molluscs discovered using molecular
data (Rossini et al., 2018) though this list also includes beetles
(DeBoo et al., 2019), sedges (Department of Climate Change,
Energy, the Environment and Water, 2022a), and microalgae
(Ling et al,, 1989). All but two of these taxa are not known to
occur outside of SA GAB springs. Secondly, a large number of
putatively undescribed endemics are morphologically cryptic and
can only be discriminated using robust DNA sequence data
rather than morphological characters (Fiser et al, 2018), as
demonstrated by the Wangiannachiltonia guzikae King, 2009
cryptic species complex (Murphy et al., 2015b). Finally, microbial
biodiversity of springs is likely to be high but remains poorly
characterized for the SA GAB (Love et al.,, 1993; Andrews and
Patel, 1996; Byers et al., 1998; Kimura et al., 2005; Ogg and Patel,
2009).

Understandings of determinants of GAB spring species
distributions and their biogeography are limited. A publicly
available database cataloging environmental attributes of GAB
springs only exists for such habitats in Queensland (http://data.
qld.gov.au/dataset/springs). The lack of a system-wide dataset
currently represents a major impediment to our knowledge of
these ecosystems. Broad environmental factors (e.g., spring vent
morphology, mean annual rainfall) have been explored as
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determinants of species distributions of GAB springs in the past
(Rossini et al., 2018), but no strong relationship was found when
examining supergroups across the GAB as a whole. At the smaller
scale of spring complexes, distributions of endemic snails are
correlated with sections of wetlands they occupy (Rossini et al,
2017), and wetland size is associated with invertebrate taxonomic
richness (Negus and Blessing, 2022).

4 Cultural significance

There are two groups of peoples indigenous to Australia: Torres
Strait Islanders from the Torres Strait Islands north of Cape York in
Queensland and Aboriginal peoples from all other parts of
Australia. Collectively, these groups may be referred to as
Aboriginal and Torres Strait Islander peoples. The alternate
term Indigenous peoples is sometimes discouraged in an
Australian context as it is seen as generalizing the two groups
(Australian Institute of Aboriginal and Torres Strait Islander
Studies, 2020), though it may be used as a broader term to refer
to First Nations peoples worldwide (e.g., Bennett, 2022). Traditional
Custodians refer to descendants of the group of Aboriginal and
Torres Strait Islander peoples that occupied a region prior to
European colonization. Country is a mass noun used by
Aboriginal and Torres Strait Islander peoples to describe their
traditional land and seas and their relationship with them.
Dreaming(s) refer to unique stories and beliefs, such as world-
creation narratives or personal totemic symbols, held by different
Aboriginal and Torres Strait Islander groups. All of the above terms
are capitalized by convention. Here, we will use Aboriginal and
Torres Strait Islander peoples when referring to First Nations
peoples of all of Australia, Aboriginal peoples when referring to
First Nations peoples to the exclusion of the Torres Strait, and
Indigenous when referring to First Nations peoples in a global
context. Where possible, in this review we will use Aboriginal names
of springs, as contributed by Arabana, Kuyani, Southern Aranda,
Wangkangurru, and Yarluyandi people throughout South Australia
(Hercus and Sutton, 1985), alongside English names.

The Arabana people are the Traditional Custodians of much of
the area containing the SA GAB springs and, alongside the South
Australian Government Department for Environment and Water,
co-manage almost 69,000 km” of land spanning from Maree in the
southeast, Oodnadatta in the west, Kati Thanda-Lake Eyre
(including the Wabma Kadarbu Mound Springs Conservation
Park) and the boundary of the Macumba River in the north
(Nursey-Bray and Arabana Aboriginal Corporation, 2015b). A
Native Title Determination Application was filed by the Arabana
people in 1998 and they were officially recognised as Traditional
Custodians of their Country at Finniss Springs in 2012. Here, we will
focus on the Arabana people as the Traditional Custodians of the
bulk of the SA GAB springs but acknowledge the Dieri people are
native title holders of Country encompassing a portion of the Maree
spring complex (National Native Title Tribunal, 2022) and that the

frontiersin.org
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SA GAB springs are also an important water resource to the
Antakarinja, Dhirari, Karangura, Kokatha, Kuyani, Lower
Southern Arrernte, Ngamini, Pirlatapa, Southern Aranda,
Thirrari, Wangkangurru, and Yandruwandha peoples (Hercus
and Sutton, 1985; Brake et al., 2020). Certain Aboriginal groups
not holding native title should not be interpreted as that group
lacking strong cultural connections to GAB springs, nor the Country
encompassing them.

The Arabana people have deep and ongoing cultural
connections to the SA GAB springs. Springs are the only
permanent source of freshwater for thousands of kilometers in
the arid South Australian interior and the Arabana have relied on
them for water, food, and other resources, such as reeds to weave
baskets and nets, for generations (National Parks South
Australia, 2017). The springs, which Arabana people describe
as “like a living pulse that provides life for everything”, are also a
central theme in Dreaming stories that have been exchanged for
thousands of years to facilitate trade and extend cultural ties
(National Parks South Australia, 2017). Individual spring groups
usually have their own names and unique Dreaming stories
(Hercus and Sutton, 1985; Nursey-Bray and Arabana
Aboriginal Corporation, 2015b). Springs are visited and used
for cultural activities such as knowledge sharing, which includes
the expression of collective memory and the transmission of
culturally sensitive or privileged knowledge (Nursey-Bray and
2015b).
archaeological evidence suggests widespread use of the SA

Arabana  Aboriginal ~ Corporation, Western
GAB springs as places central to social and ancestral identity
by Arabana people began upwards of 5,000 years before present.
Prior to European colonization, the Arabana people managed
threats to the SA GAB springs with burning and excavation
practices to ensure access to water (Davies, 2005; Lewis and
Packer, 2020). This management continued until the mid-19th
century, when many springs were appropriated by pastoralists
and for the laying of railway lines (Hughes and Lampert, 1985;
Harris, 1992; Florek, 1993). Today, this degradation has
continued through the removal of water from aquifers for
mining and pastoral purposes by the sinking of bores,
decreasing the pressure of emergent water from vents and
therefore the volume of water in springs (known as
drawdown). Drawdown is a key concern for the Arabana with
respect to the conservation of SA GAB springs (Nursey-Bray
etal., 2020) and one of the major threats to the system we identify
in this review.

5 Threats to SA GAB springs
5.1 Water use by industry
Contemporary use of SA GAB springs is not as intensive as in

the past with respect to the volume of extracted water, but it is
still a major threat to springs due to pastoral, agricultural, and
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mining practices. Intensive extraction of water via bores by
pastoralists for livestock and irrigation represents a significant
source of drawdown for the SA GAB springs. At present, the
volume of stock-accessible water across the GAB is not formally
metered and generally estimated based on regional
characteristics such as stocking rates. In South Australia,
approximately 10 megaliters (ML) of water per annum is
allocated to stock access (Frontier Economics, 2016), but due
to a lack of regulation the real volume may be much higher than
estimated and/or reported. Notably, a significant proportion of
water extracted for pastoralism has historically been wasted: in
the mid-1990s, up to 80% or more was left to evaporate, in part
due to the uncontrolled flow of high-yield bores (Hillier, 1996);
many on pastoral land have now been capped, substantially
curtailing water wastage. Water is also extracted from the
GAB for agriculture and irrigation. In South Australia,
approximately 115 ML of water is thought to be extracted
from the GAB for irrigation, which far exceeds the license
volumes of up to ~76 ML/year in other states (Frontier
Economics, 2016).

The largest known user of water extracted from the GAB in
South Australia is the mining industry, representing
approximately 24,200 ML a year (Frontier Economics, 2016).
Compared to pastoral impacts, mining-associated water
extraction in the southern GAB, whilst substantial, is currently
strictly licensed with allocations to individual mining companies.
However, these allocations do not necessarily account for
possible future expansions of mines and still have the
potential to substantially reduce spring flow and pressure in
local aquifers, especially around extraction wellfields. For
example, the Olympic Dam mine managed by BHP is the
largest mine in the state and, accordingly, the largest single
user of SA GAB water (Frontier Economics, 2016). In springs
outside of the company’s two primary borefields, BHP predicted
spring flow declines of up to 20% due to drawdown and observed
actual declines of up to 10% between 2016 and 2018 (BHP, 2018).
While increases in flow rate in those same springs have occurred
since (BHP, 2021), it is also important to note that pastoral bores
tend to be spread diffusely across the landscape and are of low
water yield.

A relatively new industry to South Australia is the extraction
of coal seam gas (CSG) (Cosens, 2015). CSG is currently much
more prevalent in other Australian states and territories and uses
large amounts of groundwater for the life of such projects; as of
2016 in Queensland, for instance, annual estimated GAB water
use for CSG was almost double that of irrigation and agriculture
(de Rijke et al., 2016; Frontier Economics, 2016). Use of GAB
water in South Australia by such operations may increase in
coming years to facilitate the extraction of natural gas from the
underlying geological Cooper Basin (Menpes and Hill, 2012).
Whilst there is an extraction component to CSG processes which
may impact flow rates of SA GAB springs, an additional issue is
the reinjection of water into GAB aquifers via surface bores
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(Moran and Vink, 2010). Re-injection aims to replace water
extracted for CSG, thereby mitigating aquifer drawdown and
avoiding decreases in artesian pressure. However, it is unknown
whether re-injected water would reach discharge points at spring
vents and if so, how this might impact GAB spring faunal
More field data the
hydrological processes of GAB springs, as well as long-term

communities. robust related to
monitoring programs of fauna and flora within these habitats,
is needed to better understand potential cumulative impacts on
groundwater resources by CSG developments (Williams et al.,
2012). The extraction of CSG has been identified as an “emerging
challenge” for GAB preservation nationwide (Great Artesian

Basin Coordinating Committee, 2019).

5.2 Invasive or overabundant species

Overabundant native and introduced species form a
significant threat to the SA GAB springs. This is chiefly due
to the fact that most springs fall outside of areas that are protected
from stock and pest animals, e.g., national/conservation parks (in
which grazing is prevented), fenced areas on pastoral lease land,
or areas that have been de-stocked (Rossini et al., 2018; Harris,
2020; Lewis and Harris, 2020). Stock and large-bodied feral
animals including cattle, donkeys, goats, pigs, and camels can
graze on or trample tail vegetation and disturb spring substrate,
causing clogging of spring vents and impacting natural spring
flows. Large vertebrates are also known to impact water quality in
arid zone freshwater bodies more directly through the input of
dung, which can lead to water fouling and negatively impact
20105
McBurnie et al,, 2015). The above impacts may have already

macroinvertebrate communities (Brim-Box et al,
led to local extinctions of spring fauna and flora such as fish
(Kodric-Brown et al., 2007), spiders (Kovac and Mackay, 2009),
and salt pipewort (Fatchen and Fatchen, 1993; Davies, 2005) at a
number of sites. To reduce the negative effects of trampling on
wetland communities, it is possible to fence springs such that
stock and other herbivores are excluded (Dobkin et al., 1998;
Yates et al.,, 2000). Depending on the method of fencing used,
species diversity in GAB spring wetlands has substantial capacity
for recovery following the removal of disturbance pressures from
invasives (Lewis, 2001; Gotch et al., 2016; Peck, 2020).
the

mosquitofish Gambusia holbrooki is also likely to pose a
significant risk to the fauna of the SA GAB springs. The

impact of mosquitofish incursion has not been robustly

In addition to terrestrial vertebrates, invasive

assessed in South Australia, though it is currently known in
four spring complexes within the Kati Thanda-Lake Eyre
(Gotch et 2016; 2018).
Mosquitofish has also been implicated in the demise of

supergroup al, Rossini et al.,
Australia’s most endangered freshwater fish, the red-finned
blue-eye, from Queensland GAB springs (Kerezsy, 2015). In

that state, the red-finned blue-eye has been translocated to
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springs without mosquitofish to avoid further extirpations and
fencing has been employed to prevent subsequent overland
2015).
Mosquitofish are known to prey on several of the invertebrate

dispersals of mosquitofish after rain (Kerezsy,
groups represented as endemics in the SA GAB springs—for
example, hydrobiid snails and crustaceans—and their aggressive
behavior towards other fish may negatively impact endemics like
the desert goby (Chlamydogobius eremius) in much the same way
Queensland species have been affected (Gotch et al., 2016).

Although fencing protects springs from damage caused by
stock and other invasives, it is not without its drawbacks. For
example, fences can cause more damage to sites than if a wetland
was not fenced at all if invasives are unable to escape those areas
and become trapped (Negus et al., 2019). The long-term effects of
stock removal on wetland vegetation communities within arid
regions via fencing are also poorly understood (Lewis and Packer,
2020) and a reduction in grazing pressure can lead to undesirable
expansion of plant species such as the native Phragmites reed and
the invasive date palm (Fatchen, 2001). These species can cause
significant change to spring habitats by outcompeting other flora
and limiting available habitat for aquatic species. In extreme
cases, Phragmites can effectively suck springs dry by greatly
increasing evapotranspiration and/or forming mats of rotting
stems that soak up water and risk blocking vents (Fatchen, 2000;
Harris and Lewis, 2006; Munro et al., 2009; Witjira National Park
Co-management Board et al., 2018). Phragmites overgrowth can
also push certain GAB spring fauna to the margin of wetlands,
exposing them to increased grazing pressures (Gotch et al., 2016).
Whether species such as Phragmites have always played such a
large role in SA GAB spring ecosystems is unclear. However, oral
histories and archaeological evidence suggest Aboriginal peoples
controlled Phragmites growth with traditional burning regimes
(Hercus and Sutton, 1985; Boyd, 1990; Boyd, 1994; Davies, 2005).
Following European colonization this shift, concurrent with the
introduction of invasive grazers and a reduction in water flow
due to drawdown, may have exacerbated the impacts of
overabundant plant species (Lewis and Packer, 2020). Local
managers consider a mixed management scheme of temporary
stock grazing valuable in maintaining spring flow and reducing
Phragmites populations (Lewis and Packer, 2020).

5.3 Climate change

Under all likely emissions scenarios, the Earth is expected to
experience a 3°C increase in mean global surface temperatures by
2,100 compared to pre-industrial levels (Allan et al, 2021;
Australian Academy of Science, 2021). Arid Australia is likely
to experience more frequent heatwaves, often of longer duration
compared to historical trends (Australian Academy of Science,
2021). Annual rainfall will decline while rare, major (1-in-20-
year) rainfall events will become more intense, potentially leading
to flooding (Australian Academy of Science, 2021). Southern arid
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zone rainfall patterns are also likely to shift from being
predominantly dominated by low-intensity winter events, to
higher-intensity events during the summer (Alexander and
Arblaster, 2009; Malerba et al, 2022). These changes have
high potential to negatively impact the biota of the SA GAB
springs. Indeed, some of the most widespread extinctions of local
plant and animal populations have been observed in freshwater
habitats as a result of extreme climate events (Portner et al.,
2022).

The climate of arid Australia is generally characterized by
long periods of dry conditions lasting months or years,
interspersed by unpredictable rainfall events caused by
tropical monsoon systems from the north and north-west of
the continent (Morton, 2022). In the SA arid zone, rainfall varies
greatly and ranges from 125 to 250 mm a year (Ponder, 1995).
Unfortunately, research on the impacts of climate change on the
Australian arid zone and its freshwater systems is lacking. Based
on early predictions, the southern portion of the GAB may
experience substantial drying while the northern basin will be
subject to higher intensity rainfall and recharge (Cosens, 2015).
As the GAB is recharged by rainfall from a wetter climatic zone in
the east of the continent, the volume and pressure of emergent
water in the SA springs is therefore not necessarily dependent on
local rainfall at short timescales (Davis et al., 2013). However, on
a long enough time scale decreasing annual rainfall in recharge
areas of the GAB could potentially lead to groundwater
extraction levels  exceeding  replenishment, lowering
groundwater levels and leading to a reduction in flow rate of
SA GAB springs (Welsh et al., 2012). The level of emergent
groundwater being decoupled from local rainfall in the short
term also does not mean that SA GAB spring biota will be
protected from other impacts of climate change, such as flooding
or rising surface temperatures.

The response of GAB spring endemic fauna to flooding is
complex. Historically, major flooding events of SA GAB springs
have occurred approximately once per decade (Ponder, 1986)
and resulted in greater temporary connectivity between springs.
However, these events can also lead to the extinction of
populations (particularly invertebrates) due to springs
essentially being flushed clean. Floods have been proposed as
a mechanism that encourages gene flow between otherwise
isolated GAB spring populations, but evidence for this is
mixed (Worthington Wilmer and Wilcox, 2007; Wilmer et al.,
2011). Dramatic population crashes have been observed in SA
GAB invertebrates post-flood, with populations requiring years
to recover (Wilmer et al,, 2011). Even so, genetic data from spring
invertebrates indicates a resilience to disturbance given the extent
of old and new genetic diversity in major phylogeographic groups
(Guzik et al,, 2012; Murphy et al.,, 2015a), suggesting a climatic
buffering of species over evolutionary time. Fishes fare better in
such precarious habitats during flooding events compared to
smaller animals like invertebrates (Larson, 1995) and it has been

proposed they move between GAB springs during these periods

Frontiers in Environmental Science

09

10.3389/fenvs.2022.1021987

(Kodric-Brown and Brown, 1993) albeit with subsequent
2007).
responsible for well-documented “boom and bust” cycles for

population declines (Fairfax et al, Flooding is
vertebrates in Australia’s arid zone (Kingsford et al, 1999;
Roshier et al, 2002), and as such is likely to also impact
species with strongholds outside of these regions that use SA
GAB wetlands to breed, such as waterbirds (Badman, 1985).

Higher local temperatures in Australia’s arid lands have the
potential to increase spring evaporative rates and water temperatures
to the detriment of spring-dependent ecosystems. Increases in
evapotranspiration stemming from higher ground temperatures,
for instance, may negatively impact springs (particularly those with
low flows) and the taxa they support by increasing salinity or drying
wetlands entirely (Ponder, 1986; Gotch et al, 2016). The impact of
changing temperatures on spring endemics and their life cycles is
poorly known and will depend on baseline temperatures in specific
spring groups. For most GAB springs, water temperatures are
generally stable close to spring vents (Ponder, 1986). Away from
the vent, spring water temperatures approach ambient temperatures
and can vary within a 24-h period and across seasons and geographic
locations (Smith, 1989; Keppel et al., 2011, 2012; Rossini et al., 2017).
In South Australia’s warmest springs, at the Dalhousie supergroup/
complex, temperatures can exceed 40°C due to warmer groundwater
from the Pedirka Basin partially contributing to spring flows
(Fensham et al, 2010; Wolaver et al, 2013; Gotch et al, 2016).
Hence, a more immediate threat to the high temperature-dependent
fauna at Dalhousie is in fact a reduction in water temperature posed by
drawdown from the Pedirka Basin through coal or mining
developments (Gotch et al, 2016). Taxa from the comparatively
milder Lake Eyre and Lake Frome supergroups (<30°C) may be
more negatively affected by the warming of spring water via increased
ambient temperatures (Ponder, 1986; Keppel et al., 2012).

5.4 Tourist and visitor activities

Inappropriate visitor activity has the potential to negatively
impact the GAB springs, especially at sites endorsed as tourist
destinations. Three key protected areas overlap with springs in
South Australia: Witjira National Park (the entire Dalhousie
Wabma Kadarbu
Conservation Park (a subset of the Coward complex, Kati

supergroup/complex), Mound  Springs
Thanda-Lake Eyre supergroup), and Kati Thanda-Lake Eyre
National Park (a subset of the Lake Eyre and Lake Eyre South
complexes, Kati Thanda-Lake Eyre supergroup). Of these three
groups, only springs in the Kati Thanda-Lake Eyre National Park
are not tourist destinations.

Swimming is permitted at the Main Pool spring of Dalhousie
in the Witjira National Park, which has led to the erosion of
substrate at spring banks (Noack, 2003) and caused concern for
Aboriginal peoples and conservationists (Ah Chee, 2002; Harris,
2020). Long-term impacts of these practices on GAB spring
chemistry or the disturbance of spring sediment remains
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unknown. Tourist activities are supported by a campground at
Dalhousie, which is thought to have released potentially
contaminated runoff into the springs and impacted resident
populations of spike-rush plants (Noack, 2003). The National
Park’s management plan does not acknowledge these threats
beyond noting that “swimming is [generally] not compatible with
maintaining healthy mound springs” and cites the Main Pool as
an exception due to its size and flow (Witjira National Park Co-
management Board, 2022).

Further south in the Wabma Kadarbu Mound Springs
Conservation Park, the above activities are forbidden, and the Park
is restricted to day-visitors. Nonetheless, springs such as Pirdali-nha
(The Bubbler) and Thirrka/Thirka (Blanche Cup) have boardwalks
installed to enable tourists to view active springs at a distance. Visitors
have the capacity to come into contact with spring water, compact soil
adjacent to springs as a result of foot traffic and degrade ecologically
significant wetland tails. These risks are explicitly listed as a threat to the
Conservation Park’s protection in its management plan (National
Parks South Australia, 2017) and World Heritage assessment (Morton
et al,, 1995). Overall, such behavior from visitors—either deliberate or
accidental—has the potential not only to degrade springs from an
ecological standpoint, but compromise sites of immense cultural

significance.

6 Discussion

Here, we have used the South Australian GAB springs as a case
study to illustrate the immense biodiversity and cultural value of
artesian springs in arid and semi-arid Australia. The threatening
processes detailed here pose similar risks to the remainder of GAB
springs across Queensland and New South Wales. The well-studied
nature of the South Australian GAB wetlands provides valuable
lessons applicable to GAB springs nationwide and may inform their
future study and custodianship. What might become of these
habitats if the above threats eventuate? In light of the current
state of SA GAB spring management, below we discuss potential,
and in some cases already realized, impacts of these threatening
processes and propose recommendations to aid the ongoing
monitoring and conservation of ecological communities within
GAB springs.

6.1 Impact of threats on GAB springs

6.1.1 Risk of extinction of endemic taxa

Arguably the most pressing environmental and conservation
impact of the threats above is the risk of extinction of GAB spring
endemic species. Most at risk are the endemic invertebrates,
which have some of the smallest distributions of GAB spring taxa
yet are not well-monitored or managed, and for which a
2020). This
deficiency is of particular concern due to the slow pace of

systematic data deficiency exists (Rossini,
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FIGURE 5

The isopod Phreatomerus latipes, a species endemic to the

SA GAB springs that might represent a localized, if not species-
wide, extinction as a result of the degradation of springs via threats
detailed in this review. Photo credit Rachael King.

invertebrate species discovery, the overlooking of invertebrates
in conservation legislation, and the fact that preliminary data
suggest invertebrates are proxies for GAB spring health (Lydeard
et al., 2004; Cardoso et al., 2011; Eisenhauer et al., 2019). All of
these factors have the strong potential to lead to invertebrate
species going extinct before they can be described and adequately
conserved. Indeed, in the SA GAB springs a localized extinction,
if not a probable species extinction, has already occurred
concerning the isopod Phreatomerus latipes from the Hergott
spring bore in Maree (Figure 5). Recent collections by the authors
failed to find P. latipes at its type locality and revealed the original
bore it was described from had been capped. A subsequent
molecular analysis of almost 500 specimens from additional
locations indicated the existence of up to 10 evolutionarily
distinct lineages representing putative species, all isolated
within separate spring groups (Guzik et al, 2012). Thus, the
population from which type specimens of this species were
collected may represent a separate species that has since
the geographic
exceptional levels of phylogeographic structure observed in P.
latipes (Guzik et al., 2012), it is unlikely that the “original” species
exists elsewhere and has little chance of recolonisation in its type

become extinct. Given isolation and

locality, irrespective of reinvigorated water flow.

Although invertebrates are perhaps at the highest risk of
extinction in GAB wetlands, processes which threaten these
ecosystems do not occur in a vacuum and act at the whole-
community level. Some degree of loss of local populations might
be recoverable over time via migration and re-colonisation
(Fairfax et al, 2007; Kodric-Brown et al., 2007), but new
populations of colonizers, such as fish (Fatchen and Fatchen,
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1993), have not been observed to survive long-term and instead
losses are likely to represent permanent extinctions of
evolutionarily distinct species with little to no chance of
recovery to their original state. The probability of local
extinctions is inversely proportional to spring size, and can
also be driven by major changes in habitat (e.g., large
increases in the abundance or area of Phragmites), decreases
in the area and volume of open water, and increases in
evaporation, all factors influenced by the threats we have
discussed above (Kodric-Brown and Brown, 1993; Kodric-
Brown et al., 2007).

6.1.2 Cultural ramifications of spring water loss

The possibility of spring extinction or loss has the potential to
have deeply negative impacts on Traditional Custodians. For the
Arabana people in South Australia, water is embedded in identity.
Water is not distinguished as belonging to different ecosystems, per
Western scientific classifications, but instead understood by the
Arabana as a single, unified resource (Nursey-Bray and Arabana
Aboriginal Corporation, 2015a); any loss of GAB water may
therefore be culturally catastrophic. The Arabana have expressed
a great loss in response to spring flow rate decreasing in SA GAB
springs, with particular concern about current mining practices. A
respondent from Maree described this decrease as “terrible, really
sad to go out there now in terms of water. It is not only The Bubbler
[.] but [the] other one at Finniss there - it is very dry but used to
run.” (Nursey-Bray et al, 2020). Further loss of SA GAB springs
would lead to an erosion of cultural identity for the Arabana, the
destruction of key foci of dreaming stories, and ultimately a
potentially permanent disconnection from traditional lands:
“People can not live in or go back to dead Country.” (Nursey-
Bray and Arabana Aboriginal Corporation, 2015b). The negative
impacts of this loss will not be restricted to native title holders such
as the Arabana and Dieri, but affect all Traditional Custodians with
connections to Country encompassing GAB springs. While less
published information is available regarding the Aboriginal cultural
significance of GAB springs in Queensland and New South Wales,
Western archaeological evidence suggests Aboriginal peoples in
those states have, like the Arabana, relied upon these water
sources for thousands of years (Robins, 1995; Noble et al., 1998;
Powell and Powell, 2012; Powell et al.,, 2015).

6.2 A roadmap ahead for GAB spring-
dependent ecosystems

6.2.1 Enhanced legal protections for GAB spring
biota

Since 2001, the biological community of native species
dependent on GAB springs has been recognised as
endangered under the EPBC Act. While we note the Act does
not concern all GAB springs Australia-wide (Habermehl, 2020a),
a corresponding recovery plan has been published with the aim of
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enhancing groundwater supplies to spring wetlands, maintaining
or increasing habitat area and health, and increasing populations
of endemic organisms (Fensham et al., 2010). Nonetheless, the
listing of these communities as a whole (as opposed to on a per-
species basis) has been criticized as offering insufficient
protection of endemic species, particularly the invertebrates
(Rossini, 2020). Listing of species enables a concentrated
direction of conservation and policy efforts, without which
they may go extinct (Stuart et al., 2010). We agree with the
assessment of Rossini (2020) that these species deserve individual
EPBC assessments, and argue this issue is symptomatic of a
broader trend that sees invertebrates overlooked in conservation
legislation and threatened species lists.

Species formally considered at risk of extinction, such as via
the List of Threatened Fauna in Australia’s EPBC Act and the
IUCN Red List, are overwhelmingly vertebrates (Eisenhauer
et al, 2019; Department of Climate Change, Energy, the
and Water, 2022a). In
invertebrate groups contain a large amount of undescribed

Environment contrast, many
genetic and taxonomic diversity but are not often listed as
species of conservation concern. In part, this is likely due to a
general lack of data, funding, knowledge, and support for
of

intergenerational knowledge transfer (Cardoso et al., 2011). In

experienced  invertebrate  taxonomists  capable
Australia, legal structural issues have reinforced this bias. The
EPBC Act replicates the IUCN’s criteria to assess species as being
at risk with two exceptions: 1) the Act does not allow species to be
listed as Data Deficient, ignoring that for invertebrates this tends
to be the norm, and 2) species cannot be listed as vulnerable on
the basis of short range endemism alone, despite the fact that
short range endemics are more likely than not to be invertebrates
(Harvey, 2002; Braby, 2018; Taylor et al., 2018). Progress towards
equitable listings of GAB spring invertebrate species should begin
with the assessment of taxa on a case-by-case basis where
possible, but will also require a review of the way Australian
conservation legislation is currently designed (Pointon and
Rossini, 2020). A better understanding of species diversity and
distributions will also significantly contribute to this undertaking,
detailed below.

6.2.2 Taxonomic funding and capacity

Around 70% of Australian and New Zealand species are
thought to yet be discovered, formally described, or documented
(Taxonomy Decadal Plan Working Group, 2018). Without
formal acknowledgement and description of species via this
taxonomic process, the undescribed majority is essentially
invisible—i.e., not included or acknowledged by stakeholders
the
legislation—and this has

outside research sphere, especially under existing

their
conservation. Tackling such an impediment is imperative if

serious implications for

we are to gain a greater

environmental crises and apply sound scientific evidence to

understanding of current

industry, conservation, and management practices moving
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forward. For every dollar invested, a thirty-five-fold return has
been estimated if all remaining Australian species were
discovered, potentially representing tens of billions of dollars
in economic benefits (Deloitte Access Economics, 2020). Such an
undertaking, as proposed by the Taxonomy Australia initiative
(taxonomyaustralia.org.au), could bring value to sectors
including biosecurity, drug development, industry, and society
more broadly by stimulating connections to nature (Taxonomy
Decadal Plan Working Group, 2018). Even outside the
conservation sphere, there is a clear incentive to invigorate
taxonomic research in Australia and this would hugely benefit
the protection and management of GAB springs nationwide. A
comprehensive understanding of the biodiversity and ecology of
the GAB springs will not be possible without rigorous and rapid
taxonomic research underpinned by strong species delimitation
methods. To assist in breaching this gap, here we make
recommendations for the use of genetic data in distinguishing
cryptic species and the translation of those data into taxonomic
descriptions.

Virtually all ecological monitoring studies require species-
level identifications. However, these are almost impossible for
some spring taxa due to the taxonomic impediment mentioned
previously earlier. This barrier has the potential to impact
environmental impact assessment, monitoring, and legislative
protections at all levels due to 1) a paucity of formal taxonomic
descriptions for most faunal groups; 2) morphological
homogeneity amongst cryptic species; 3) low quality, or
absent, identification keys and 4) few accurate databases of
occurrence records. Genetic data can resolve these roadblocks
and in doing so, illuminate population genetic structure, distinct
phylogeographic lineages, putative cryptic species, and as-yet
unknown biodiversity within springs. Much foundational genetic
data already exists for GAB-dependent ecosystems (e.g., Murphy
et al, 2009; Murphy et al,, 2012, 2013, 2015a; Guzik et al., 2012,
2019; DeBoo et al,, 2019) but is yet to be implemented at the level
of species descriptions or bioassessment protocols (Brake et al.,
2019).

Existing genetic surveys of endemic macro-invertebrate
of at
42 evolutionarily significant units (ESUs) in SA GAB springs
(Murphy et al., 2009; 2015b; Guzik et al, 2012; Guzik and
Murphy, 2013). ESUs represent genetic diversity equivalent to

spring fauna have demonstrated evidence least

species for conservation purposes, and in many cases, they are
readily distinguishable from one another using morphological
characters. In order to translate these groupings into taxonomic
descriptions, adoption of an abbreviated or faster taxonomy is
required (Riedel et al., 2013). In recent studies (Murphy et al.,
2015b; King et al., 2022), robust examples of a total evidence
approach to species description from genetic lineages, especially
in situations of cryptic species complexes, have been provided.
Recommendations in such studies have included: standard
establish a
framework; use of integrative approaches (combining DNA,

generic  descriptions  to strong  taxonomic
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morphological characters, and locality data) to describe
species; and Open Access publication practices for efficient
dissemination. Macro-invertebrate taxa that require taxonomic
attention based on current evidence include, but are certainly not
limited to, chiltoniid amphipods, Phreatomerus isopods,
Trochidrobia snails, Ngarawa ostracods, Fonscochlea snails,
and hydraenid beetles.

cryptic that

distinguishable from others, a multi-tiered approach of genetic

For species are not morphologically
data can be implemented for taxonomic diagnosis. This may
include the use of genomic data for species-level delineation (e.g.,
whole mitochondrial genomes, genome skimming approaches),
and population genetic and phylogeographic analyses to
differentiate fauna from different geographic locations (e.g.,
the of Other

approaches—such as metabarcoding, which we detail in

use single nucleotide polymorphisms).
Section 6.2.3—may be required to characterize GAB spring
fauna more holistically, e.g., in the case of the minimally-
known meio- and micro-faunal communities (Love et al,
1993; Andrews and Patel, 1996; Byers et al., 1998; Kimura
et al, 2005; Ogg and Patel, 2009). In addition to an increased
use of genetic data for species discovery, we also recommend that
biodiversity assessment becomes a proactive, government-
funded priority at the state and federal level in Australia. A
comprehensive biodiversity collecting framework would permit
planned collections, curation of specimens in state institutions,
and a long-term biobank record of endemic fauna from a range of
broad geographic areas. Current practices couple biodiversity
assessment with land-use applications and their environmental
assessments. This approach unfortunately often leads to discrete
and limited sampling as well as specimens and data that can take
years to be appropriately housed within museums and similar
institutions, potentially limiting their value for future molecular
research. Biodiversity assessment and monitoring practices can
also be assisted by next-generation DNA sequencing methods,
which can feed back into the species discovery process.

6.2.3 Improving biodiversity monitoring
methods

The emergence of next-generation DNA sequencing
(hereafter NGS) platforms over the last decade has resulted in
the capacity to produce large amounts of DNA sequence data in
rapid timeframes. Metabarcoding is one method reliant on NGS
that can be applied to ecological questions of organismal
detection and involves the simultaneous identification of
multiple species from a single complex sample, whether the
sample contains entire organisms or fragments of DNA
(Taberlet et al., 2012). Metabarcoding can be applied at a
relatively low cost in a wide range of contexts, ranging from
the detection of microbiota in gut samples to that of higher
“shed” DNA (also known as

environmental DNA, or eDNA) into their environment, e.g.,

organisms which have

in water, leaf litter, and soil samples. eDNA metabarcoding
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methods have clear applications for biomonitoring, in which the
resulting DNA sequence data can be translated into ecological
inventories of known and putative species (Brandt et al., 2021;
Mousavi-Derazmahalleh et al,, 2021). These approaches also
represent a major advancement in the speed and accuracy of
the identification and characterisation of ecological communities
in diverse and difficult-to-sample environments (Zepeda
Mendoza et al., 2015).

Instances in which eDNA metabarcoding has been
successfully used in Australian groundwater-dependent
ecosystems such as the GAB springs include the calcrete
aquifers of Western Australia (Sacco et al., 2020), alluvial
aquifers in eastern Australia (Korbel et al, 2017), karst
systems on Christmas Island (West et al., 2020), and Beetaloo
sub-basin environments in the Northern Territory (Oberprieler
et al,, 2021). In these habitats, rare and elusive species and their
distributions have been examined in a way that has previously
been impossible, such as the detection of the rare Pilbara blind
cave eel (White et al., 2020) and the olm in Croatia (Voros, 2017)
in deep groundwater. eDNA metabarcoding can also offer
invaluable insights into groundwater microbial communities
(Smith et al, 2015; Smith et al,, 2018) and their potential
associations with macro-fauna (Smith et al., 2016). This rapid
and cost-effective methodology has the potential to advance the
monitoring of GAB spring dependent fauna by providing a
complimentary, standardized, and affordable biomonitoring
tool in addition to traditional survey-based approaches. eDNA
is increasingly recognized as a powerful, but underutilized, tool
for biomonitoring of delicate ecosystems (Sacco et al., 2022). We
propose that eDNA metabarcoding has the potential to
revolutionize the characterisation and monitoring of taxa
present in the SA GAB springs by enabling the detection of
at-risk species, overcoming several impediments to the
taxonomic process and accelerating species discovery efforts in
the process.

Accurate detection of species from eDNA amplicon data
relies on matching millions of anonymous reads (fragments of
sequenced DNA) to a reference collection of verified sequences
with known taxonomic identities. For eDNA metabarcoding to
be an effective tool for biomonitoring, an accurate barcode
reference library is required: a database containing DNA
sequences annotated with taxonomic information such that
new sequences may be referenced against it to determine the
identity of the organism they originated from. For GAB spring
taxa, much of existing publically available DNA sequence data
corresponds to the mitochondrial cytochrome ¢ oxidase subunit
1 (CO1) mitochondrial gene, limiting the ease of taxonomic
identification of eDNA data represented by other genes or loci
(i.e., nuclear or other mitochondrial genes, commonly 128, 168,
or 18S rRNA) or for organisms lacking a mitochondrion such as
bacteria (Page et al., 2007; King, 2009; Murphy et al., 2009; Guzik
et al,, 2012; Murphy et al., 2013; King et al., 2014; Murphy et al,,
2015a; Guzik et al, 2019; Stringer et al, 2019). If eDNA
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metabarcoding were to be implemented as a biomonitoring
tool in GAB springs, DNA sequencing for other barcoding
genes would be required to establish robust and taxonomically
accurate barcode reference libraries (Sacco et al., 2022).

6.2.4 Partnership with Traditional Custodians

In this section we defer to published Indigenous expertise to
summarize how Traditional Custodians are currently recognized
in GAB spring management practices, frameworks co-developed
with Aboriginal peoples to improve this status quo, and ways in
which reciprocal information-sharing can be facilitated by the
incorporation of traditional knowledge into biodiversity and
taxonomic research.

Aboriginal and Torres Strait Islander peoples have been
systematically excluded from vyielding power in natural
resource management decisions in Australia. A key example is
the EPBC Act, a core piece of federal environmental legislation
containing a framework for the protection of biodiversity and
locations of natural and cultural significance nationwide. In a
recent independent review, the Act was criticized for consistently
devaluing Aboriginal and Torres Strait Islander knowledge and
values in its decision-making processes, failing Aboriginal and
Torres Strait Islander peoples with respect to protection of their
cultural heritage, and creating unbalanced power relations with
leaseholders of protected areas (Samuel, 2021). Unfortunately,
frameworks designed to conserve the GAB springs have been
similarly lacking. In South Australia, for instance, authorisation
of water use from the GAB is at ministerial discretion (Aboriginal
Heritage Act 1988 (SA) sl4 (2)) provided consultation is
conducted with the Arabana people, even if the Arabana do
not permit such a decision. Any subsequent damage to springs
only incurs a maximum penalty of $50,000 AUD, at odds with
the cultural and environmental significance of these ecosystems
(Parliament of Australia, 2021). The chair of the Arabana
Aboriginal Corporation has stated that a discussion has been
initiated on a national level regarding how the protection of SA
GAB springs from ecological, cultural, and spiritual standpoints
might be implemented (Parliament of Australia, 2021).

The Arabana people have developed a proposal in
collaboration with non-Aboriginal researchers for the co-
development of cultural indicators for water sites in the Kati
Thanda-Lake Eyre region, including the SA GAB springs
(Nursey-Bray and Arabana Aboriginal Corporation, 2015a).
As stressed by the Arabana people and their co-authors,
Aboriginal and Torres Strait Islander traditional ecological
and cultural knowledge should be recognized as a separate
body that is equally powerful, testable, and able to guide
conservation practices in concert with existing Eurocentric
scientific systems, “link[ing] the two systems like the sleepers
on the railway lines that snake across their country” (Nursey-
Bray and Arabana Aboriginal Corporation, 2015a; Nursey-Bray
et al., 2020). Collaboration with Traditional Custodians should
not be limited to the management of the GAB springs. For
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example, one way in which Traditional Custodians may be
acknowledged is by the incorporation of Aboriginal names or
words in species epithets by taxonomists. The use of Indigenous
names can act as conduits of traditional knowledge, encourage a
sense of ownership over the species and epithet itself, and affirm
the expertise of Indigenous peoples, a much-needed contrast to
the overwhelmingly Eurocentric history of biodiversity and
taxonomy research (Veale et al, 2019; Gillman and Wright,
2020; Knapp et al., 2020; Galbreath, 2021; Sterner and Elliott,
2022).

Best practices do not currently exist regarding how
taxonomic research may be conducted in partnership with
Aboriginal peoples in Australia. However, recommendations
have been published regarding the involvement of Indigenous
Maori peoples in taxonomic research in Aotearoa/New Zealand
(Veale et al, 2019). A key recommendation therein was that
Indigenous names should not only be considered in the
but that with
Indigenous peoples should take place to facilitate the selection

taxonomic  process, active  discussions
of species names and reciprocal learning. In the absence of such
discussions, epithets may prove insulting to Indigenous peoples if
they are poorly researched or constructed (Veale et al., 2019).
These recommendations provide a robust starting point for a
similar framework in Australia. In addition to the co-
development of cultural indicators of health for the GAB
springs, the co-designing of species epithets with Traditional
Custodians is one way in which Aboriginal and Western bodies
of knowledge can exist together and ensure groundwater-

dependent communities are adequately cared for into the future.

7 Concluding remarks

Here, we have reviewed current understandings of the
significance of South Australian Great Artesian Basin-fed
springs, remaining knowledge gaps, and a way forward
the
dependent ecosystems they support. We have also outlined

regarding biodiversity research on groundwater-
the cultural significance of these environments to Traditional
Custodians of the land, namely the Arabana people, and
discussed ways in which Aboriginal knowledge can be
affirmed and acknowledged in future studies of these
ecosystems. There are clear threatening processes that pose
impending-and in some cases, already realized-risks to these
habitats. Not only is a holistic characterization of the fauna
and flora that rely on GAB springs necessary, but so too are
additional protective mechanisms to buffer springs against
such processes. Here we have largely concentrated on the
former, as GAB spring ecosystems cannot be adequately
protected if we do not have a detailed understanding of
their biota in the first place.

In our view, key barriers exist to a robust understanding of
the ecological communities reliant on GAB-fed springs: 1)
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spring fauna are not adequately protected under Australian
federal environmental legislation and 2) a substantial
taxonomic impediment exists to robustly naming and
characterizing GAB springs fauna, particularly short-range
endemic species. The way in which Australian fauna and flora
are listed under legislation needs to be revisited such that short
range endemics and data deficient species, the norm for many
GAB spring-reliant taxa, are considered. An increase in
taxonomic funding and capacity, in line with nationwide
programs such as Taxonomy Australia, would enable new
species to be described well before extinctions occur.
Taxonomic and biodiversity research also represents an
opportunity for reciprocal knowledge-sharing with
Traditional Custodians.

The GAB springs are hotspots of biodiversity supporting
unique ecological communities that have evolved in isolation
for millions of years. In many cases, species housed in these
vulnerable habitats are not found elsewhere on Earth. If we are
to effectively conserve these plants and animals they must first
be characterized, and in many cases their existence cannot be
confirmed without the use of emerging genetic techniques as
detailed here. A robust understanding of the species supported
by these “oases of life” will ensure their corresponding
ecological communities can be effectively managed and
monitored into the future. The GAB springs hold universal
biodiversity and cultural value, and the conservation
management and characterization of the ecosystems they
support should ultimately be a social responsibility shared

by all stakeholders.
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