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Abstract
1. Coastal aquifers are vital water sources for humanity. Their quality and the 

ecosystem services they provide depend on the integrity of their subterranean 
biota. However, current anthropogenic impacts such as climate change effects 
and coastal population growth place enormous pressure on the sustainability of 
these environments.

2. Despite the significance of subterranean biota to ecosystem function and the 
delivery of ecosystem services, stygofauna— groundwater- dwelling aquatic 
animals— have until recently been largely ignored in aquifer monitoring and man-
agement. This issue is of importance in both coastal and inland zones. Common 
threats in inland and coastal areas are water extraction, reduced recharge caused 
by aridification, and pollution, while, in coastal zones, additional complications 
arise from sea- level change and salt water ingress.

3. This review examines stygofaunal diversity, impacts, and future conservation 
challenges in coastal aquifers. Focussing on Australia, we provide a summary of 
the available data on stygofaunal communities and distributions; identify and 
describe potential threats to these communities across the diverse coastal re-
gions of the continent; and propose future research priorities with the goal of 
facilitating the long- term preservation of these ecosystems on the Australian 
continent. While we focus this review on Australia, the threats and management 
issues discussed are relevant globally.

4. Recent subterranean studies in Australia have been primarily undertaken in 
inland areas, and while coastal data exist, ecological assessment of coastal 
subterranean ecosystems is incomplete, compromising the efficacy of conser-
vation plans. This review indicates that the Australian continent hosts five major 
coastal stygofaunal biodiversity areas characterised by heterogeneous commu-
nity assemblages, involving a total of 17 taxonomic groups spanning microscopic 
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1  |  INTRODUC TION

Coastal aquifers provide water for more than one billion people 
(Post, 2005), including in areas with limited access to other fresh-
water sources (Comte et al., 2016), and form crucial links between 
marine and inland ecosystems (Ferguson & Gleeson, 2012). These 
aquifers are subject to significant pressures. Approximately 40% 
of the world's population lives within 100 km of a coast (United 
Nations, 2017), and substantial areas of urbanisation and indus-
trialisation have already altered hydrological regimes worldwide 
(Small & Nicholls, 2003). Competition for water resource in coastal 
zones has been documented in many locations around the world: 
Europe (Griebler et al., 2019), U.S.A. (Barlow & Reichard, 2010), and 
Asia (Shah, 2007) amongst others (Foster et al., 2013). Urban de-
velopment and intensive agriculture typically lead to groundwater 
contamination via runoff, as well as altering recharge as native vege-
tation is cleared (Ferguson & Gleeson, 2012; Figure 1). However, by 
far the most concerning anthropogenic pressure on coastal aquifers 
is the impact of changes in rainfall and recharge resulting from global 
climate change. Freshwater coastal aquifers vary in salinity accord-
ing to numerous factors including the proximity to ocean shorelines 
and hydrogeology (Keith et al., 2020; Michael et al., 2017). This 
places them at a uniquely high risk of saltwater intrusion, particu-
larly in the context of increased groundwater extraction and rising 
sea- levels (Werner & Simmons, 2009). This combination of anthro-
pogenic and climatic pressures is a crucial sustainability issue, partic-
ularly in arid and freshwater- restricted population centres in Africa 
(Steyl & Dennis, 2010), South America (Bocanegra et al., 2010), 
the Mediterranean and Middle East (Abd- Elaty et al., 2020), and 
Australia (Werner, 2010).

It is only recently that groundwater science has expanded 
from focussing on yield, hydrodynamics, geology, and water 
quality to considering groundwater as an ecosystem supporting 

significant biodiversity and providing ecosystem services (Griebler 
& Avramov, 2015). This has accompanied recognition that 
stygofauna— meaning the whole assemblage of metazoans inhabit-
ing groundwater consistently for part of their life cycle— potentially 
occur in most aquifers (Tomlinson & Boulton, 2010). While stud-
ies of ecosystem services in groundwater are still in their infancy, 
stygofauna and associated microbes influence carbon and nutrient 
cycling, remove pathogens, and increase transmissivity of aquifers 
(Hose & Stumpp, 2019; Saccò, Blyth, et al., 2022). Despite this, and 
their high levels of biodiversity and local endemism (Karanovic & 
Cooper, 2012), stygofauna (outside caves and hyporheic zones) have 
been largely ignored in groundwater resource management, includ-
ing in coastal systems (Griebler et al., 2010). Even in countries such 
as Australia, where stygofaunal monitoring is relatively common, 
coastal systems have not received the same attention as the inland 
arid regions (Guzik et al., 2011; Halse, 2018a). In part, this is due 
to most studies of groundwater ecology being conducted as part of 
environmental approval processes, predominantly associated with 
mining (Tomlinson et al., 2007) and agriculture (Roy et al., 2019). 
One notable exception is the numerous studies of the remote, in-
land Sturt Meadows calcrete in the northern Goldfields region of 
Western Australia (Langille et al., 2021; Saccò, Blyth, Humphreys, 
Karasiewicz, et al., 2020; Saccò, Blyth, Humphreys, Middleton, 
et al., 2020).

In the absence of studies assessing the impact of coastal devel-
opment and climate change on stygofauna, it is difficult to evaluate 
threats to ecosystem services and species conservation. Practical is-
sues, such as the difficulty of sampling the often unknown fauna that 
occur at low abundance in inaccessible habitats have contributed to 
inaction (Ficetola et al., 2019), together with the fear of opening a 
Pandora's box of aquifer management challenges (Knott et al., 2008; 
Tang & Knott, 2009). Groundwater studies with robust experimen-
tal design and sampling methods are of paramount importance to 
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aquatic invertebrates to vertebrates. The most relevant impacts and threats 
identified were aquifer size reduction, intrusion of seawater, land clearing, con-
tamination, and mining.

5. Given the projections of increasing coastal development and subsequent loss 
or degradation of habitat during coming decades, it is important to improve 
our limited understanding of the ecology of coastal aquifers. Future research 
should include the refinement of biological assessment tools for coastal sys-
tems, functional and ecotoxicological studies, and faunal surveys of urban 
coastal aquifers. The recommendations and guidelines outlined in this review 
are applicable globally and provide a further step toward the sustainable use of 
coastal groundwater resources and the maintenance of healthy groundwater 
ecosystems.

K E Y W O R D S
aquifer, conservation, groundwater ecology, management, stygobiont
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establishing a baseline status and understanding threats, but the 
most appropriate study designs are still subject to academic dis-
cussion and can be difficult to implement (Mammola et al., 2021). 
Hence, there is a real need to standardise and summarise existing 
information on coastal aquifers as a baseline for developing future 
studies.

The aim of this paper is to provide a semi- quantitative assess-
ment on the diversity of coastal stygofauna in Australia, collated 
from published manuscripts, environmental impact assessments, 
governmental reports and doctoral dissertations, and identify the 
extent of threats to this fauna. We then identify knowledge gaps as-
sociated with developing a management framework for stygofauna 
in coastal systems, and propose future research priorities to inform 
more effective conservation management of stygofauna in coastal 
groundwater ecosystems. Australia is chosen as the focus because 
the continent illustrates this complex matrix of issues, possesses a 
body of active research into stygofaunal ecosystems, their environ-
ments and biology and demonstrates the need for an increased man-
agement focus (i.e., Boulton, 2020; Tomlinson et al., 2007). Whilst 
the following data and discussion are focused on Australia, the is-
sues identified here are of broad, international concern and apply 
to the vast majority of coastal aquifers globally. For the purpose 
of this study, the coastal zone is defined as areas within 200 km of 
the Australian shoreline. We acknowledge that this categorisation 
does not strictly follow the hydrological connectivity of all coastal 
aquifers; however, the vast majority of Australian coastal groundwa-
ters occur within this zone, along with a wide range of aquifer types 
(karst, alluvium, etc.), and most urbanisation, allowing comprehen-
sive analysis of both the stygofaunal communities and also the major 
impacts associated with coastal aquifers at a continental scale.

2  |  ST YGOFAUNA IN AUSTR ALIAN 
COA STAL ARE A S

Eighty- five percent of Australians live within 50 km of the coast 
(Hugo et al., 2013). Most major cities and industrial areas (exclud-
ing mining), and many areas of intensive agriculture also occur in 
this zone. Australia's population is projected to increase to 37.4– 
49.2 million by 2066 (ABS, 2018), of which 92% will live in coastal 
areas (Yang & Kelly, 2015), further stressing water reserves. 
Additional abstraction of groundwater will probably be necessary 
to meet future water needs (Harrington & Cook, 2014). Despite 
the projected increase in pressure on groundwater systems, stygo-
fauna within coastal areas of Australia have received less attention 
than communities in arid inland areas (Hose, Asmyhr, et al., 2015), 
particularly Western Australia where the latter are relatively well 
documented (Halse et al., 2014). Published data on coastal stygo-
fauna outside of biodiversity hotspots are sparse and mostly come 
from environmental impact assessments, reports commissioned 
by mining companies and government bodies, and a few theses 
(Eberhard, 2004). In general terms, stygofauna are recorded from 
all climatic zones of Australia, from cool temperate Tasmania and 
Victoria, the Mediterranean climates of the south- western parts 
of South Australia and Western Australia, warm temperate New 
South Wales (NSW) and the tropical parts of Queensland, north- 
western Western Australia and the Northern Territory. The com-
position of stygofaunal communities differs considerably between 
climatic zones (especially at species and genus level, Figure 2 and 
Table 1), with crustaceans being the most species- rich group and 
represented most commonly by amphipods, cyclopoid and harpac-
ticoid copepods, and syncarids (mostly parabathynellids; Figure 3). 

F I G U R E  1  Diagram showing the main impacts on coastal aquifers. NO3
−, nitrates; PO4

3−, phosphates; SO4
2−, sulphates; PFAS, per-  and 

poly- fluoroalkyl substances.
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In the sub- sections below, we describe the major known stygofau-
nal diversity hotpots within the Australian continent divided into 
five regions: north- western Australia, south- western Australia, 
south Australia, eastern Australia, and northern Australia.

2.1  |  North- western Australia

North- western Australia comprises the Gascoyne, Pilbara, and Cape 
Range areas and offshore islands (Figure 3a). The Gascoyne is mostly 
flat and dominated by fixed red sand dunes with a network of broad 
palaeovalleys that contain large groundwater calcrete deposits over-
lying predominantly Proterozoic faulted and sheared granitic and 
metamorphic basement. The Archaean- Proterozoic Pilbara Craton 
consists of a diverse array of igneous, metamorphic, and sedimen-
tary rock types. In the south, the Pilbara is dominated by various 
ranges consisting mostly of iron ore, with interspersed alluvial val-
leys. In the northern Pilbara there is a low, mostly granite/basalt pla-
teau interspersed with alluvial valleys. Cape Range and the offshore 
islands are dominated by Miocene limestones. The geology of more 
coastal parts of the Gascoyne and Pilbara is essentially dominated 
by limestone and deltaic deposits, colluvium, and alluvium (Table 1).

North- western Australia hosts one of the world's richest regional 
stygofauna communities (Halse, 2018b; Humphreys, 2006), and in-
cludes a global stygofaunal hotspot on the coastal plain of the Robe 
River in the Pilbara (Clark et al., 2021). Published data for coastal 
areas comprise studies of the hotspot, taxonomic descriptions (e.g., 
copepods— Karanovic, 2006; ostracods— Karanovic, 2007; isopods— 
Bruce, 2008) and the results of a large regional survey (see Halse 
et al., 2014), but environmental impact surveys show that all of 
the coastal Pilbara is rich in stygofauna. The Pilbara as a whole is 
estimated to support approximately 1,300 stygofauna species 
(Halse, 2018b), reflecting the diversity of recent to ancient geology, 
mesoscale to local geological structures, diversity of rock types and 
groundwater compositions.

The fauna of the coastal Gascoyne region, other than Cape 
Range, is relatively poorly known. A survey East of Exmouth Gulf re-
corded 19 species (Bennelongia, 2019; see Table 1) and the area may 
have a richness similar to the better- known inland Gascoyne and 
coastal Cape Range. The most notable feature at Cape Range is the 
anchialine community on the West coast that contains stygofauna 
from lineages not otherwise known in the Southern Hemisphere 
(Humphreys, 2000; see Table 1). It is noted that while Kumonga exleyi 
and Bunderanthura bundera are endemic to a single locality in Cape 

F I G U R E  2  Photos of some stygofaunal 
specimens found in Australian coastal 
aquifers. (a) Ostracoda— New genus 
of Candonidae (Northern Territory, 
northern Australia), (b) Cyclopoida— 
Metacyclops sp. (Queensland, eastern 
Australia), (c) Isopoda— Heterias 
sp. (Victoria, South Australia), (d) 
Oligochaeta— Enchytraeidae (Victoria, 
South Australia), (e) Decapoda— Parisia 
unguis (Northern Territory, northern 
Australia), (f) Isopoda— Coxicerberus 
sp. (Queensland, eastern Australia), (g) 
Harpacticoida— Nitocrella sp. (Western 
Australia, south- western Australia), (h) 
Amphipoda— New genus of Eriopisidae 
(Western Australia, north- western 
Australia), (i) Syncarida— Hexabathynella 
sp. (Western Australia, south- western 
Australia) and (j) Polychaeta— Namanereis 
pilbarensis (Western Australia, north- 
western Australia). Montage and photos 
©Jane McRae, Bennelongia environmental 
consultants, with the exception of the 
photo of Parisia unguis, which is ©Stefanie 
Oberprieler, Charles Darwin University.
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    |  2011SACCÒ et al.

TA B L E  1  Most studied taxa across the five Australian regions considered in this review. *, regions with Tethyan connections. References 
used to compile this table may be found in Table S1

Locality Hydrogeology Taxa References

N- W Australia

Exmouth Gulf Calcarenite/sandstone Annelids, copepods, ostracods, and amphipods [1]

Exmouth township Calcarenite Copepods, ostracods, amphipods, syncarids, and 
annelids

[2]

Pilbara* Karstified groundwater calcretes and 
dolomites, pisolites, fractured rock, 
porous alluvial, anchialine

Eel Ophisternon candidum [3]

Cape Range* Tertiary limestone, anchialine fringe Gudgeon Milyeringa veritas, eel Ophisternon 
candidum, remipede Kumonga exleyi, aquatic 
leptanthurid isopod Bunderanthura bundera, 
spionid annelid Prionospio thalanji, ostracod 
Welesina kornickeri, shrimp Stygiocaris, 
thermosbaenacean Halosbaena tulki, and 
copepods

[3– 12]

Offshore islands* Tertiary carbonate islands, anchialine 
fringe

Gudgeon Milyeringa justitia [4,5]

S- W Australia

Swan coastal plain and 
Leeuwin- Naturaliste

Karstified Quaternary dune limestone, 
porous sandy aquifers

Copepods (e.g., Kinnecaris eberhardi), amphipods, 
syncarids, ostracods, and oligochaetes (e.g., 
Aktedrilus podeilema and Aktedrilus leeuwinensis)

[13– 15]

Outer Perth— Marbling 
Brook— Chittering

Alluvium, hyporheic, fractured- rock Annelids, rotifers, oligochaetes, ostracods, 
copepods, syncarids, and amphipods

[16]

Perth— alluvial aquifers at 
Kensington

Porous sandy aquifers Annelids, copepods, syncarids, and rotifers [17]

Point Grey (south of Perth) Karstified Quaternary dune limestone Copepods, amphipods, syncarids, ostracods,
oligochaetes, nematodes, mites, and rotifers

[18]

Busselton Karstified Quaternary dune limestone, 
porous sandy aquifers

Ostracods, copepods, amphipods, and isopods [19]

South coast WA Karstified Quaternary dune limestone, 
porous sandy aquifers

Rotifers, oligochaetes, copepods, ostracods, and 
syncarids

[20]

Blackwood River Porous sandy, riverine aquifer Copepods, syncarids, and ostracods [21]

Nullarbor* Karstified Tertiary limestone aquifer Misophrioid copepod Speleophria nullarborensi [22]

Southern Australia

Gambier Karst Region and 
Otway Basin

Karstified Tertiary limestone aquifers Amphipods (e.g., Uronyctus longicaudatus) and 
syncarids (e.g., Koonunga)

[23,24]

Tasmania Mostly montane and riverine 
fluviokarsts, Ordovician limestone, 
Precambrian dolomites, minor 
Permian limestone

Anaspidacean and psammaspid (e.g., 
Eucrenonaspides ointheke) syncarids, 
crangonyctoid amphipods, and tateid 
gastropods

[25– 27]

Eastern Australia

New South Wales Karst, fractured rock, coastal sands, 
alluvium, hyporheic

Oligochaetes, copepods, amphipods, syncarids, 
rhabdocoel platyhelminthes, ostracods, 
beetles, snails, water mites, and isopods

[28,29]

Pioneer River valley Alluvium Copepods, syncarids and isopods, mites, rotifers, 
annelids, and tardigrades

[30– 32]

Queensland Alluvium, karst Copepods, syncarids, amphipods, ostracods, and 
water mites

[33– 36]

(Continues)
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Range, Welesina, Stygiocaris, and Halosbaena comprise a complex 
of several morphologically similar species more widely distributed 
across Cape Range, Barrow Island, and along the Pilbara coast (Page 
et al., 2008, 2018). Some of these taxa are evolutionarily import-
ant since to our best knowledge they represent Tethyan descen-
dants with their closest known relatives restricted to other caves 
in the Canary Islands and the Caribbean (Jurado- Rivera et al., 2017; 
Martínez et al., 2016).

Phylogenetic endemism is very pronounced throughout north- 
western Australia with, for example, nearly all candonid ostracod 
genera restricted to the region and a richness of candonid species 
unparalleled anywhere else in the world (Karanovic, 2007). This also 
applies to coastal parts of the region. Conservation protection has 
been given to the anchialine community (with special attention to 
the remipede K. exleyi) at Cape Range, which is listed as critically 
endangered under the Commonwealth Environment Protection and 
Biodiversity Act 1999 and the State Biodiversity Conservation Act 
2016 (Black et al., 2001).

2.2  |  South- western Australia

South- western Australia includes the Perth Basin, the south- west 
region, and the Nullarbor (Figure 3b). The Nullarbor and south west 
contain large limestone caves. The dominant feature of coastal 
south- western Australia is its fine, unconsolidated sandy soils de-
posited on a stable, predominantly granitic basement. While the 
host unit of some aquifers can be described as alluvium or colluvium, 
a more accurate picture is given by saying most coastal aquifers are 
in sand, although sometimes interspersed with semi- contiguous 
limestone or clay- rich units that may on occasion act as local to 
regional aquitards (Table 1). A review of stygofaunal occurrence in 
sandy aquifers of the northern Swan Coastal Plain suggested a num-
ber of different groups, including copepods, amphipods, syncarids, 
ostracods, and oligochaetes (Bennelongia, 2008 and Table 1).

Stygofauna appear to be widely distributed throughout the 
extensive aquifers of the Swan Coastal Plain, and cave systems 
on the Leeuwin- Naturaliste ridge (Davidson, 1995), including the 
rich communities of stygofauna associated with aquatic root mats 
in caves that are located in the Yanchep and Leeuwin- Naturaliste 

karsts (Figure 3b). These cave communities are listed as Threatened 
Ecological Communities and are now mostly extinct as a result of de-
clining groundwater levels (Eberhard & Davies, 2011; Subterranean 
Ecology, 2012). Some mound springs in the Perth basin that contain 
interstitial stygofauna in their near- surface sediments are also listed 
as Threatened Ecological Communities because groundwater ab-
straction threatens the communities (Jasinska & Knott, 2000).

The Nullarbor Plain encompasses the Eucla Basin, which contains 
an enormous limestone aquifer that fringes the coastline for more 
than 500 km on the Great Australian Bight. Stygofauna occur in the 
saline groundwater of the Nullarbor caves (see Table 1), especially 
on the Roe Plains which is a low- elevation coastal plain harbouring 
stygofauna with marine and possibly Tethyan affinities (Karanovic & 
Eberhard, 2009).

2.3  |  Southern Australia

The region of southern Australia examined here encompasses 
the states of South Australia and a minor portion of Victoria 
(Figure 3c). Two principal aquifers occur in the region: the 
Gambier unconfined aquifer with groundwater flow moving very 
slowly toward the coast, and the Dilwyn confined aquifer (Love 
et al., 1993). Limestone karst in this region is also present, for ex-
ample the Port Campbell limestone aquifer (Hortle et al., 2011), 
and stygofauna occur in the unconfined karstic limestone aquifer 
(Stock & Iliffe, 1990; Table 1).

Overall, the stygofaunal communities of south- eastern Australia 
are generally poorly documented (Leijs et al., 2015; Stock & 
Iliffe, 1990). However, survey data from South Australia showed 
that approximately half of 547 sites sampled contained stygofauna 
(Goonan et al., 2015), and coastal areas where stygofauna are com-
mon include the western side of the Eyre Peninsula and the Gambier 
karst (Figure 3c).

Tasmania is well sampled with respect to its caves (Eberhard 
et al., 1991), which includes the richest stygobiotic assemblage in 
southern temperate Australia (Eberhard & Howarth, 2021). Karsts in 
proximity to the coast, and at sufficiently low elevation to be influ-
enced by Quaternary sea level fluctuations, are found at Precipitous 
Bluff, Maria Island, and the lower Gordon River, where a seawater 

Locality Hydrogeology Taxa References

Northern Australia

Bonaparte groundwater 
province

Karstified limestone, dolomite Decapod (e.g., Pycneus), amphipods, and tateid 
snails

[37]

Ord River, Kimberley Alluvium, karst Nematode, tubificid annelids, ostracods, 
copepods (e.g., Ameiridae, Cyclopidae, and 
Parastenocaridae), syncarids, and isopods (e.g., 
Tainisopus)

[38,39]

Colluvial deposits in the 
Weber Plains

Colluvium Parabathynellid syncarids (e.g., 
Kimberleybathynella)

[40]

Note: The full species list mentioned in the references in the table and across sections 2.1– 2.5 is available in Stygofauna Mundi (Martínez et al., 2018).

TA B L E  1  (Continued)
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    |  2013SACCÒ et al.

wedge penetrates a considerable distance inland. Precipitous Bluff has 
a diverse community, including a remarkable radiation of stygobitic 
tateid snails (Ponder et al., 2005). Tasmania's non- karstic groundwater 
biota is virtually unexplored owing to the fact that the groundwater re-
sources are not widely used; however, similarly rich stygofauna might 
be anticipated given the unique fauna found there (Knott & Lake, 1980; 
Eberhard, 2004; Table 1). Phylogenetic endemism is pronounced in 
south- eastern Australian and Tasmanian stygofauna. Stygobitic taxa 
found in warmer climates, such as melitid and bogidiellid amphipods, 
decapods, thermosbanaceans and spelaeogriphaceans, are absent but 
other southern Gondwanan lineages are well represented (Table 1). 

Some of these communities have been given a level of protection, 
primarily through their integration into Reserve Systems or National 
Parks, although reserve proclamation has usually been coincidental to 
recognition of their stygofaunal values.

2.4  |  Eastern Australia

The eastern Australian area considered here includes the ma-
jority of coastal Victoria and Queensland, and the entirety of 
NSW shoreline. The Great Dividing Range (GDR) is the primary 

F I G U R E  3  Known biodiversity hotspots and distribution of stygofaunal communities across the groundwater provinces extracted from 
the National Groundwater Information System of the Australian Bureau of Meteorology; areas of blank coastline do not mean absence of 
stygofauna, merely that little or no sampling has occurred to date and that sampling is required to establish where stygofauna occur. The 
200- km radius from the shoreline is displayed in light grey, and 28 provinces (portions or entire zones) falling within this area are showed in 
brighter colours compared to their areas not associated with coastal shoreline as defined above. WA, Western Australia; SA, South Australia; 
NT, Northern Territory; QLD, Queensland; NSW, New South Wales; VIC, Victoria; ACT, Australian Capital Territory; TAS, Tasmania. 
Groundwater provinces in north- western Australia (a): Car, Carnavon; Ca3, Capricorn 3; Ca4, Capricorn 4; ban, Banemall; ham, Hamersely; 
Pil, Pilbara. Groundwater provinces in south- western Australia (b): Per, Perth; Yil, Yilgarn- south west; col, collie; lee, Leewin; Al2, Albany- 
Fraser 2; Euc, Eucla. Groundwater provinces in South Australia (c): Eyr, Eyre; Mur, Murray; Otw, Otway; Ta1, Tasmania 1; Ta2, Tasmania 2. 
Groundwater provinces in East Australia (d): Lac, Lachlan; Syd, Sydney; New, New England; Cla, Clarence- Morton; Tas, Tasman. Groundwater 
provinces in northern Australia (e): Mca: McArthur; bon, Bonaparte; Ord, Ord- Victoria; Kim, Kimberley; Hal, Halls Creek; can, canning. 
Freshwater, marine and anchialine refer to the origin of the stygofaunal communities. Data on stygofaunal groups extracted from Stygofauna 
Mundi (Martínez et al., 2018).
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2014  |    SACCÒ et al.

topographic feature that runs along much of the east coast of 
Australia and provides a physical barrier between coastal and 
inland areas. The eastern escarpment of the GDR contains a di-
versity of aquifer types reflecting the diverse geology, including 
fractured sandstone around Sydney, and fractured volcanics on 
the NSW north coast. Nestled within the GDR are a number of 
impounded karst areas (Osborne & Branagan, 1988). There is oth-
erwise little karstification on the narrow coastal plain (Osborne & 
Branagan, 1988), but extensive sand aquifers on the coastal mar-
gins, and well- developed alluvial systems are associated with riv-
ers draining east off the GDR (Table 1).

Stygofaunal communities in NSW are known from porous 
and fractured- rock aquifers, and karstic cave systems (Thurgate 
et al., 2001) in the south- eastern Highlands, Sydney Basin, Hunter 
River Valley, and the north- eastern Never Never River. Stygofauna 
in the Sydney basin occur in fractured sandstone aquifers, and sur-
veys at Mangrove Mountain (Asmyhr et al., 2014; Hose et al., 2016) 
and the Kangaloon borefield (Hose, 2008, 2009) recorded 17 spe-
cies in seven taxonomic groups. Similar diversity of stygofauna 
has been reported in perched swamp aquifers of the same region 
(Hose, Asmyhr, et al., 2015). Alluvium at Majors Creek, Araluen 
(60 km south- east of Canberra), also harbours stygofaunal crus-
taceans and dytiscid beetles and at least 25 species of stygo-
fauna have been recorded from alluvial aquifers in the Hunter 
Valley (Asmyhr et al., 2014; Hancock & Boulton, 2008; Tomlinson 
& Boulton, 2010), with numerous additional records from envi-
ronmental impact assessments (Hose, Sreekanth, et al., 2015). A 
coastal sand aquifer in the Nelson Bay region of NSW yielded a 
small number of syncarid and copepod species; however, studies 
in the predominantly sand aquifers in Sydney and the NSW central 
coast have not identified stygofauna (Asmyhr, 2014; Stephenson 
et al., 2013).

Stygofauna have been collected from about one- quarter of 
sites sampled in Queensland (Glanville et al., 2016). Sampling 
of various catchments along the central Queensland coast as 
part of environmental approvals for recent gas and coal projects 
has collected various species of stygofauna (see Table 1; Cook 
et al., 2012; Eco Logical, 2014; GHD, 2012, 2013). Records as-
sociated with the coal and gas projects are typically from fresh-
water habitats with electrical conductivities less than 5,000 μS/
cm, although some species have been occasionally collected in 
waters with conductivities up to 21,000 μS/cm (Eco Logical, 2014; 
GHD, 2012). The fauna of deep coal seam aquifers seems less di-
verse than that of shallower alluvial aquifers, potentially because 
of low porosity and high salinity as well as reduced connection to 
surface energy inputs.

2.5  |  Northern Australia

The northern Australian area comprises the Kimberley region 
in eastern Western Australia and the top end of the Northern 
Territory. The distribution of aquifers and their properties are 

closely related to the geology of northern Australia including the 
predominantly Proterozoic granitic, sedimentary, volcaniclastic 
rocks of the Pine Creek Orogen, MacArthur Basin and Arafura 
Basin the Mesozoic- Cenozoic sedimentary Money Shoal Basin, 
and extensive karstic/carbonate systems occur across the region 
(Tickell, 2008; Table 1). The largest aquifer in the top end, the 
Cambrian Limestone Aquifer, which spans an area of c. 28,000 km2 
occurs across three sedimentary basins: the Georgina, Wiso, and 
Daly.

Stygofaunal communities are present in far northern 
Australia, including the Kimberley and the neighbouring parts 
of the Northern Territory (Figure 3e), where cave surveys in the 
Bonaparte groundwater province (Moulds & Bannink, 2012), the 
floodplain of the Ord River in the Kimberley (Bennelongia, 2012; 
Humphreys, 1999) and the colluvial deposits in the Weber Plains 
(Cho et al., 2005) have revealed stygofauna (see Table 1). Surveys 
at Pungalina Station, near Katherine in the Northern Territory, 
have confirmed the presence of stygofauna, without providing 
further details (Tickell, 2008). Whilst inland of two major coast-
lines, a recent survey of the stygofauna of the karstic habitats of 
the Cambrian Limestone Aquifer in the Beetaloo region revealed 
the presence of the decapod Parisia unguis (Figure 2e), along 
with amphipods, decapods, syncarids, copepods, and ostracods 
(Oberprieler et al., 2021). Isopods in the family Protojaniridae 
have been collected at Bubbling Sands Spring in the Robinson 
and Calvert River regions (Zaar, 2009). Considering the current 
sparsity of sampling, there seems to be high endemism at a genus 
and even family level. The isopod order Tainisopidea (or family 
Tainisopidae) is found only in north- western Australia (including 
the Pilbara) and is interpreted as a relict group with unknown phy-
logenetic affinities (Wilson & Ponder, 1992).

2.6  |  Overview and significance

Coastal aquifers in Australia span a vast range of hydrogeological 
settings, from granitic to karst to alluvium, at different geographical 
scales reflecting the diverse geology, and heterogeneous and vast 
coastal regions. These coastal regions border three of the five world's 
oceans (Indian Ocean— north-  and south- western Australia; Pacific 
Ocean— eastern Australia; Southern Ocean— south- western, south-
ern and eastern Australia) and experiences all the six climate groups 
(Equatorial, Tropical, Subtropical, Desert, Grassland and Temperate, as 
per the modified Köppen classification in Stern et al., 2000).

In terms of known diversity of the main taxonomic groups, 
north- western Australia is the richest region with 16, followed 
by eastern Australia (12), south- western Australia (10), northern 
Australia (nine), and southern Australia (eight; Figure 3). Pisces, 
Remipedia, Spelaeogriphaceae and Thermosbanaceae were 
unique to north- western Australia, where the only deep anchi-
aline system known in Australia (and the only continental anchi-
aline system known in the Southern Hemisphere), the Bundera 
sinkhole, is found (Elbourne et al., 2022; Humphreys et al., 1999). 
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    |  2015SACCÒ et al.

Overall, these data confirm that north- western Australia provides 
the richest areas for coastal stygofaunal diversity in the continent, 
a finding consistent with the patterns characterising inland areas 
of Western Australia (Halse, 2018b), and confirming this state as 
one of the biggest stygofaunal hotspots in the world (Saccò, Blyth, 
Bateman, et al., 2019).

Coleoptera, the only group lacking in the north- western 
Australian region, was present only in eastern and northern 
Australia, although the diversity ranges of the most abundant fam-
ily (Dytiscidae, see Asmyhr et al., 2014; Hancock & Boulton, 2008; 
Tomlinson & Boulton, 2010) is considerably lower than that found in 
inland Western Australia where the world's largest biodiversity of 
subterranean diving beetles has been reported (Leys et al., 2003). 
Decapoda (species Parisia unguis) were only found in northern 
Australia, while Acari were only found in south- western Australia 
and eastern Australia, although their absence in other regions is 
more likely to be due to sampling bias. The ubiquitous groups across 
the five regions were crustaceans (Amphipoda, Copepoda and 
Syncarida), molluscs (Gastropoda), and segmented worms (Annelida). 
The dominance of Crustacea in Australian coastal groundwa-
ters is consistent with global observations (Danielopol, Pospisil, & 
Rouch, 2000). Gastropods are particularly diverse also in central 
and North America (Gladstone et al., 2022) and the Mediterranean 
Basin (Glöer & Hirschfelder, 2019), while annelids are rich in east-
ern Europe (Martínez- Ansemil et al., 2016) and the Canary Islands 
(Martínez & Gonzalez, 2018).

Overall, when compared to other regions and continents in the 
world, Australian coastal groundwaters are of high conservation 
value due to their combination of hydrogeological and biotic diversity. 
Further investigations of unsurveyed coastal aquifers will probably 
add significantly to the known diversity (Guzik et al., 2011), and to 
the understanding of evolutionary trends (Asmyhr & Cooper, 2012) 
and functional dynamics (Saccò, Humphreys, et al., 2022) of these 
crucial but hidden biotic communities.

3  |  THRE ATS TO ST YGOFAUNA IN 
COA STAL AQUIFERS

Stygofaunal communities evolve in stable environments and are ex-
pected to have limited ranges of environmental tolerance (Castaño- 
Sánchez et al., 2020; Humphreys, 2006). Therefore, alterations to 
environmental conditions are expected to increase the likelihood of 
community change or even extinction. However, the absolute toler-
ances of stygofauna to aquifer disturbance remain poorly understood 
and it is likely that some environments, communities, and species will 
be more resilient than others (Jones et al., 2021). Potential threats 
to stygofauna include: groundwater extraction; saltwater intrusion; 
groundwater re- injection; changes to the land surface and run-
off, reduced infiltration and aquifer recharge; clearing of vegetation 
changing carbon and nutrient inputs to groundwater; contamination 
of groundwater through sewage, fertiliser use; spills or deliberate 

application of industrial chemicals, pesticides, and hydrocarbons; 
other contamination such as road run- off and, in special cases, well 
casing failures in coal seam gas and shale gas extraction industries 
(Mammola et al., 2019; Manenti et al., 2021; SOE, 2011).

Anthropic activities in coastal areas can therefore substantially 
impact groundwaters and their biota (Bugnot et al., 2019), with many 
of these threats being potentially interconnected. In the discussion 
below, we describe the major threats to coastal aquifers and again 
use mostly Australian data for illustrative purposes, but these issues 
are applicable world- wide.

3.1  |  Reduction in aquifer size

Fourteen priority aquifers have been identified in Australia as being 
both sensitive to climate change and of regional importance (Barron 
et al., 2011). Of these, 11 occur entirely within or overlap with the 
coastal zone. These aquifers extend across all Australian climatic 
areas and cover most aquifer types. Groundwater provides 90%– 
100% of the water used from five of these high- priority aquifers, 
and between 51% and 90% in a further four (Figure 4a). Estimated 
total water consumption in Australia is around 15,000 Gl per annum 
of which 5,000 Gl is sourced from groundwater, although the ac-
tual groundwater contribution may be 10,000 Gl (Harrington & 
Cook, 2014). Accurate data on the consumption of groundwater in 
Australia is difficult to obtain due to incongruent and inconsistent 
reporting procedures between jurisdictions, and limited monitor-
ing infrastructure; only a small proportion of abstraction wells are 
metered (Harrington & Cook, 2014). Furthermore, a sizeable but 
unquantified proportion of the groundwater extraction in coastal 
areas is from domestic bores and is undocumented (Werner, 2010). 
Although the impacts are largely undocumented, another increasing 
use for urban coastal groundwaters is the injection of waste heat 
derived from cooling systems (Becher et al., 2022 and references 
therein). Assessments in Australia have been carried out at biogeo-
chemical level (Douglas et al., 2015) but are still in their infancy for 
stygofaunal communities (Bennelongia, 2015).

In recent decades, there has been a major shift in rainfall patterns 
within Australia. North- western Australia has seen a significant in-
crease in annual rainfall, whereas most of the eastern seaboard, and 
south- western Australia in particular have seen significant decreases 
(Pearce et al., 2007). These changes affect the recharge rates of aqui-
fers (McFarlane et al., 2020). For example, the reduction of rainfall 
in south- western Australia since the 1970s has resulted in declining 
groundwater levels of the Leeuwin- Naturalist and Yanchep caves, 
leading to the apparent extinction of stygofauna (Eberhard, 2004). 
In both karst areas, the rate and magnitude of aquifer decline is ex-
acerbated by groundwater abstraction and evapotranspiration from 
forestry plantations (Chambers et al., 2013; Eberhard, 2004). More 
universally, cumulative impacts from a combination of stressors that 
impact stygofauna are likely to be prevalent in coastal areas where 
human populations and intensive land use are concentrated.
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3.2  |  Salinisation

3.2.1  |  Seawater intrusion

Salinity gradients occur where inland (fresh) groundwater ap-
proaches the ocean. If groundwater is over- exploited, the natural 
gradients can be disrupted, drawing salt water into previously fresh 
aquifers (Ferguson & Gleeson, 2012; SOE, 2011), as can marina and 
canal developments involving the excavation of artificial embay-
ments and channels in coastlines. This is a global issue, and one 
of the better studied threats to coastal groundwater, although re-
search has generally focused on geochemistry and hydrogeology, 

and rarely encompassed groundwater ecology. Recognised exam-
ples of groundwater overuse in the Australian coastal zone include 
the Lockyer and Pioneer valleys in Queensland and the Northern 
Adelaide Plains in South Australia. Despite groundwater extrac-
tions in the Pioneer Valley being below the legislated total ground-
water allocation, seawater intrusion has occurred in coastal areas 
during drought years (Harrington & Cook, 2014). The impact of 
saltwater intrusion on coastal stygofauna communities is mostly 
undocumented, but the likely negative effect of salinity on some 
groundwater species has been empirically demonstrated (Castaño- 
Sánchez et al., 2020; see discussion below). Rising sea levels as a 
result of climate change have the significant potential to reverse 

F I G U R E  4  (a) Groundwater use at a national scale as a percentage of total water use (modified from Harrington & Cook, 2014); (b) 
hydrogeology of Australia's coastal regions (sea level rise source: National Tidal Centre, reported in Australian government Department 
of Climate Change and Energy Efficiency; Figure modified from SOE, 2011); (c) percentages of remaining native vegetation and (d) aquifer 
importance and sensitivity (modified from Barron et al., 2011).
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    |  2017SACCÒ et al.

the salinity gradients in coastal aquifer systems (Figure 4b). Over 
the past 25 years, the rate of sea level rise in Australia has been 
an order of magnitude higher than previous decades, and south- 
western, north- western, and northern Australia have experienced 
the greatest increases (SOE, 2011). Whilst sea level rise is likely 
to possess less threat than over- allocation and over- extraction of 
groundwater in the short- term (Famiglietti, 2014), the combina-
tion of both processes for stygofauna in coastal aquifers is still 
unknown.

3.2.2  |  Land clearing and increased salinity

Increases in groundwater salinity as a result of changed agricultural 
practices or irrigation is widespread in Australia and may adversely 
affect stygofauna in similar ways to its impact on surface water sys-
tems (Halse et al., 2003). Extensive clearing of native vegetation 
can raise the water table due the removal of deep- rooted natives 
and their replacement with shallow- rooted plants that do not simi-
larly access and transpire the groundwater. As a result, more water 
passes through the soil profile, raising the water table and transport-
ing stored salt to the surface (Clarke et al., 2002). Salinisation can 
also occur due to over- irrigation, when excess water applied to crops 
travels past the root zone, raising the water table and incrementally 
increasing groundwater salinity through the slow addition of salt in 
irrigation water. Irrespective of the process, anthropogenic raising 
of the water table may affect the water quality and condition of aq-
uifers, and consequently impact stygofauna (Korbel & Hose, 2011). 
Clearing of Australia's native vegetation in coastal areas is region-
ally variable (Figure 4c) with parts of the south- east having less than 
10% original vegetation remaining, large parts of south- western 
and north- eastern areas having 31%– 50% remaining, while the 
north and north- eastern coast has 71%– 100% of vegetation intact 
(SOE, 2011).

3.2.3  |  Tolerances of stygofauna to changing salinity

There is little direct information on the tolerance of individual 
species of stygofauna to changes in salinity. Data from Portugal 
indicate that the distribution of some stygofaunal taxa is closely 
correlated with salinity (Shapouri et al., 2016). Median lethal con-
centration values (96 hr) for several stygobitic taxa suggest that sty-
gobitic species have sensitivities similar to related surface species 
(Castaño- Sánchez et al., 2020). As suggested by Dillon et al. (2009) 
and Castaño- Sánchez et al. (2020), salinity tolerances of stygofauna 
are likely to be geographically, as well as taxonomically, variable. 
Some inland species of stygofauna in south- western Australia toler-
ate seawater- like salinities of 35 g/L total dissolved solids or more 
(Halse, 2018a, 2018b) but most Pilbara species are restricted to sa-
linities of less than 10 g/L (Halse et al., 2014). Stygofauna in east-
ern Australia mostly have relatively low abundance in salinity above 

5 g/L, although stygobitic harpacticoids, cyclopoids and syncarids 
have been reported living in salinities of 22.5– 32.5 g/L total dis-
solved solids (Schulz et al., 2013).

3.3  |  Groundwater contamination: Pesticides, 
fertilisers, and chemicals

Contamination of groundwater has obvious implications for hu-
mans and is well studied from a human health perspective (Bertrand 
et al., 2022). However, the effects of contamination on groundwa-
ter dependent ecosystems are overall poorly documented (Manenti 
et al., 2021). In Australia, protection of groundwater resources is leg-
islated at the national and state level (for examples see DLWC, 1995; 
EPA, 1970). However, the effectiveness of these regulations from a 
conservation perspective is largely unknown. Not only are data lack-
ing on the degree of groundwater contamination, but there is also a 
lack of knowledge about the tolerances of stygofauna to such inputs 
(Castaño- Sánchez et al., 2020). This is partly due to difficulties in 
collecting large numbers of individual stygofauna species (with iden-
tification confirmed) and keeping them alive ex situ, constraining 
laboratory experiments (Di Lorenzo et al., 2019; but see Mammola 
et al., 2021).

3.4  |  Mining, coal seam gas extraction, and 
hydraulic fracturing (fracking)

Mining threats to stygofauna are multifaceted. Firstly, aquifer size 
can be reduced by dewatering and groundwater extraction. Secondly, 
changes in groundwater quality may result from contaminated mine 
water leaking from tailings dams or mine voids, through direct or 
indirect contamination (such as chemical spills), or via the reinjection 
of produced water (Halse, 2018a; Piccini et al., 2019). Overall, the 
impact can be locally significant but also with downstream impact 
from aquifer draw- down or potentially impacting water chemistry. 
The Australian Atlas of Minerals Resources identifies 197 operat-
ing mines in Australia's coastal zone, representing 38% of all oper-
ating mines in Australia. Furthermore, 50 mineral processing plants 
(82% of those in Australia) occur in the coastal region (Figure 4d). A 
large proportion of Australia's extensive coal resources also sit in the 
coastal zone (BMR Palaeogeographic Group, 1990). Stygofauna are 
uncommon in coal seam aquifers, but major coal production areas, 
such as the Hunter Valley in NSW, have well documented stygo-
fauna communities in overlying alluvial aquifers (Hose, Sreekanth, 
et al., 2015). Most mining developments in Western Australia, where 
stygofauna have been considered a key factor in environmental im-
pact assessment, have been assessed in terms of the threat posed by 
direct habitat loss (i.e., reduction in the available volume of ground-
water habitat resulting from groundwater extraction and dewater-
ing). However, these assessments may not reflect all subsequent 
impacts on the ecosystem.
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4  |  ADVANCING GROUNDWATER 
COA STAL ECOLOGY

4.1  |  Monitoring for ecological assessment

Legislative and regulatory frameworks to protect groundwater 
communities, such as those in Western Australia that require the 
protection of both subterranean habitats and fauna (EPA, 2016), 
are critical for the preservation of groundwater ecosystems. 
Successful implementation of these frameworks requires both 
base- line studies and ongoing monitoring. Stygofauna are an im-
portant indicator of groundwater ecosystem health, particularly 
when combined with metrics of biotic structure and function 
(Korbel & Hose, 2011; Manenti et al., 2018; Saccò, Blyth, Bateman, 
et al., 2019). Sampling protocols have improved greatly in recent 
years, but questions remain around the degree and frequency of 
sampling required (Culver et al., 2012). However, the abundance 
of stygofauna is often low, especially for larger species, and sub-
terranean taxa can potentially be affected by the pressures from 
predators (Manenti et al., 2020), all aspects that compromise the 
repeatability of sampling and create methodological and interpre-
tive challenges.

Building on the tiered framework for the assessment of ground-
water ecosystem health proposed by Korbel and Hose (2011), there 
are three key considerations for monitoring coastal stygofauna:

1. Determine the natural fluctuations in the environment: under-
standing the magnitude of natural spatial and temporal variability 
in stygofauna by sampling throughout the year, and following 
recharge events, is essential to provide a baseline that en-
ables future changes to be interpreted (Saccò et al., 2021). 
Determining natural variability in community composition and 
abundance is critical to ascertain the sample size required to 
detect change of a given magnitude.

2. Replication and reference sites: access to stygofaunal commu-
nities is limited by the available bores; however, establishing 

sufficient reference and impact sites is critical to disentangle 
changes from targeted impacts and other confounding factors.

3. Groundwater physico- chemistry: incorporating water physico- 
chemical data provides insights into aquifer processes, and fur-
ther understanding of factors influencing fauna distributions and 
abundance. Monitoring programmes should include such addi-
tional data that will enable the patterns observed to be better 
understood, and ultimately predicted.

4.2  |  Knowledge gaps and research priorities

Groundwater ecology is a rapidly growing field of research, espe-
cially with the advent of new technologies that can provide previ-
ously inaccessible information (i.e., community composition using 
environmental DNA, see Saccò, Guzik, et al., 2022), functional 
dynamics via isotopic ecology (i.e., Saccò, Blyth, Humphreys, 
et al., 2019), evolutionary and behavioural research (i.e., Mammola 
et al., 2021 and references therein). Several studies have identified a 
suite of critical knowledge gaps for the study of groundwater com-
munities broadly (Cardoso et al., 2011; Mammola et al., 2020). From 
our review of the literature for coastal aquifers in Australia, we have 
identified the four most critical knowledge gaps in coastal regions: 
taxonomic identification of rare and endangered taxa, and invasive 
species detection; functional roles of biota and groundwater- surface 
interactions; ecotoxicological tolerances; and urban groundwater 
ecology (Table 2). It is encouraging that, as the field of groundwater 
ecology evolves, new approaches to address these gaps emerge. For 
instance, Linke et al. (2019) proposed including groundwater in inte-
grated conservation planning for coastal catchments, and Andersen 
et al. (2016) developed comprehensive conceptual models to under-
stand and inform the expected ecological responses of stygofauna, 
microorganisms, aquatic surface fauna and groundwater- dependent 
vegetation, to changes in groundwater– surface regimes. Such ho-
listic approaches crossing boundaries between surficial and subter-
ranean ecosystems, and research disciplines, highlight the crucial 

TA B L E  2  Description of four identified research gaps, priorities and opportunities for future research, and four selected references per 
each research gap to advance coastal groundwater ecology

Gaps Priorities and opportunities References

Stygofaunal diversity and rare/
cryptic/endangered/invasive 
species detection

Curated taxonomic databases; environmental 
DNA and DNA metabarcoding; free- open 
access data

Martínez et al. (2018), Saccò et al. (2021), Saccò, 
Guzik, et al. (2022), White et al. (2020)

Functional studies and 
groundwater- surface 
interactions

Multidisciplinary approaches; measurement of 
physico- chemical parameters; inclusion of 
functional species traits; manipulative studies 
to quantify ecosystem services

Hose & Stumpp (2019), Iannella et al. (2021), 
Lewandowski et al. (2020), Saccò, Campbell, 
et al. (2022)

Environmental and ecotoxicological 
studies

Performance of in- situ and ex- situ experiments; 
establishment of water quality guidelines to 
protect groundwater ecosystems

Castaño- Sánchez et al. (2020), Castaño- Sánchez, 
Hose, & Reboleira (2021), Castaño- Sánchez, 
Malard, et al. (2021), Di Lorenzo et al. (2019)

Urban groundwater ecology and 
artificial recharge research

Medium-  and large- scale assessments combined 
with conventional stygofaunal surveys; 
citizen- science initiatives

Guimarães et al. (2019), Koch et al. (2021), Manenti 
et al. (2021), Becher et al. (2022)
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ecosystem services provided by groundwater ecosystems (both 
coastal and inland) in Australia and across the globe (Saccò, Blyth, 
Bateman, et al., 2019).

5  |  CONCLUSION

Coastal aquifers provide essential resources for over a billion peo-
ple. However, beyond their importance as water reservoirs, they 
host diverse stygofaunal communities that play a key role in main-
taining the functions of these systems. Our synthesis of data on 
stygofauna in coastal areas of Australia has pinpointed five bio-
diverse areas across seven states, each one comprising different 
community assemblages with a total of 17 taxonomic groups rang-
ing from primitive metazoans (e.g., rotifers) to vertebrates (e.g., 
cave fishes; Table 1, Figure 3). Major threats to these stygofauna 
communities in coastal aquifers include: a reduction in aquifer 
size; salinisation from seawater intrusion and land clearing; an-
thropogenic contamination; and multifactorial impacts of mining 
and extractive industries. Given the predicted increases in natural 
hazards and coastal population growth across the globe, intensi-
fied research on coastal subterranean fauna is needed to ensure 
the sustainability of coastal groundwater ecosystems. Conflicts 
between resource extraction, urbanisation and agriculture, and 
the preservation of groundwater ecosystems are a worldwide 
challenge. Increased biomonitoring using novel tools such as en-
vironmental DNA, and integrated conservation plans for coastal 
catchments are needed to make informed planning and manage-
ment decisions, and preserve some of the most indispensable but 
overlooked ecosystems on the planet.
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