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A B S T R A C T

Like other crustacean families, the Parabathynellidae is a poorly studied subterranean and aquatic (stygobiontic)
group in Australia, with many regions of available habitat having not yet been surveyed. Here we used a
combined approach of molecular species delimitation methods, applied to mitochondrial and nuclear genetic
data, to identify putative new species from material obtained from remote subterranean habitats in the Pilbara
region of Western Australia. Based on collections from these new localities, we delineated a minimum of eight
and up to 24 putative new species using a consensus from a range of molecular delineation methods and ad-
ditional evidence. When we placed our new putative species into the broader phylogenetic framework of
Australian Parabathynellidae, they grouped with two known genera and also within one new and distinct
Pilbara-only clade. These new species significantly expand the known diversity of Parabathynellidae in that they
represent a 22% increase to the 109 currently recognised species globally. Our investigations showed that
sampling at new localities can yield extraordinary levels of new species diversity, with the majority of species
showing likely restricted endemic geographical ranges. These findings represent only a small sample from a
region comprising less than 2.5% of the Australian continent.

1. Introduction

The Pilbara is one of the oldest emergent surfaces on earth (Wiemer
et al., 2018) and is recognised for its rich mineral deposits (iron ore in
particular) (Summerfield, 2016). Its landscape is incised by major river
valleys with rivers flowing from cyclonic and episodic rainfall during
tropical summers (November-April), but drying during arid winters
(May-October). However, permanent subterranean rivers flow as
groundwater below the surface within alluvium (sand, silt, gravel de-
posited by flowing water), and these habitats have been found to
comprise a biodiversity hotspot for subterranean aquatic organisms
referred to as stygofauna (Wilson, 2003; Eberhard et al., 2005; Finston
et al., 2007; Guzik et al., 2011a,b). Subterranean aquifers and their

associated fauna are often closely linked to mineral formations
(Mokany et al., 2019), and mining of iron ore in north-western Western
Australia (WA), in particular, potentially poses significant threats to
aquifer ecosystems through sealing of surface water and dewatering for
extraction of minerals (Humphreys, 2008; Britt et al., 2017). Con-
servation concerns have increased the need for characterisation and
description of subterranean species as part of the review process for
environmental impact assessments, particularly by the mining industry
(Humphreys, 2001; Eberhard et al., 2005; Hancock and Boulton, 2009).
Intensive research and extensive environmental impact assessment
surveys by environmental consultancies over the last decade have
sampled a highly diverse endemic stygofauna in the Pilbara. These in-
clude stygofaunal groups such as copepod, ostracod and amphipod
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crustaceans (Eberhard et al., 2005; Reeves et al., 2007; Halse et al.,
2014), as well as subterranean and terrestrial (troglofauna) groups such
as pseudoscorpions (Edward and Harvey, 2008; Harrison et al., 2014)

and schizomids (Harvey et al., 2008). Only a small proportion of this
biodiversity has been formally assessed and described to date (Guzik
et al., 2011a,b).

Fig. 1. New parabathynellid sampling locations in Australia. From left to right: A map of Australia with B Pilbara and C Browns Range sampling locations in boxes;
inset map of the Pilbara with four key sampling regions within the Pilbara (E-G). Inset maps D-G show magnified views of each area and individual bores, labelled by
code and coloured according to putative species present as per Fig. 2. ^ and * indicate bores sharing putative species in common. A generalised indication of
underlying geological formations is provided in greyscale: light grey – Alluvium/Calcrete, middle grey – Colluvium, dark grey – Mount McRae shale/Browns range
metamorphic. Map created using ArcMap v 10.3.1 (ESRI, 2017), data layers provided by Rio Tinto and from the AUSGIN Geoscience Portal 2017. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Parabathynellidae Noodt, 1965 are a relictual freshwater family of
syncarid microcrustaceans that are known from around the world
(Schminke, 1972, 1973; Cho et al., 2006b; Camacho et al., 2012). They
are remarkably diverse in Australia (Humphreys, 2001; Finston and
Johnson, 2004; Guzik et al., 2008; Asmyhr and Cooper, 2012) with a
high proportion recently described from Western Australia (Cho, 2005;
Guzik et al., 2008, 2011; Cho and Humphreys, 2010). Of the 45 known
parabathynellid genera worldwide (Camacho et al., 2018), 11 have
Australian representatives (48 species). These include four supposedly
widely distributed genera: Atopobathynella Schminke, 1973, Chili-
bathynella Noodt, 1963, Hexabathynella Schminke, 1972, and Noto-
bathynella Schminke, 1973. The remaining seven genera are endemic to
Australia and include Arkaroolabathynella Abrams and King, 2013 (in
Abrams et al., 2013), Billibathynella Cho, 2005, Brevisomabathynella Cho
et al., 2006a, Kimberleybathynella Cho et al., 2005, Lockyerenella Little
and Camacho, 2017, Octobathynella Camacho and Hancock, 2010a and
Onychobathynella Camacho and Hancock, 2010a (Little and Camacho,
2017). To date, four species are known from the Pilbara, Billibathynella
cassidis Hong and Cho, 2009, Brevisomabathynella hahni Cho and
Humphreys, 2010, Brevisomabathynella pilbaraensis Cho and
Humphreys, 2010 and Atopobathynella schminkei Cho et al., 2006b. Due
to their high diversity, poor dispersal ability and role as bioindicators
(Harvey et al., 2011; Korbel et al., 2013), parabathynellids are re-
cognised as a significant conservation priority (Smith et al., 2016;
Korbel et al., 2017).
Differences among parabathynellid species can be hard to detect

using morphology alone (Abrams et al., 2012; Asmyhr and Cooper,
2012; Abrams et al., 2013). Convergent evolution of similar morpho-
logical traits means that species are often morphologically uniform and
cryptic (Christiansen, 1961; Pipan and Culver, 2012; Camacho et al.,
2014, 2018; Little and Camacho, 2017) due to life in lightless and
confined habitats (Guzik et al., 2008; Bradford et al., 2010; Abrams
et al., 2012; Asmyhr and Cooper, 2012). In addition, difficulties asso-
ciated with sampling and a general sparsity of specimens (Abrams et al.,
2013) means that the taxonomy for this group remains largely in-
complete (Eberhard et al., 2005; Guzik et al., 2008). Molecular studies
have been valuable for providing a first assessment of their species level
diversity (Guzik et al., 2008; Humphreys, 2008; Little et al., 2016),
particularly for cryptic taxa (Humphreys, 2001, 2008; Harvey, 2002;
Finston and Johnson, 2004; Eberhard et al. 2005; Guzik et al., 2008;
Abrams et al., 2012; Asmyhr and Cooper, 2012; Asmyhr et al., 2014b).
Delineation of parabathynellid species from around Australia using
molecular methods in the last 10 years has focused on several key
groundwater systems, including alluvial systems in Queensland (QLD)
(Cook et al., 2012; Little et al., 2016; Little and Camacho, 2017), South
Australia (SA) (Abrams et al., 2012, 2013), New South Wales (NSW)
(Asmyhr and Cooper, 2012), and calcrete aquifers of the Yilgarn region,
WA (Guzik et al., 2008; Abrams et al., 2012, 2013). Each of these
studies has demonstrated that species are endemic to a small part of
each specific region. In some cases, genera are widespread across
Australia, but, mostly, they are restricted regionally and no single
species has been found in multiple regions. Follow-up taxonomic work
that has described these new genera and species has reinforced ob-
servations of endemism and geographic isolation (Cho, 2005; Cho et al.,
2005, 2006a, 2006b; Camacho and Hancock, 2010a, 2010b; Cho and
Humphreys, 2010; Abrams et al., 2012; Little and Camacho, 2017).
In this study, our aim was to estimate the number of putative species

for the north-western region of Western Australia, in particular the
Pilbara, from where parabathynellids are known to occur, but are not
well characterised (Hong and Cho, 2009). To do this, we aimed to de-
limit species using three genetic loci (Cytochrome Oxidase c Subunit
I (COI), 12S rRNA (12S) and nuclear 18S rRNA (18S)). Based on pre-
vious research in other locations around Australia, we anticipated a
high level of local endemicity in the Pilbara fauna. Secondly, sub-
stantial COI and 18S sequence data for Parabathynellidae are available
to assess relationships for the Australian fauna (Abrams et al., 2012;

Cook et al., 2012; Asmyhr et al., 2014a, 2014b; Little et al., 2016) and,
with this information, we aimed to place new putative species from the
Pilbara within a current revised and expanded phylogenetic framework.

2. Materials and methods

2.1. Field collections and taxon sampling

Parabathynellids were collected from two separate regions in
northern WA (the Pilbara and Browns Range; Fig. 1), and obtained from
previous ecological surveys by three consultancies (Subterranean
Ecology, Bennelongia Environmental Consultants and Stantec) between
2008 and 2017 (Fig. 1 and Supplementary Material Table S1). Speci-
mens were collected from pre-existing bore holes using stygofaunal
haul nets, and pumping water from aquifers. All specimens were pre-
served in 100% ethanol and stored in the Western Australian Museum’s
(WAM’s) Crustacean (WAMC) collection. From WAM’s long-term col-
lection of subterranean fauna we were able to sequence 74 individuals
from 32 boreholes broadly distributed across the Pilbara and more
narrowly from 42 individuals at 15 bores from Browns Range (north-
west WA). A key aim of this study was to place our Pilbara Parbathy-
nellidae (Pilbara-only) into the broader Australian framework and for
this reason we used all Australian parabathynellid sequences available
to us, both unpublished data (KMA) and also published sequences of
Australian Parabathynellidae from studies by: Abrams et al. (2012);
Cook et al. (2012); Asmyhr et al. (2014a, 2014b); Little et al. (2016)
(see Supplementary Material Table S1). The Browns Range individuals
from the present study and also the additionally sequenced Pilbara
individuals (Lineages B and C) (Abrams et al., 2013) were considered
especially important because of their geographic proximity to our Pil-
bara individuals and their value as a geographically distinct north-east
comparison to the Pilbara. Sequences from additional species of pre-
viously unpublished research by KMA from numerous locations around
Australia were also included to further extend the range of geographic
sampling. These included: Chillibathynella sp. 3, C. sp. 4, Notobathynella
sp. 1, Kimberleybathynella sp.3, K. sp.4, At. sp.7, At. wattsi Cho et al.,
2006b, Arkaroolabathynella sp. 1, Ar. sp. 2, Billibathynella. sp. 3, Brevi-
somabathynella parooensis Cho and Humphreys, 2010, B. cunyuensis Cho
et al., 2006a, At. hinzeae (Cho et al., 2006b) (see Supplementary
Material Table S1 for details).
Australian parabathynellids have been shown not to be mono-

phyletic (Camacho et al., 2018) and a lack of bathynellacean fossils has
made understanding their present distribution particularly challenging
(Camacho and Valdecasas, 2008). At this time we have focussed on
identification of potential new Australian species in the present study.
Future research will aim to broaden the scope of the analyses to non-
Australian taxa and to place the Australian parabathynellid fauna in-
ternationally, but such analyses will likely require additional genetic
markers to be developed for parabathynellids (see Supplementary
Material Table S1).

2.2. DNA extraction, amplification, and sequencing

DNA was extracted from body segments between segment 10 and
the pleotelson (preserving significant characters for morphological
studies) from approximately 190 individuals, using Qiagen DNeasy
tissue and blood extraction kit under standard protocol. Use of de-
graded museum specimens can be a major limitation in DNA sequen-
cing studies. Here we were able to successfully sequence 61% (116/
190) of available specimens for one or more genes. The lower success
rate for sequencing specimens was probably due to sub-optimal storage
conditions during consultancy surveys. Fragments of the mtDNA gene
COI, 12S and 18S genes were amplified using the following primers;
COI: C1-J-1718F GGAGGATTTGGAAATTGATTAGTTCC and C1-J-2329
ACTGTAAATATATGATGAGCTCA (Simon et al., 1994). 12S: 12SCRF
GAGAGTGACGGGCGATATGT and 12SCRR AAACCAGGATTAGATACC
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CTATTAT (Wetzer, 2001). 18S[i] 18s1F TACCTGGTTGATCCTGCCAG
TAG and 18S5R CTTGGCAAATGCTTTCGC (Giribet et al., 1996);
(Whiting et al., 1997). 18S [ii] 18S3F GTTCGATTCCGGAGAGGGA and
18Sbi GAGTCTCGTTCGTTATCGGA (Giribet et al., 1996); (Whiting
et al., 1997). 18S [iii] 18Sa2.0 ATGGTTGCAAAGCTGAAAC and 18S9R
and GATCCTTCCGCAGGTTCACCTAC (Giribet et al.,’ 1996; Whiting
et al., 1997). PCR-amplifications were conducted in 25 μL volumes
comprising 1×PCR buffer (1mM dNTPs and 3mM MgCl2), 1 unit of
TAQ polymerase (MyTaq), approx. 1–5 ng of DNA template, 0.2 μM of
each primer. PCR cycling conditions for COI consisted of a 5min de-
naturing period at 95 °C, then 7 cycles of 95 °C for 30 s, 40 °C for 30 s,
72 °C for 60 s, followed by 35 cycles of 95 °C for 30 s, 50 °C for 30 s and
72 °C for 60 s with a final extension at 72 °C for 10min. Conditions for
12S were 95 °C for 5min, then 40 cycles of 95 °C for 30 s, 47 °C for 30 s
and 72 °C for 45 s, with a final extension at 72 °C for 10min. 18S was
amplified as three fragments, under the following conditions: 95 °C for
5min, then 35 cycles of 95 °C for 30 s, 49 °C for 30 s, and 72 °C for 45 s,
with a final extension of 72 °C for 10min. Products were visualised
using the eGel Electrophoresis system (Life Technologies, Scoresby,
Vic., Australia), on 2% agarose gels with ethidium bromide. Bidirec-
tional sequencing was carried out at the Australian Genome Research
Facility.
Any sequences new to this study were submitted to GenBank

(GenBank numbers COI MK546312 - MK546373; 12S rRNA MK573384
- MK573427; 18S rRNA MK554585 - MK554634). For the expanded
Australian parabathynellid phylogeny, representatives of all existing
Australian lineages for COI and 18S from published studies were
downloaded from GenBank (see Supplementary Material Table S1 for
details). No existing 12S sequence data were available from GenBank,
but 12S sequences for Pilbara individuals were still retained in the final
alignment for their informativeness and use in future work. GenBank
sequences were aligned with the concatenated dataset, and trimmed to
match the length of Pilbara samples for COI and 18S rRNA.

2.3. Nucleotide analysis

Geneious v10.0.9 (Kearse et al., 2012) was used to edit and as-
semble COI, 12S and 18S sequence data for Pilbara individuals. For-
ward and reverse sequence fragments were edited and trimmed,
aligned, and a single consensus sequence was created. Consensus se-
quences of all sequenced individuals for each gene were aligned using
MUSCLE (Edgar, 2004) and trimmed so that sequence lengths were the
same amongst all individuals and the final COI and 18S sequences were
aligned with two outgroup taxa, Psammaspididae sp. (KX022576,
KX022537) (Little et al., 2016) and Bathynellidae sp. (JQ446079,
JN817410) (Abrams et al., 2012) using MUSCLE alignment (Edgar,
2004). There were no suitable outgroup sequences available for 12S.
The COI alignment was translated to amino acids using MEGA 7 (Kumar
et al., 2016). FaBox (Villesen, 2007) was used to collapse the final se-
quence alignments into haplotypes using the ‘DNA to haplotype col-
lapser and converter’. The number of COI base substitutions per site
between putative species and bores was estimated using the Kimura 2-
parameter model (Kimura, 1980) with MEGA 7 (Kumar et al., 2016).
Sequences for COI, 12S and 18S were combined into a single file using
the ‘concatenate alignment’ feature in Geneious (Kearse et al., 2012).

2.4. Molecular phylogenetic analysis and species delineation of Pilbara-only
data

The Pilbara-only alignment of COI, 12S and 18S was initially ana-
lysed independently of taxa from outside the region. This analysis
comprised individual analyses of each gene region and then all three
gene sets were concatenated. We examined the effect of converting COI
to amino acids and removing the third codon position, but found no
effect of these manipulations on tree topology, so nucleotide data in-
cluding all codon positions were used for the final phylogenetic

analyses. The final datasets (COI, 12S, 18S and concatenated alignment)
were partitioned by codon position and gene, before using Partition
Finder v2.1.1 (Lanfear et al., 2016a) to determine the models of evo-
lution which best fit each partition. The best fitting models for COI 1st,
2nd and 3rd codon positions respectively were the General Time Re-
versible (GTR) model (Tavaré, 1986)+Gamma (G), Hasegawa-
Kishino-Yano (HKY) model (Hasegawa et al., 1985)+ Invariable sites
(I)+G and HKY+G, and for 12S and 18S they were GTR+ I+G and
GTR+G respectively. The alignments were analysed using MrBayes
v.3.2.6 (Ronquist and Huelsenbeck, 2003) via the CIPRES Science
Gateway v.3.3 (Miller et al., 2010). In MrBayes, four chains for the
Markov chain Monte Carlo (MCMC) analysis (two runs) were run si-
multaneously for 50,000,000 generations, sampling every 100th tree,
under the specified models of substitution for each partition. To ensure
that the chains had been run for long enough to reliably estimate the
posterior distributions of the parameters of interest (Lanfear et al.,
2016b), MCMC convergence was assessed using Tracer 1.6 (Rambaut
et al., 2015). Effective Sample Size (ESS) values were well above 200
for final analyses providing us with confidence that the impact of au-
tocorrelation was not detrimental to the estimated parameters and re-
sultant tree topologies. Convergence in analyses was assessed using
Tracer 1.6 (Rambaut et al., 2015) to determine a burnin of 20%. A 50%
majority rule Bayesian consensus tree generated from the remaining
posterior distribution of trees. Posterior Probability (PP) support was
used to assess confidence in resolved nodes. Resulting trees were edited
for presentation using FigTree v. 1.4.3 (Rambaut, 2009).
Three methods of species delineation were used; two on each of the

final COI, 12S and 18S genes for the Pilbara-only datasets, and an ad-
ditional threshold approach for COI. Firstly, Automatic Barcode Gap
Discovery (ABGD) (Puillandre et al., 2012) was conducted on each gene
alignment, with default settings except for relative gap width which
was adjusted to one, and initial and recursive partitions calculated for
Jukes-Cantor 69, Kimura K80, and simple distance models. Secondly,
we employed the Poisson Tree Processes (PTP) (Zhang et al., 2013)
analysis using the MrBayes gene tree as input and using both Maximum
Likelihood (PTP) and Bayesian (bPTP) approaches with a burnin of 0.1
and 100,000 MCMC generations. Resulting trace plots were used to
assess tree convergence. Species were also delineated using established
COI Kimura-2-parameter model distance thresholds for para-
bathynellids in MEGA7 (Kumar et al., 2016) and using the Species
Delimitation plugin in Geneious (Masters et al., 2011): 7.1% (Abrams
et al., 2012), 11% (Guzik et al., 2011a,b) and generic crustacean
threshold 17% (Costa et al., 2007) which also encompasses the
threshold of 16% (Lefébure et al., 2006). Results of species delineation
methods for each gene were compared (see Results), and an assessment
of putative species was made based on a consensus of these observa-
tions.
To apply a unified species concept as per de Queiroz (2007) we

incorporated the following lines of evidence: a) the consensus of mo-
lecular species delimitation results, b) monophyly of lineages based on
tree topologies (Supplementary Material Figs. S1–S6) especially for
resolved nodes of 0.90 PP for COI and 12S (PP node support for 18S was
generally low so we down-weighted the results of this gene); c) geo-
graphic isolation (i.e. distance and geology) (as represented by colours
in Fig. 1 and phylogenies in Fig. 2 and Supplementary Material Fig. S1-
S6), were also used to corroborate species divisions (de Queiroz, 2007;
Guzik et al., 2011a,b). A minimum of two for these criteria needed to be
fulfilled for a lineage of individuals to recognised here as a putative
species. For completeness, morphological examination and descriptions
of the new species will be undertaken in future research.

2.5. Phylogenetic analysis of Australia-wide data

A second phylogenetic analysis was conducted on a combined data
set of all available parabathynellid sequences from Australia. This
Australia-wide data set comprised putative species representatives from
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our Pilbara-only data set (Fig. 2), new sequences (including 42 se-
quences from Browns Range, 1000 km north-east of the Pilbara), and
also existing (GenBank) sequences of individuals from previous studies
(Supplementary Material Table S1). Analyses were conducted in exactly
the same way as listed above for the Pilbara sequences.

2.6. Geographic locality data

The location data for specimens were converted to KML files and
visualised using Google Earth v7.1 (Google Inc., 2017) and ArcMap
v10.3.1 (ESRI, 2017). An indication of the underlying geology was
added to maps using the open access lithostratigraphy layers in the
Australian Geoscience Information Network Geoscience Portal (2017).
Bores were coloured according to putative species sampled.

3. Results

3.1. Nucleotide analysis of Pilbara-only data

Specimens of parabathynellids were available for 32 boreholes
throughout the Pilbara and sequenced for all three genes (COI, 12S,
18S) (Supplementary Material Table S1). A 609 bp fragment of the COI
mtDNA gene was sequenced for 44 individuals (number of haplotypes
(h)= 33). Of these COI sequences, 26 haplotypes were singletons and
seven were represented by multiple individuals (for a list of all haplo-
types see Supplementary Material Table S2). A 343 bp fragment of the
12S rRNA gene was sequenced for 56 individuals (h=26). Fifteen
haplotypes were represented by multiple individuals and 11 were sin-
gletons (Supplementary Material Table S2). Thirty-eight individuals
were sequenced for 1684 bp of the 18S rRNA gene. Of these, 32 were
distinct haplotypes, with 28 singletons and four found in multiple in-
dividuals (Supplementary Material Table S2). Concatenation of se-
quence data for the three genes resulted in an alignment of 74 se-
quences, 2,636 bp long. Sequence data from Pilbara individual
WAMC57170 (putative species 24) were not included in the Pilbara-
only analyses because of the high observed genetic distance compared
to the other Pilbara parabathynellid sequences.

3.2. Pilbara genetic divergence and species delineation

A summary of molecular species delineation results and their geo-
graphic locations for putative species 1–23 are shown with the Bayesian
consensus tree of concatenated data (COI, 12S, 18S) for all but putative
species 24 of the Pilbara putative species (Fig. 2 and Supplementary
Material Table S3). The following delineation methods were used for
individual gene trees: COI (ABGD, bPTP, 7.1% threshold, 11%
threshold and 17% threshold (Supplementary Material Table S3)); 12S
(ABGD and bPTP), and also an appraisal of monophyletic groups in the
18S Bayesian tree topology (Supplementary Material Fig. S3). The pu-
tative species estimates varied between 10 and 21 for COI and 9–19 for
12S (see Fig. 2 and Supplementary Table S3). Despite some differences
in delineation results between genes, especially when data were
missing, delineation methods showed the same major groupings (Fig. 2,
Supplementary Material Table S3 and Supplementary Material Figs.
S1–S6)). Final putative species numbers were arrived at using a final
consensus of all methods as listed in the Materials and Methods (see
Fig. 2 for final consensus summary).
For the 24 putative Pilbara species that were delineated based on

the final consensus of all molecular species delineation methods (see
results below; Fig. 2 and Supplementary Material Table S3), we ob-
served COI genetic distances among putative species of 6.4–36%
(Supplementary Material Table S4). It should be noted that Pilbara
putative species 8, 9 and 10 were delineated by ABGD and bPTP
methods for the COI gene, but did not meet the minimum 7.1% di-
vergence threshold with 6.2–6.4% divergences between these three
species. COI variation within putative species was usually less than 1%,
and putative species 17 had the highest variation within a species at
2.8% (Supplementary Material Table S4). The genetic distances for 12S
among putative species had a range of 2–44%, and 0–1% within pu-
tative species (Supplementary Material Table S5). 18S variation be-
tween putative species was unsurprisingly low at 0.1–6%
(Supplementary Material Table S6).

3.3. Australia-wide phylogeny of Parabathynellidae

The phylogenetic analyses of all parabathynellids from Australia
(see Fig. 3 for locality map) included sequence data from 54 taxa re-
presenting 10 known genera (Fig. 4; see also Supplementary Material
Table S1). Our analyses showed the Pilbara individuals formed three
separate clades, a Pilbara-only clade (putative species 1–19); four
haplotypes (putative species 20–23) that grouped with, but were not
necessarily the same species as, various Atopobathynella species (Ato-
pobathynella sp. 5 (Pilbara)) (PP 85–100%), Atopobathynella sp. 7, At.
glenayleensis, At. hinzeae, At. wattsi from the Yilgarn (PP 69%), and
Atopobathynella sp. 3 (Pilbara) (PP 100%)); and finally one individual,
WAMC57170 (putative species 24), which grouped with a Hex-
abathynella individual (SA) (PP 100%) (Fig. 4). Putative species 13
grouped very closely to Lineage B from Abrams et al. (2013), species 21
grouped with At. sp. 5 and species 23 with At. sp. 3, the latter two from
Abrams et al. (2012), respectively. Putative species 2, 6 and 18 were not
included in the Australia-wide phylogeny as only one gene was suc-
cessfully sequenced for these species, and because the missing data
adversely affected estimates of tree topology in the final phylogeny
(results not shown).
The other newly-sequenced individuals from around Australia

(Chillibathynella sp. 3, C. sp. 4, Notobathynella sp. 1, Kimberleybathynella
sp.2, K. sp.3, K. sp.4, A. sp.7, Arkaroolabathynella sp. 1, Ar. sp. 2,
Billibathynella. sp. 3, Brevisomabathynella parooensis, Br. cunyuensis, At.
wattsi, At. hinzeae grouped as expected with representatives from re-
spective genera (based on GenBank data). Further, of the 42 individuals
from 14 Browns Range (north-west WA) bores, 30 sequences (h=15)
were obtained for COI; 42 individuals (h=20) were obtained for 12S
rRNA; and 30 sequences (h=9) for the 18S rRNA gene. All haplotypes
from Browns Range formed a single clade that was nested within
Atopobathynella (PP 100%).

3.4. Geographic patterns

In total, 88% of putative species from the Pilbara were restricted to
a point locality, i.e. a single borehole. The Hexabathynella specimen
(putative species 24) was one of the most genetically distinct in-
dividuals (Supplementary Material Table S4), and also came from one
of the most geographically isolated bores (Bore C23) (Fig. 1A). How-
ever, there were three key exceptions to this pattern of very short
ranges. All 12S haplotypes of putative species 3 (57109–11, 57113–16,
57181, 57184) were found in four bores (A47, A59, A74, A89) that had

Fig. 2. Bayesian consensus tree of concatenated data (COI, 12S, 18S) for 73 individuals from the Pilbara, including final putative species divisions (Putative species).
Outgroups included in the analyses not displayed. Coloured squares match geographic locations in Fig. 1. Black bars summarise delineation results. For COI,
1=ABGD (initial) 2=ABGD (recursive), 3= bPTP, and for 12S 1=ABGD JC69 and Kimura K80 (initial and recursive), ABGD simple distance (initial), 2=ABGD
simple distance (recursive), 3= bPTP. A more detailed summary of species delineation results is included in Supplementary Material Table S3. An X indicates an
unavailable gene, * indicates sequences for which only 18S was available, and grey bars are those that span across unavailable sequences (X’s). Node labels are
Bayesian posterior probabilities. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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a linear range of ~12 km, with potential geological connectivity via an
alluvium/colluvium network (Fig. 1C, light blue dots, Supplementary
Material S1). Haplotypes of putative species 6 (57139–41, 57153–56)
were found in two bores (FT1, F08) that were extremely close together,
i.e. 2.5 km (Fig. 1B, pale pink dots, Supplementary Material S1). Fi-
nally, COI haplotype WAMC57195 and also 18S haplotype
WAMC54549 for putative species 13 were variously found in five bores
(B29, B33, B38, F39, FC1) (Fig. 1D, dark green dots). Individuals shared
closely related haplotypes across 3.5 km (B29, B33, B38) and even
250 km (FC1, F39) and, in the most extreme examples, shared the same
haplotypes across 140 km. For instance, we observed a single haplotype
shared among individuals from three key locations (bores B38, FC1 and
F39). Bore B38 was 118 km from bore FC1 and 140 km from bore F39 in
the opposite direction. Shared haplotypes across broad geographic lo-
cations for putative Species 13 were: the 18S haplotype WAMC54549,
which was found 118 km apart at bores FC1 (individual WAMC54549)
and B38 (individual WAMC57196), and also the COI haplotype,
WAMC57195 (represented by individuals WAMC57195 and
WAMC57196 at bore B38), was sampled 140 km away at bore F39
(individual WAMC57202).

4. Discussion

The Pilbara has been identified as a region of high diversity for
subterranean fauna (Eberhard et al., 2005; Guzik et al., 2008; Halse
et al., 2014). Based on the results from this study, it is now clear that
parabathynellids also comprise a significant component of this biodi-
versity, serving as bioindicators and potentially performing ecosystem
services (Boulton et al., 2008; Hose and Stumpp, 2019). Using a con-
sensus of multiple molecular species delineation approaches, mono-
phyletic lineages and geographic isolation as criteria to delimit species
(Fig. 2), we identified up to 24 putative new species at 32 point loca-
tions (bore holes) within the Pilbara bioregion (180,000 km2)
(Thackway and Cresswell, 1995). Based on the inclusion of our new
putative species into an Australia-wide phylogeny of parabathynellids,
it seems likely that these new Pilbara taxa are closely related to two
known genera, Atopobathynella and Hexabathynella, and form one dis-
tinct clade (Pilbara-only clade Fig. 4). Our findings reveal a substantial

increase in parabathynellid diversity for the Pilbara and Australia,
which is likely to have only just scratched the surface of the full extent
of their biodiversity even within this bioregion, given its broad geo-
graphic range and sparse sampling. These new species significantly
expand the known diversity of Parabathynellidae in that they comprise
a 22% increase to the 109 currently recognised species globally (the
World Register of Marine Species database 2018).

4.1. New putative Pilbara parabathynellid species

Here we present a novel data set for new Australian para-
bathynellids. We have a minimum of eight delineated species based on
results for when data from all three loci were available. These eight
species (putative species 3, 8, 14, 16, 18, 20, 21, 24 (WAMC7170)) are
the most conservative estimate of putative species for Pilbara para-
bathynellids based on the data presented here and met the criteria
outlined under the unified species concept (de Queiroz, 2007). When all
genes and all haplotypes were analysed, irrespective of missing data, a
maximum of 24 new putative species from the Pilbara were identified
using multiple species delineation approaches (Fig. 2 and
Supplementary Material Table S3). These final putative species num-
bers were derived based on three criteria that provide evidence towards
a unified species concept (de Queiroz, 2007): (a) the consensus of
molecular species delimitation results, (b) monophyly of lineages based
on tree topologies for resolved nodes and (c) geographic isolation (i.e.
distance and geology) (as represented by colours in Fig. 1 and phylo-
genies in Fig. 2 and Supplementary Material Figs. S1–S6), were also
used to corroborate species divisions. In molecular species delineation
analyses, the ABGD and bPTP methods were largely consistent across
the datasets, but at a minimum genetic divergence threshold of 7.1%
(Abrams et al., 2012) for COI, three putative species; 8, 9 and 10 could
not be separated (divergent in COI by 6.2–6.4%). Such divergences may
reflect phylogeographic differentiation rather than fixed genetic dif-
ferences between species, but with the current data this hypothesis is
difficult to test. Some differences in delineation results were also ob-
served between genes (putative species 10–21 for COI and 9–19 for
12S) with the sources of these differences predominantly being missing
data. For example, putative species 6 and 18 were sequenced for 12S,

WA NT

SA

QLD

NSW

VIC

TAS

Fig. 3. Map of Australia shows locations of
known and unknown Lineages A-C of
Parabathynellidae and colours represent all
groups examined in the present study: Red -
Pilbara putative species; Green -
Brevisomabathynella; Light Blue - Chilibathynella;
Purple - Billibathynella; Pink - Octobathynella;
Orange - Arkaroolabathynella; Light Green -
Lockyerenella; Dark Blue - Browns Range haplo-
types; Dark Green – Atopobathynella (sensu lato
(s.l.)), i.e. in the broad sense); Grey -
Kimberleybathynella; Yellow - Notobathynella;
Brown - Hexabathynella, Black and open circles
represent unnamed genera. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)
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but not COI, and each showed high levels of 12S divergence (> 11%)
with other putative species, supporting their designation as distinct
species.
For the remaining criteria, monophyly of lineages based on tree

topologies for resolved nodes and geographic isolation we observed
consistent results with the 24 delineated species. The majority of
lineages that represented delineated species were reciprocally mono-
phyletic with support greater than PP 90% for COI and 12S trees
(Supplementary Material Figs. S1–S6). Geographic isolation was
broadly observed for most of the putative species, with 88% of putative
species from the Pilbara restricted to a point locality (single borehole),
including the Hexabathynella specimen (putative species 24) which was
genetically distinct and came from one of the most geographically
isolated bores (Bore C23) (Fig. 1A). The only putative species that de-
viated from this pattern of geographic isolation, and showed con-
nectivity of populations over substantial distances, were putative spe-
cies 3, 6, 13, for which we present explanations below.
As with all molecular species delineation methods, we reiterate the

caveat that not all criteria for a species agreed across all methods and
genes, however, strong general support was consistent for the deli-
neated species. Despite the minor differences in individual locus deli-
neation results, major groupings for at least eight, but more realistically
22–24 putative species in all of these three gene trees, combined with
their monophyly and geographic isolation, have formed a robust hy-
pothesis and basis for examining species-level diversity of para-
bathynellids in the future using morphological analyses. For ease of
interpretation, we will continue to use the estimate of 24 new species
from the Pilbara in discussing our key findings with the possibility of as
few as eight putative species.
Consistent with previous studies of this family (Guzik et al., 2008;

Abrams et al., 2012; Cook et al., 2012; Little et al., 2016) and based on
the current sampling, we observed that for the 24 new putative species
88% were found at individual locations indicating that species had
narrow distributions (see Fig. 1 for map of species locations and Fig. 2
for phylogenetic relationships among haplotypes). We have observed
that of the 24 putative species, seven showed COI haplotypes re-
presented by multiple individuals and of these, three species shared
haplotypes over areas greater than 3 km. More intensive and broader
sampling would help to test these results further. We were also able to
establish the endemism of these restricted haplotypes and species to the
Pilbara by including them in our expanded Australian parabathynellid
phylogeny (see details below). To explain the high number of species
we see in the Pilbara, the hydrogeology of the region and the biology of
this group is considered below.
The Pilbara has been identified as a centre for biodiversity in sub-

terranean fauna. In their review of stygofauna for this region, Eberhard
et al. (2005) identified the following criteria as key determinants of the
high regional biodiversity in north-west WA: age of the landscape, ex-
istence of suitable subterranean aquatic habitat, and habitat fragmen-
tation. As one of the most ancient and geologically stable regions in the
world, the Pilbara has a diverse array of available subterranean habitats
(e.g. alluvium/colluvium and calcrete profiles) that are known to yield
exceptionally high levels of stygofaunal species richness (Eberhard
et al., 2005). Alluvium/colluvium is well-known around the world as
ideal habitat for stygofaunal species (Dole-Olivier et al. 1994). Para-
bathynellids are considered to be poor dispersers, heavily impacted by
dispersal barriers (Asmyhr et al., 2014b) and subterranean habitat
fragmentation and hydrological barriers, which serve to greatly reduce
gene flow. These factors have undoubtedly contributed to high levels of
speciation in these isolated habitats (Boulton et al., 2003; Eberhard
et al., 2005; Finston et al., 2007; Guzik et al., 2011a,b; Halse et al.,
2014). Our discovery of new species in almost every newly sampled
location is, thus, well explained by the criteria for stygofaunal biodi-
versity as postulated by Eberhard et al. (2005), and we predict that
future sampling of the Pilbara and north-western Australia will prob-
ably continue to increase the number of parabathynellid species for the

region.

4.2. Evidence of contemporary connectivity and sampling limitations

River systems associated with the subterranean alluvium/colluvium
habitat are known to episodically flood, potentially providing oppor-
tunities for dispersal by stygofauna down the catchment. Here we ob-
served divergent putative species 3 and species 6 haplotypes in multiple
closely positioned bores (Fig. 1B, pale pink dots, Fig. 2 and
Supplementary Material S1)). We also observed shared haplotypes from
putative species 13 across 140 km (putative species COI haplotype
WAMC57195 and 18S haplotype WAMC54549). These results could be
explained as ancestral haplotype retention, however, the presence of a
shared haplotype from COI across this distance is less straightforward.
Stepwise dispersal mediated by cyclonic flooding events have been
cited for dispersal of stygobiontic amphipods in the Pilbara, where gene
flow within a tributary is thought to be facilitated by downstream
dispersal during episodic flooding (Finston et al., 2007). Alternate ex-
planations could include errors in the field or in the laboratory.
Endemism, and in particular, short-range endemism (sensu Harvey,

2002), has sometimes been identified as an artefact of insufficient
sampling effort (Eberhard et al., 2009). Here we have conducted one of
the most intensive studies yet of Australian parabathynellids, but
sampling is still likely to have had a substantial impact on the observed
frequency of species and haplotypes among locations. Typically, 1–5
individuals per bore were collected and sequenced, thus limiting
sample size. However, it needs to be emphasised that sampling of sty-
gofauna from the Pilbara can be exceptionally difficult with sample
sizes usually being very low (Eberhard et al., 2009; Halse and Pearson,
2014). Travel and access to sites that are predominantly located on
mining leases and sampling aquifers 60–80m underground can be ex-
tremely difficult and prohibitively expensive. Successful collection of
parabathynellids can also be problematic because individuals are
caught very infrequently using haul net methodology. Haul nets are a
targeted sampling approach (Allford et al., 2008), but collecting in-
dividuals of a particular type (i.e. parabathynellids) is largely random.
To confirm species estimates into the future it will be critical to sample
more exhaustively both within and between current and new bore lo-
cations with a view to sampling as many species as possible.

4.3. Molecular phylogeny of Australian Parabathynellidae

To provide context to our new putative species from the Pilbara, we
incorporated their sequences into a phylogenetic analysis of available
GenBank sequences from 10 known clades from around Australia
(Fig. 4), sequences from additional individuals from Browns Range and
elsewhere in Australia, and three unknown parabathynellid clades
(Lineage A-C Fig. 4). This analysis (Fig. 4) confirms the uniqueness of
the Pilbara fauna and builds significantly on the existing pool of known
parabathynellid reference sequences. First, we observed a major clade
that contained 16 species endemic to the Pilbara region (Pilbara-only),
representing putative species 1–19, excluding species 2, 6 and 18 which
were not included in the larger phylogeny. In this clade, multiple de-
lineated species based on molecular data grouped together within a
reciprocally monophyletic clade, with a distinct position in the phylo-
geny relative to all other parabathynellid genera, and with strong
posterior probability support (PP 100%), as well as geographic isolation
within the Pilbara bioregion. Putative species 2, 6 and 18 were also
members of this Pilbara-only clade given their close relationships to
putative species 1, 7 and 19 respectively (Fig. 2). Lineages B and C were
also observed within the Pilbara-only clade. Sequenced prior to the
current study (Abrams et al., 2013), these individuals were sampled
from a location very close to all others that we have sequenced from the
Pilbara (Supplementary Material Table S1). Second, three putative
species were found to group closely with representatives of Atopo-
bathynella (putative species 20–23). Third, we found a single putative
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new species that closely grouped to Hexabathynella spp. (putative spe-
cies 24), and finally we observed a second major clade that contained a
number of likely new species from Browns Range, nested within Ato-
pobathynella. All of the relevant nodes were well supported (PP
94–100%) and showed that, based on the current data, there are pos-
sibly two existing genera represented in the Pilbara (i.e. Atopobathynella
and Hexabathynella) and a new Pilbara-only clade. Species from the
Pilbara-only clade spanned the breadth of the sampled sites across all
major groundwater drainages in the Pilbara. The remaining putative
species 20–23 and the Browns Range clade formed relationships with
known and undescribed species of the broader Atopobathynella lineage
(Atopobathynella sensu lato (s.l.)) but were not reciprocally mono-
phyletic. Putative species 20–21 grouped most closely with Atopo-
bathynella sp. 5 and the Browns Range clade (PP 100%).
Our results of restricted phylogeography for parabathynellids are

consistent with results for other syncarids in the Pilbara (Perina et al.,
2018), elsewhere in Australia (e.g. Cho et al., 2005, 2006a; Camacho
and Hancock, 2010a; Abrams et al., 2013; Little and Camacho, 2017)
and on other continents (Schminke, 2011; Camacho et al., 2012).
However, our Australia-wide phylogeny showed that Atopobathynella
(previously known from only one location in the Pilbara (Abrams et al.,
2012)) and Hexabathynella (previously unknown from the Pilbara) are
possibly significantly expanded. Atopobathynella species formed a
monophyletic group of representatives from the Yilgarn (central WA),
SA, and now the Pilbara (Fig. 4). The widespread distribution of this
genus is also supported by their characteristic morphology (Cho et al.,
2006b) with the genus also being recorded from other locations in
Australia (Victoria, Tasmania, Northern Territory), as well as New
Zealand, India, and Chile (e.g. Cho et al., 2006b; Abrams et al., 2013;
Bandari et al., 2017). For Hexabathynella, a strong sister relationship
was observed between SA and Pilbara putative species 24, a finding that
also potentially suggests long distance historical regional connections
for this genus. Hexabathynella is described as spanning multiple con-
tinents, but the species within this genus are not widespread (Camacho
et al., 2014, 2017a,b). Previous studies on Australian members of the
genus have alluded to historically widespread distributions of stygo-
biontic ancestors with a subsequent constriction in range due to climate
induced aridification of the landscape and reduction in available
groundwater (Byrne et al., 2008; Abrams et al., 2012). Whilst we have
not included any sequences of taxa from outside Australia, it is possible
that Atopobathynella and Hexabathynella are monophyletic and wide-
spread in Australia. However, numerous sub-lineages within Atopo-
bathynella, in particular, were observed in our Australia-wide phylo-
geny, which raises the question of whether this genus represents a
large, genetically diverse genus, or rather is better treated as numerous
smaller genera. These findings of shared genera between regions are
possibly not unexpected given the current morphological taxonomy,
but they do appear counterintuitive given their low dispersal ability and
short-range endemic distributions (see below), which is consistently
found across Australia and elsewhere around the world (Schminke,
2011; Camacho et al., 2016). One possible explanation is that these
groups historically had broad ancestral distributions and that the
morphology of parabathynellid genera is highly conserved (Abrams
et al., 2013). Together with the new Pilbara and Browns Range clades
and related specimens, taxonomic treatment is now required.

4.4. Distribution patterns of Australian Parabathynellidae

The Australia-wide phylogeny showed that, aside from
Atopobathynella and Hexabathynella, each sampled geographic region
maintains its own unique parabathynellid taxa, especially at species,
and often at generic level, consistent with previous studies (Guzik et al.,
2008, 2011; Abrams et al., 2012, 2013). For instance, Arkar-
oolabathynella appears to be restricted to the Flinders Ranges and sur-
rounds (SA), Brevisomabathynella to the Yilgarn and Pilbara (WA) (Cho
and Humphreys 2010), Billibathynella to the Yilgarn and Pilbara (WA)

(Hong and Cho, 2009), Kimberleybathynella to the Kimberley and Can-
ning Basin (WA) (Cho et al., 2005), and Lockyerenella to Burdekin (QLD)
(Little and Camacho, 2017). We incorporated representative haplotypes
of all these genera in the current phylogeny, as well as new sequences
from genera identified as Octobathynella (NSW) and Chillibathynella
(NSW) and undescribed lineages sequenced from other locations in
NSW, QLD, Lineage A (SA), Lineages B and C (Pilbara, WA) and 42
individuals from Browns Range. Significantly, our results have re-
inforced the premise of other stygobiont crustacean studies in that they
display a high degree of regional endemism, as well as high species
diversity with less than 9% overlap of species between regions (e.g.
Humphreys, 2008; Watts and Humphreys, 2009; Karanovic and Cooper,
2011 and references within).

4.5. Conservation recommendations and conclusions

The Parabathynellidae have been studied from a number of loca-
tions around Australia (e.g. Cho et al., 2005; Guzik et al., 2008;
Camacho and Hancock, 2010a; Abrams et al., 2012; Asmyhr and
Cooper, 2012; Cook et al., 2012; Asmyhr et al., 2014b; Little et al.,
2016; Little and Camacho, 2017), and provide an expanding framework
that can be used for monitoring and conservation of species and the
communities in which they reside. Typically, implications for con-
servation are dependent on the stygofaunal group and conservation
efforts must be considered and be in-line with management priorities.
Here, we record numerous new species, most likely many of them with
extremely short geographical ranges, and an apparently general in-
ability to disperse. Under these circumstances, even highly localised,
small-scale environmental changes could result in the extinction of
species. Protection and monitoring of subterranean habitats and their
communities is the best way to conserve stygofaunal groups. Inclusion
of groundwater dependent ecosystems in conservation planning is
highly appropriate. Ongoing monitoring of subterranean systems for
negative impacts during developments associated with mining, in par-
ticular, is critical for conservation management.
A substantial proportion of the previously recognised and sequenced

parabathynellid lineages have already been reliably identified to genus
level, and a good number of them have been formally described using
morphological criteria. Description of new species is important because
the most effective documentation of biodiversity for conservation
management includes species names (Costello et al., 2015). However,
as is usual for stygofauna, and indeed many invertebrate groups, their
formal taxonomy is falling behind as the recognition of molecular Op-
erational Taxonomic Units continues to increase. The relationships we
highlight in this study indicate that parabathynellids may be an ex-
cellent candidate group for integrative ‘turbo’ taxonomy (Riedel et al.,
2013) as a solution to the taxonomic impediment we see in Australia.
Furthermore, the implementation of new high throughput environ-
mental DNA metabarcoding for biodiversity assessment and monitoring
is of intense interest for its augmentation of traditional monitoring and
survey methods (Thomsen et al., 2012; Bohmann et al., 2014; Deiner
et al., 2016; Goldberg et al., 2016). This is especially true for mon-
itoring endangered, rare, and elusive taxa (Yu et al., 2012; Bohmann
et al., 2014; Furlan et al., 2016) for stygofauna including Para-
bathynellidae. A robust Barcode Reference Library (BRL) is essential for
effective detection of fauna using metabarcoding methods. Here we
have made a significant first step in this direction for Para-
bathynellidae. Priorities to transform our consensus of species delimi-
tation results into a parabathynellid BRL into the future include mor-
phological verification and taxonomic diagnoses of delineated Pilbara
species. Additional verification through more extensive stygofaunal
sampling, barcoding of a much broader range of genes, and additional
phylogenetic analyses will also be essential.
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