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Abstract A combined approach was used to study the diver-
sity, distribution and variability of the ameirid genus Nitokra
in the uppermost reaches of the Carey palacochannel, as very
little is known about habitat invasions of stygofauna in general
and inland dispersal of this predominantly marine genus in
particular. A 70-km-long stretch of several disconnected
calcrete subterranean habitats, known as Yeelirrie, has previ-
ously shown to harbour up to ten sympatric and parapatric
congeners of the miraciid genus Schizopera and six allopatric
congeners of the parastenocaridid genus Kinnecaris, in addi-
tion to 11 other species of copepods. The diversity of the
genus Nifokra is much smaller, with only two allopatric spe-
cies in the entire area. Nitokra esbe sp. nov. is a short-range
endemic, recorded in a single bore in the most downstream
part of Yeelirrie. In contrast, both molecular and morpholog-
ical data indicate that Nitokra yeelirrie sp. nov. is widespread
here, showing one of the largest distribution ranges of any
subterranean copepod in Yeelirrie. Phylogenetic analysis of
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Nitokra populations based on the COI gene shows N. esbe as a
sister clade to other Nitokra sequences, which does not ex-
clude the possibility of an ‘active upstream’ dispersal model,
proposed for other copepods of marine origin here. High
levels of COI sequence divergence (~10 %) among specimens
of N. yeelirrie collected 8 km apart suggest the potential for
considerable population differentiation or restricted gene flow
within an apparently single large calcrete body. A table of the
most important morphological characters for all 79 valid
world species of Nitokra is presented, and replacement names
are provided for four junior homonyms. An overview of the
conservation status of the entire Yeelirrie stygofauna was also
provided.

Keywords Barcoding - Conservation - Stygofauna -
Taxonomy - Yeelirrie - Zoogeography

Introduction

The Yeelirrie area of Western Australia has received due
attention recently because of an unprecedented diversity of
copepods (Karanovic and Cooper 2011a, b, 2012),
representing more than 70 % of the previously recorded o-
diversity in the whole Yilgarn region of Western Australia
(Karanovic 2004), although it comprises less than 3 % of the
region’s surface. This 70-km-long stretch of several discon-
nected calcrete subterranean habitats in the uppermost reaches
of the Carey palacochannel has been previously shown to
harbour up to ten sympatric and parapatric congeners of the
miraciid genus Schizopera Sars, 1905 (Karanovic and Cooper
2012) and six allopatric congeners of the parastenocaridid
genus Kinnecaris Jakobi, 1972 (Karanovic and Cooper
2011a), in addition to about 11 other species of copepods (T.
Karanovic, unpublished data). Their reconstructed molecular
phylogenies revealed that both explosive radiation and
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multiple colonisations are responsible for this richness
and that copepods of marine origin most probably
colonised this palacochannel using active dispersal up-
stream, while those of freshwater origin dispersed mostly
downstream (Karanovic and Cooper 2011a, 2012). In this
paper, we study the ameirid genus Nifokra Boeck, 1865,
which is also very abundant in Yeelirrie; we use this term
to describe indiscriminantly the existing pastoral station,
one of tributaries of the Carey palaeochannel (as Yeelirie
palaochanel), and the system of calcrete deposits in this
area; for more information about calcrete geology, geo-
morphology and distribution in Western Australia, see
Humphreys (2001, 2006).

The majority of ameirids are free-living benthic or intersti-
tial marine animals, but a few species are also found in
association with flatworms (Liddell 1912), medusae (Humes
1953) and malacostracan crustaceans (Chappuis 1926;
Bowman 1988). Although primarily marine, they have suc-
cessfully radiated into freshwater and can be found today from
marine abyssal depths (Corgosinho and Martinez Arbizu
2010) to freshwater caves (Karanovic 2000), with an especial-
ly rich and diverse fauna discovered recently in the calcrete
aquifers of Western Australia (Karanovic 2004, 2006, 2010;
Karanovic and Hancock 2009) and in calcrete-free fractured
Archaean greenstone (Karanovic et al. 2013). With more than
300 valid species worldwide (Boxshall and Halsey 2004), the
Ameiridae Monard, 1927 is the third largest harpacticoid
family, just after the Canthocamptidae Sars, 1906 and
Miraciidae Dana, 1846.

The ameirids are currently classified into 46 valid genera
(Walter and Boxshall 2013) and two subfamilies: Ameirinae
Monard, 1927 and Stenocopiinac Lang, 1944. A sexually
dimorphic basal spine on the first swimming leg is the most
important synapomorphy that unites all ameirids, and this
character state has (probably) been secondarily lost in only a
few species (Lee and Huys 2002; Karanovic 2006; Karanovic
and Hancock 2009). Nitokra is the largest ameirid genus,
containing nearly 80 valid species (Karanovic and Pesce
2002), with a notoriously difficult and problematic taxonomy
(Gomez et al. 2012). In addition to numerous synonyms (Lang
1948, 1965a) and the erroneous spelling of the genus name (as
Nitocra) for more than 100 years (Bowman 1988), there are
several pairs of still unresolved homonyms (Karanovic and
Pesce 2002).

The first mention of any Nifokra in Australia was that of the
cosmopolitan and polymorphic Nitokra lacustris
(Shmankevich, 1875) by Dussart and Defaye (1990) in their
list of world continental copepods. However, it is not clear
what this record was based upon, if not on an erroneous
interpretation of a casual mention of this species by Bayly
(1972, p. 237) in his overview of osmotic behaviour of ani-
mals in saline continental waters (also confirmed by personal
communication from Dr. Ian Bayly on 30 November 2013).
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Adams and Stauber (2008) reported on a personal commu-
nication with two colleagues about ecotoxicology tests
done on the cosmopolitan Nitokra spinipes Boeck, 1865,
implying that the original material has been collected
somewhere in Australia, but without any explicit data.
This record should be considered uncertain until it can be
verified by a specialist. Only two species of Nifokra have
been confirmed so far from Australia: the endemic Nitokra
humphreysi Karanovic and Pesce 2002, described from
anchialine groundwaters of the Cape Range karst area in
northwestern Western Australia (Karanovic and Pesce
2002), and the relatively widely distributed Australo-
Pacific N. lacustris pacifica Yeatman 1983, reported so
far from crab holes in Western Samoa, Tonga, and Fiji
(Yeatman 1983), temporary brackish water pools in
Papua New Guinea (Fiers 1986), and bore holes in calcrete
aquifers in arid Western Australia (Karanovic 2004).

Arid Western Australia is famous for numerous isolated
calcrete aquifers that lie along palaeodrainage channels and
range in diameter from tens of kilometres to hundreds of
metres (Humphreys 2001, 2006). The highly porous and
carbonate-rich sediments here represent an ideal habitat for
various groups of stygofauna (aquatic subterranean fauna),
including dytiscid beetles (Watts and Humphreys 2006,
2009 and references therein), amphipods (Finston et al.
2007; King et al. 2012), isopods (Wilson 2008), bathynellids
(Cho et al. 2006a, b), ostracods (Karanovic 2007) and cope-
pods (Karanovic 2004, 2006). Previous genetic and morpho-
logical studies suggested that individual calcretes are equiva-
lent to closed island habitats, which have been isolated for
millions of years (Cooper et al. 2008). The majority of
stygobitic species evolved within individual calcretes, possi-
bly following an independent colonisation by epigean ances-
tors (Cooper et al. 2002, 2007, 2008; Guzik et al. 2008; Leys
etal. 2003; Leys and Watts 2008). Phylogeographic studies of
dytiscid beetles (Cooper et al. 2002; Leys et al. 2003), amphi-
pods (Cooper et al. 2007; Bradford et al. 2010), isopods
(Cooper et al. 2008) and bathynellids (Guzik et al. 2008) have
confirmed the presence of monophyletic groups restricted to
single calcretes. The diversity of the stygofauna is mostly
dependent on the size of the calcrete and typically includes
one to three species from each major group, most of them
endemic to that site (Karanovic 2004, 2006, 2007; Finston
etal. 2007; Leys and Watts 2008; Allford et al. 2008; Bradford
et al. 2010). However, very little is known about habitat
invasions of stygofauna in general and inland dispersal of
predominantly marine groups in particular. Here, we use a
combined approach, based on morphological and molecular
analyses, to study the diversity, distribution and variability of
the ameirid genus Nifokra in subterranean calcrete aquifers in
Yeelirrie, in an attempt to shed some additional light on the
more general questions of their habitat invasion and subse-
quent dispersal.
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Material and methods

Most samples studied here were collected in the Yeelirrie area
(Karanovic and Cooper 2011a, 2012), as a part the Yeelirrie
Subterranean Fauna Survey 2009-2011, commissioned by
BHP Billiton Yeelirrie Development Company Pty Ltd. Two
outgroups for our molecular phylogenies came from the fam-
ily Canthocamptidae Brady, 1880, and their COI sequence
data are available from GenBank: Australocamptus hamondi
Karanovic 2004 (also collected in the Yeelirrie calcrete) and
Elaphoidella humphreysi Karanovic 2006 (collected from the
Pilbara region of Western Australia). Locality data and num-
bers of specimens are listed separately for each Nitokra spe-
cies, and all type material is deposited in the Western
Australian Museum (WAM), Perth. Some additional material
is kept as voucher specimens by Subterranean Ecology but
will ultimately also be deposited in the WAM (not listed
herein).

Samples were collected with haul nets (mesh size 50 or
150 um) from groundwater bores. Bores are holes mainly
made by mining companies or agricultural enterprises for the
purpose of water monitoring and abstraction or mineral ex-
ploration. They are usually from 5 to 20 cm in diameter and
may be lined entirely, or in part, by PVC tubing (the casing).
This tubing may be open only at the bottom, or it may be
pierced at one or more levels by holes of various sizes (‘slots”).
The top may be securely capped or entirely open to the
elements. Some bores record the water pressure at a given
level in the aquifer (piezometers), while others, equipped with
windmills or solar pumps, provide water for pastoral use. Haul
nets are simple plankton nets of different sizes suitable for the
bores; their collars can range from 20 to 150 mm in diameter
and are made of stainless steel. For each sample, a weighed net
(using simple fishing leads) was lowered down into the bore
with a bottle screwed onto its distal part and then hauled
through the water column, usually six times. Samples were
preserved in the field in cold 100 % ethanol, kept onice orin a
refrigerator and sorted in a laboratory. Each sample was given
a unique four-digit lab code, which was used throughout the
investigation; these codes are also presented in this paper for
all material examined (prefix seLN). The same number is also
used for our COI sequences. Bores established for
hydrogeological work, mineral exploration and water moni-
toring have prefixes or suffixes of relevance only to that
drilling program. These codes are cited in the material exam-
ined for each species to aid in specifying the location, al-
though precise coordinates are also provided. More than 500
samples were taken from close to 200 bores in 2009 and 2010,
most of them distributed along 21 bore lines (see Fig. 15).

Specimens for morphological observation were dissected
and mounted on microscope slides in Faure’s medium, which
was prepared following the procedure described by Stock and
von Vaupel Klein (1996), and dissected appendages were then
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covered by a coverslip. For the urosome or the entire animal,
two human hairs were mounted between the slide and cover-
slip, so the parts would not be compressed. By manipulating
the coverslip carefully by hand, the whole animal or a partic-
ular appendage could be positioned in different aspects, mak-
ing possible the observation of morphological details. During
the examination, the water slowly evaporated and the append-
ages eventually remained in a completely dry Faure’s medi-
um, ready for long-term storage. All line drawings were
prepared using a drawing tube attached to a Leica MB2500
phase-interference compound microscope, with N-PLAN (x5,
%10, %20, x40 and x63 dry) or PL FLUOTAR (x100 oil)
objectives. Specimens that were not drawn were examined in
propylene glycol and, after examination, were again preserved
in 100 % ethanol. Photographs of whole specimens were
taken in propylene glycol with a Leica DFC420 micro-
camera attached to a Leica M205C dissecting microscope.
The software package Leica Application Suite (LAS), version
3.5.0, was used to create a multifocal montage image.
Specimens for scanning electron micrography (SEM) were
dehydrated in progressive ethanol concentrations, transferred
into pure isoamyl acetate, critical-point dried, mounted on
stubs, coated in gold and observed under a Hitachi S-4700
microscope on the in-lens detector, with an accelerating volt-
age of 10 kV and working distances between 12.9 and
13.2 mm; micrographs were taken with a digital camera.
Digital photographs were processed and combined into plates
using Adobe Photoshop CS4.

Morphological terminology follows Huys and Boxshall
(1991), except for caudal ramus setal numbering (not used)
and small differences in the spelling of some appendages
(antennula, mandibula, maxillula instead of antennule, man-
dible, maxillule), as an attempt to standardise the terminology
for homologous appendages in different crustacean groups.
Descriptions were shortened by making them comparative,
and only the first species is described in full. Biospeleological
terminology follows Humphreys (2000). Morphological char-
acters for comparative analysis of all valid species of Nitokra
are prepared in a tabular form, with the different armature
formulae recorded as follows: antenna—number of setac on
first/second exopodal segment (most species have a one-
segmented exopod); mandibula—number of setae on basis/
endopod lateral, endopod apical; maxilla—number of setae on
proximal/distal coxal endites; first swimming leg—Ilength to
width index of first endopodal segment; intercoxal sclerite of
second swimming leg—presence (+) or absence (—) of spi-
nules; second to fourth swimming legs exopods and endopods
(a widely used formula in harpacticoid copepods; see Lang
1948, 1965)—number of elements on segments first inner/
second inner/third inner, apical, outer; fifth leg—number of
armature elements on exopod/endopod; female fifth leg—
length to with index of exopod; sixth leg—number of setae;
anal operculum—number of spinules.
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Specimens for molecular analysis were examined without
dissection under a compound microscope (objective x63 dry)
in propylene glycol (CH;CH(OH)CH,OH). After examina-
tion, they were returned to 100 % ethanol. DNA was extracted
using the GENTRA Puregene extraction method (Qiagen;
www.qiagen.com) according to the manufacturer’s protocol
for fresh tissues. PCR amplifications of a 623-bp fragment
from the mitochondrial COI gene were carried out with the
‘universal’ primers LCOI490 and HCO2198 (Folmer et al.
1994). The use of these primers, however, proved problematic
in many cases and hence additional ‘nested’ primers (M1321-
1323) were designed by Ms. Kathleen Saint (South Australian
Museum) from preliminary copepod COI sequence data and
used in combination with the primers of Folmer et al. (1994)
to improve the PCR amplification efficiency (see Karanovic
and Cooper 2011a, 2012). An initial PCR amplification used
the combination LCOI490/HCO2198; then, 1 pL of product
was used to seed-nested PCRs in the following combinations:
M1323/HCO2198 or M1321/M1322. PCR amplifications
were carried out in 25-pL. volumes containing 4 mM
MgCl,, 0.20 mm dNTPs, 1x PCR buffer (Applied
Biosystems), 6 pmol of each primer and 0.5 U of AmpliTaq
Gold (Applied Biosystems). PCR amplification was per-
formed under the following conditions: 94 °C for 9 min, then
34 cycles 0of 94 °C for 45 s, annealing 48 °C for 45 s, 72 °C for
60 s, with a final elongation step at 72 °C for 6 min. PCR
products were purified using a vacuum plate method, and
sequencing was undertaken using the ABI prism Big Dye
Terminator Cycle sequencing kit (PE Applied Biosystems,
Foster City, CA). Sequencing was carried out on an ABI
3700 DNA analyser, and sequences were edited and manually
aligned in SeqEd version 1.0.3 (Applied Biosystems). For this
study, DNA was extracted and the COI fragment successfully
PCR-amplified from 11 copepod specimens (Table 1).

An initial BLAST analysis of GenBank was carried out to
confirm the copepod origin of the sequence data, and the
sequences were also translated into protein using MEGA ver-
sion 5 (Tamura et al. 2011) to confirm the presence of an open
reading frame. Phylogenetic analyses of the COI sequence data
were conducted using a maximum likelihood (ML) approach.
These analyses were conducted both in PAUP* (using the
Geneious (version 6.05; Biomatters Ltd, www.geneious.com)
interface; Swofford 2002) and using the program RAXML and
the WEB-based RAXML ‘black box’ version 7.7.1 (http:/
phylobench.vital-it.ch/raxml-bb/; Stamatakis et al. 2008)
provided by the Vital-IT Unit of the Swiss Institute of
Bioinformatics. The ML analyses were conducted by applying
a single general time-reversible (GTR) model (Rodriguez et al.
1990) to the COI data and with unequal variation at sites
modelled using a gamma (G) distribution (Yang 1996).
Support for branches was estimated employing the bootstrap
option in RAXxML, using 100 bootstrap pseudoreplicates.
Average DNA sequence divergences among sequences and
taxa were estimated using the program Geneious (version 6.
05) using both a patristic distance based on PAUP* ML anal-
yses with a GTR + G model and p-distances.

Taxonomic section

Subphylum Crustacea Briinich, 1772
Class Maxillopoda Dahl, 1956
Suclass Copepoda H. Milne Edwards, 1840
Order Harpacticoida Dana, 1846
Family Ameiridac Monard, 1927
Subfamily Ameirinae Monard, 1927
Genus Nitokra Boeck, 1865

Table 1  List of copepod specimens for which the CO! fragment was successfully amplified

Code Species Region Line Bore number Date GenBank
7081a A. hamondi Yilgam E 312 13 Jan 2010 IN039160
7081b A. hamondi Yilgamn E 312 13 Jan 2010 IN039163
7122 A. hamondi Yilgam E 312 19 Mar 2010 IN039165
7991 E. humphreysi Pilbara - FMGSM1529 23 Jan 2010 INO039161
8110 E. humphreysi Pilbara - FMGSM3644 2 Mar 2010 IN039166
8119 E. humphreysi Pilbara - FMGSM3645 1 Mar 2010 IJN039173
8387 N. yeelirrie Yilgarn 35 YYAC284 17 Mar 2010 KM409715
8393 N. yeelirrie Yilgarn 35 YYAC328 17 Mar 2010 KM409716
8492 N. yeelirrie Yilgarn F YUl 15 Mar 2010 KM409717
8517 N. esbe Yilgam SB14 SB14-1 16 Mar 2010 KM409718
8527 A. hamondi Yilgarn E 312 16 Mar 2010 JN039170

Generic abbreviations: 4., Australocamptus Karanovic 2004; E., Elaphoidella Chappuis, 1928; N., Nitokra
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Nitokra yeelirrie sp. nov.

(Figures 1, 2, 3,4, 5, 6 and 7)

Type locality

Australia, Western Australia, Yilgarn region, Yeelirrie station,
bore line F, bore YU1, 27.142601° S, 119.853144° E.

Specimens examined

Holotype female dissected on one slide (WAM C47251),
allotype male dissected on one slide (WAM C47250), three
paratype males and four paratype females together on one
SEM stub (WAM C47249), one paratype female (WAM
C47252) dissected on one slide, six paratype males and 11
paratype females together in alcohol (WAM C47253), one
female destroyed for DNA sequence (amplification success-
ful), all collected from type locality, 15 March 2010, leg. T.
Karanovic and G. Perina (seL.N8492).

Six paratypes (three males and three females) together on
one SEM stub (WAM C47248a), three paratype males and 10
paratype females and 11 paratype copepodids together in
alcohol (WAM C47248Db), all collected from Yeelirrie station,
bore line 1.5, bore YYAC33, 27.169565° S, 119.871815° E,
16 March 2010, leg. S. Callan and N. Krawczyk (seLN8360).

Two paratype females on one SEM stub (WAM C47254)
from Yeelirrie station, bore line 3.5, bore YYAC284,
27.173127° S, 119.906857° E, 11 January 2010, leg. P. Bell
and G. Perina (seLN7647).

One female destroyed for DNA sequence (amplification
successful), from Yeelirrie station, bore line 3.5, bore
YYAC284, 27.173127° S, 119.906857° E, 17 March 2010,
leg. S. Callan and N. Krawczyk (seLN8387).

One paratype male on one SEM stub (WAM C47255) from
Yeelirrie station, bore line K, bore YYHCO085B, 27.247824°
S, 120.054676° E, 20 March 2010, leg. T. Karanovic and S.
Callan (seLN8418).

One female destroyed for DNA sequences (amplification
unsuccessful), from Yeelirrie station, bore line K, bore
YYHCO085B, 27.247824° S, 120.054676° E, 18 March
2010, leg. T. Karanovic and S. Callan (seLN7131).

One paratype male and one paratype female together on
one SEM stub (WAM C47256), three paratype females and
one paratype copepodid together in alcohol (WAM C47257),
all collected from Yeelirrie station, bore line N, bore
YYHCO0067B, 27.306433° S, 120.224542° E, 23 September
2010, leg. S. Callan and G. Perina (seLN10:0394).

One paratype female in alcohol (WAM C47258) from
Yeelirrie station, bore line 5, bore YYACO0014A, high flow
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pump, 27.185507° S, 119.929233° E, 30 August 2009, leg. P.
Bell and S. Callan (seLN6591).

Four paratype males and 18 paratype females (eight
ovigerous) together in alcohol (WAM C47259), one female
destroyed for DNA sequences (amplification unsuccessful),
all from Yeelirrie station, bore line 1, bore YYD22,
27.167304° S, 119.870456° E, 15 March 2010, leg. S.
Callan and N. Krawczyk (seLN8496).

Two paratype males and seven paratype females (one
ovigerous) and four paratype copepodids together in alcohol
(WAM C47260) from Yeelirrie station, bore line 1, bore
YYD22, 27.167304° S, 119.870456° E, 1 September 2009,
leg. P. Bell and G. Perina (seLN6610).

Four paratype males and three paratype females together in
alcohol (WAM C47261) from Yeelirrie station, bore line 1,
bore YYACO0015A, 27.170329° S, 119.868869° E, 16 March
2010, leg. S. Callan and N. Krawczyk (seLN8349).

Two paratype males and three paratype females (two
ovigerous) together in alcohol (WAM C47262) from Yeelirrie
station, bore line 1, bore YYD22, 27.167304° S, 119.870456° E,
20 March 2010, leg. T. Karanovic and S. Callan (seLN8411).

Two paratype males and two paratype females (one
ovigerous) together in alcohol (WAM C47263) from
Yeelirrie station, bore line 1, bore YYD26, 27.164033° S,
119.873196° E, 20 March 2010, leg. T. Karanovic and S.
Callan (seLN8297).

Three paratype females and six paratype copepodids to-
gether in alcohol (WAM C47264), one females destroyed for
DNA sequence (amplification unsuccessful), all from
Yeelirrie station, bore line 1, bore YYD26, 27.164033° S,
119.873196° E, 15 March 2010, leg. S. Callan and N.
Krawczyk (seLN8479).

One ovigerous paratype female in alcohol (WAM C47265)
from Yeelirrie station, bore line 1, bore YYACO0015A,
27.170329° S, 119.868869° E, 11 January 2010, leg. P. Bell
and G. Perina (seLN7688).

Two paratype males and one ovigerous paratype female
together in alcohol (WAM C47266) from Yeelirrie station, bore
line 1, bore YYACO0016A, 27.170328° S, 119.868867° E, 20
March 2010, leg. T. Karanovic and S. Callan (seLN8417).

One paratype female in alcohol (WAM C47267) from
Yeelirrie station, bore line 1, bore YYAC0018C, 27.161503°
S, 119.874715° E, 16 March 2010, leg. S. Callan and N.
Krawczyk (seLN8355).

One paratype copepodid in alcohol (WAM C47268) from
Yeelirrie station, bore line 1, bore YYD26, 27.164033° S,
119.873196° E, 1 September 2009, leg. P. Bell and S. Callan
(seLN6605).

Four paratype males and three paratype females (two
ovigerous) in alcohol (WAM C47269) from Yeelirrie sta-
tion, bore line 1.5, bore YYAC35, 27.166173° S,
119.873977° E, 16 March 2010, leg. S. Callan and N.
Krawczyk (seLN8366).
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Fig. 1 Nitokra yeelirrie sp. nov.,
SEM photographs, a—¢ paratype
female 1 from bore YYAC33, d-g
paratype female 2 from bore
YYAC33, h paratype female 3
from bore YYAC33: a habitus,
ventro-lateral; b fifth pedigerous
somite and genital double-somite,
ventro-lateral; ¢ swimming legs,
ventro-lateral; d habitus, lateral; e
fifth pedigerous somite and
genital double-somite, lateral; f
fourth and fifth urosomites,
lateral; g anal somite and caudal
rami, lateral; h anal somite and
caudal rami, dorso-posterior

Two paratype males, five paratype females and one paratype
copepodid together in alcohol (WAM C47270) from Yeelirrie
station, bore line 1.5, bore YYAC35,27.166173° S, 119.873977°
E, 11 January 2010, leg. P. Bell and G. Perina (seLN7645).

Four paratype males and two paratype females together in
alcohol (WAM C47271) from Yeelirrie station, bore line 1.5,
bore YYAC35, 27.166173° S, 119.873977° E, 21 March
2010, leg. T. Karanovic and S. Callan (seLN7126).

Three paratype females and one paratype copepodid to-
gether in alcohol (WAM C47272) from Yeelirrie station, line
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2, bore YYAC1007A, 27.165236° S, 119.883142° E, 21
March 2010, leg. T. Karanovic and S. Callan (seLN8546).

Two paratype females together in alcohol (WAM C47273)
from Yeelirrie station, bore line 2, bore YYAC1004D,
27.174664° S, 119.877343° E, 16 March 2010, leg. S.
Callan and N. Krawczyk (seLN8342).

One paratype female in alcohol (WAM C47274) from
Yeelirrie station, bore line 2, bore YYAC1004C, 27.174665°
S, 119.877345° E, 16 March 2010, leg. S. Callan and N.
Krawczyk (seLN8526).
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Fig. 2 Nitokra yeelirrie sp. nov.,
SEM photographs, a—d paratype
male 1 from bore YYAC33, e-h
paratype male 2 from bore
YYAC33: a, habitus, lateral; b,
cephalic shield, lateral; ¢, tergites
of free prosomites, lateral; d, first
three urosomites, lateral; e,
habitus, ventral; f, mouth
appendages, ventral; g, first and
second swimming legs, ventral;
H, fifth and sixth legs, ventral

One paratype female in alcohol (WAM C47275) from
Yeelirrie station, bore line 2, bore YYAC1007A, 27.165236°
S, 119.883142° E, 16 March 2010, leg. S. Callan and N.
Krawczyk (seLN8524).

One paratype male in alcohol (WAM C47276) from
Yeelirrie station, bore line 2, bore YYAC1004D, 27.174664°
S, 119.877343° E, 11 January 2010, leg. P. Bell and G. Perina
(seLN7690).

Five paratype females and one paratype copepodid in
alcohol (WAM C47277), one female destroyed for DNA
sequence (amplification unsuccessful), all from Yeelirrie
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station, bore line 2, bore YYAC1004C, 27.174665° S,
119.877345° E, 21 March 2010, leg. T. Karanovic and S.
Callan (seLN8555).

One paratype female in alcohol (WAM C47278) from
Yeelirrie station, bore line 3, bore YYAC118, 27.174573° S,
119.889727° E, 12 November 2009, leg. P. Bell and G. Perina
(seLN7389).

One female destroyed for DNA sequence (amplification
unsuccessful) from Yeelirrie station, bore line 3, bore
YYACI118, 27.174573° S, 119.889727° E, 21 March 2010,
leg. T. Karanovic and S. Callan (seLN8538).
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Two paratype females (one ovigerous) together in alcohol
(WAM C47279) from Yeelirrie station, bore line 3.5, bore
YYAC328, 27.175601° S, 119.907658° E, 12 November
2009, leg. P. Bell and G. Perina (seLN7433).

One paratype ovigerous female and one paratype
copepodid in alcohol (WAM C47280), one female destroyed
for DNA sequence (amplification successful), all from
Yeelirrie station, bore line 3.5, bore YYAC328, 27.175601°
S, 119.907658° E, 17 March 2010, leg. T. Karanovic and S.
Callan (seLN8393).

One paratype female in alcohol (WAM C47281) from
Yeelirrie station, bore line 4, bore YYACO0005, 27.172292°
S, 119.916822° E, 30 August 2009, leg. S. Eberhard and S.
Callan (seLN6505).

Three paratype males, nine paratype females and two
paratype copepodids together in alcohol (WAM C47282),
from Yeelirrie station, bore line F, bore YU1, 27.142601° S,
119.853144° E, 18 March 2010, leg. T. Karanovic and S.
Callan (seLN8565).

One paratype male and two paratype females together in
alcohol (WAM C47283), from Yeelirrie station, bore line F,
bore YU, 27.142601° S, 119.853144° E, 1 September 2009,
leg. P. Bell and S. Callan (seLN6613).

One male destroyed for DNA sequence (amplification
unsuccessful) from Yeelirrie station, bore line F, bore
YYHCO0139, 27.138090° S, 119.853130° E, 17 March 2010,
leg. T. Karanovic and G. Perina (seLN8427).

One male destroyed for DNA sequence (amplification
unsuccessful) from Yeelirrie station, bore line F, bore YU2,
27.137264° S, 119.853169° E, 17 March 2010, leg. T.
Karanovic and G. Perina (seLN8427).

Etymology

The species is named after its type locality, Yeelirrie station.
The name is a noun in apposition.

Description

Female (based on holotype and 11 paratypes). Total body
length, measured from tip of rostrum to posterior margin of
caudal rami (excluding appendages and caudal setae), from
396 to 508 wm (456 um in holotype). Preserved specimens
yellowish. Nauplius eye not visible. Prosome comprising
cephalothorax with completely fused first pedigerous somite
and three free pedigerous somites; urosome six-segmented,
comprising fifth pedigerous somite, genital double-somite
(fused genital and first abdominal somites) and three free
abdominal somites. Short sclerotised joint between prosome
and urosome wider on ventral side. Habitus (Figs. 1a, d and
4a) cylindrical and slender, gently tapering towards posterior
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end, podoplean boundary between prosome and urosome
inconspicuous; prosome/urosome index about 1.1 and greatest
width in dorsal view at posterior end of cephalothorax. Body
length/width index about 4; cephalothorax 1.2 times as wide
as genital double-somite. Free pedigerous somites without
pronounced lateral or dorsal expansions, pleural plates only
partly covering coxae of swimming legs in lateral view.
Integument relatively strongly chitinised and without cuticular
windows or pits anywhere. Surface ornamentation of somites
consisting of 83 pairs and two unpaired pores and sensilla,
several rows of minute spinules on all somites except cepha-
lothorax, and posterior row of large spinules on all urosomites.
Distal frill of all somites except anal one serrated, serrations
resembling small brushes and becoming larger towards pos-
terior end of body.

Rostrum (Fig. 4a) small, membranous, linguiform with
relatively sharp tip, reaching just beyond midlength of first
antennular segment, about twice as long as wide and demar-
cated at base; ornamented with two dorsal sensilla.

Cephalothorax (Figs. 1a, d and 4d, e) gradually tapering
towards anterior end in dorsal view, almost 1.1 times as long
as wide, representing about 23 % of total body length. Surface
of cephalic shield ornamented with two pairs of cuticular
pores, one unpaired dorsal sensillum, and 31 pairs of long
sensilla; seven pairs of sensilla along posterior magin.

Second pedigerous (first free) somite (Figs. 1a, d and 4d)
ornamented with ten pairs of long sensilla; dorsalmost pair
obviously serially homologous to dorsalmost posterior pair on
cephalothorax, but other serial homologies not so obvious.
Pair of moon-shaped anterior depressions possibly large cu-
ticular pores, but this is not clear with light microscopy.

Third pedigerous somite (Figs. 1a, d and 4d) ornamented
similarly to the second one, only the difference being absence
of one pair of lateral sensilla (nine in total) and absence of
anterior moon-shaped depressions; all sensilla obviously seri-
ally homologous to those on the second pedigerous somite.

Fourth pedigerous somite (Figs. 1a, d and 4d) ornamented
with unpaired antero-dorsal pore and seven pairs of long
sensilla along posterior margin; recognising serially homolo-
gous pairs not as easy as with two previous somites.

Fifth pedigerous (first urosomal) somite (Figs. le, 4f and
5a) ornamented with four pairs of sensilla along posterior
margin and one pair of lateral pores; posterior row of large
spinules interrupted dorsally between two dorsalmost pairs of
pores; two short and arched rows of smaller spinules in
anterior part of lateral surface; ventral surface smooth.

Genital double-somite (Figs. 1b, e, 4f and 5a) 1.1 times as
long as wide (ventral view); internal suture (remnant of seg-
mental fusion) strongly sclerotised and accompanied by ser-
rated frill on outer surface, situated dorsolaterally at 2/5 of
double-somite, furnished with four pairs of sensilla, lateral
pair of cuticular pores, and uninterrupted posterior row of
large spinules; posterior part of genital double-somite
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Fig. 3 Nitokra yeelirrie sp. nov.,
SEM photographs, a—f paratype
male 1 from bore YU1, g, h
paratype male 2 from bore YU1:
a habitus, dorsal; b cephalic
shield, dorsal; ¢ rostrum, dorsal; d
tergites of free prosomites and
first urosomite, dorsal; e second to
fifth urosomites, dorsal; f anal
somite and caudal rami, dorsal; g
habitus, lateral; h first three
urosomites with fifth and sixth
legs, lateral

ornamented with uninterrupted posterior row of large spinules
and four pairs of posterior sensilla, in addition to numerous
short, arched rows of minute spinules on dorsal and lateral
surfaces; ventral surface of genital double-somite without
minute spinules. Female genital complex (Figs. 1b and Sa)
with single large copulatory pore, well sclerotised and almost
straight copulatory duct, and two ovoid seminal receptacles.
Single median genital aperture with small central bulb, cov-
ered by fused reduced sixth legs, latter representing 53 % of
somite’s width.
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Third urosomite (first free abdominal somite) (Figs. 1f, 4g
and 5a) ornamented with uninterrupted posterior row of spi-
nules and four pairs of posterior sensilla, in addition to several
short, arched rows of minute spinules all around (sparser on
ventral surface); all sensilla obviously serially homologous to
those on the posterior part of genital double-somite.

Fourth (preanal) urosomite (Figs. 1f, 4g and 5a) without
any sensilla or pores, ornamented with uninterrupted posterior
row of large spinules and many short, arched rows of minute
spinules all around.
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Fig. 4 Nitokra yeelirrie sp. nov.,
SEM photographs, a—¢ paratype
female 1 from bore YUI, d-h
paratype female 2 from bore
YUTI: a habitus, ventral; b first
swimming leg, ventral; ¢ anal
somite and caudal rami, ventral; d
habitus, lateral; e rostral region
and first antennular segments,
lateral; f fifth pedigerous somite
and genital double-somite, lateral;
g fourth and fifth urosomites,
lateral; h anal somite and caudal
rami, lateral

Anal somite (Figs. 1g, h, 4c, h and 5a) cleft medially in
posterior half, ornamented with pair of large dorsal sensilla,
three pairs of lateral cuticular pores, posterior row of large
spinules (those on dorsal surface very large), and several short
rows of minute spinules; small internal sclerotised ridge vis-
ible on ventral side; anal operculum convex, narrow and short,
not reaching posterior margin of anal somite, representing
41 % of somite’s width, ornamented with seven large spinules
along posterior margin and row of slender spinules on inner
surface; anal sinus ornamented with two parallel diagonal
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rows of hair-like spinules on each side, widely open, with
weakly sclerotised walls, and without any chitinous projec-
tions, but longest hair-like spinules forming two posterior
whips.

Caudal rami (Figs. 1g, h, 4c, h and 5a) small and widely
spaced, about half as long as anal somite, 1.4 times as long as
wide in ventral view, nearly parallel and cylindrical (but with
dorsal diagonal ridge), with space between them about 1.5
times ramus width; each ramus armed with seven armature
elements (three lateral, one dorsal and three apical);
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Fig. 5 Nitokra yeelirrie sp. nov.,
line drawings: a holotype female,
urosome, ventral; b allotype male,
urosome, ventral

“ﬂ

ornamentation consisting of several large spinules at base of
lateral setae, six or seven slender spinules along posterior
margin ventrally (at base of inner apical setae), several slender
spinules along posterior half of inner margin, several slender
spinules at base of dorsal seta, row of minute posterior spi-
nules laterally, and two ventral pores. Dorsal seta relatively
short and slender, smooth, inserted close to postero-median
corner, about twice as long as caudal ramus, triarticulate at
base (i.e. inserted on two pseudojoints). Lateral setae all
smooth and slender, inserted close to each other at about
three-fourth length of ramus; central lateral seta minute, hardly
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half as long as ramus, while two others about twice as long as
ramus. Inner apical seta smooth and slender, slightly shorter
than ramus. Middle apical seta strongest, with breaking plane,
sparsely bipinnate, and nearly as long as entire body. Outer
apical seta also with breaking plane, strong, and sparsely
bipinnate, half as long as middle apical seta.

Antennula (Figs. 1d, 4a, d, e and 6a) eight-segmented,
joined to cephalothorax with small triangular pseudosegment
laterally, approximately as long as cephalothorax, ornamented
with long tubular pore on dorsal surface of first segment
(Fig. 4e), arched row of slender spinules on ventral surface
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Fig. 6 Nitokra yeelirrie sp. nov.,
line drawings, a—h holotype
female, i allotype male: a
antennula, ventral; b antenna,
lateral; ¢ labrum, posterior; d
paragnath, anterior; e mandibula,
anterior; f maxillula, posterior; g
maxilla, anterior; h maxilliped,
posterior; i antennula, ventral

of first segment, and two large spinules on posterior surface of
fourth segment. Long, slender aesthetasc on fourth segment
fused basally with adjacent large seta and reaching beyond tip
of appendage by length of last three segments combined;
slender apical aesthetasc on eighth segment fused basally with
two apical setae, forming apical acrothek. Setal formula:
1.9.7.4.2.3.4.7. Only seta on first segment unipinnate, all other
setae smooth. Two lateral setac on seventh segment and four
lateral setaec on eighth segment biarticulate at base (i.e.
inserted on small pseudojoint), all other setae uniarticulate.
Subapical seta on the fifth segment with breaking planes.
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Length ratio of antennular segments from proximal end and
along caudal margin 1:1.3:0.7:1.2:0.7:1.1:0.85:1.3.

Antenna (Fig. 6b) relatively short, composed of coxa,
allobasis, one-segmented endopod and one-segmented
exopod, although ancestral segmentation between basis and
first endopodal segment visible near base of exopod. Coxa
very short, unarmed and unornamented. Allobasis long and
strong, cylindrical, more than five times as long as coxa and
about 2.1 times as long as wide, ornamented with several large
spinules along inner margin proximally, unarmed. Endopod
longest segment in limb, narrower proximally than distally,

l GfBS



Morphological and molecular study of the genus Nitokra

77

about 2.3 times as long as its greatest width and 1.1 times as
long as basis, ornamented with two surface frills subdistally
and longitudinal row of strong spinules along inner margin,
armed laterally with two spines flanking thin seta; apical
armature consisting of five geniculate setae, longest one fused
basally to additional smaller seta which not geniculate and
bearing proximal tuft of fine setules; longest seta bipinnate,
others finelly unipinnate. Exopod slightly shorter than width
of allobasis, with narrow basal part and somewhat wider distal
part, about 2.3 times as long as its greatest width, unorna-
mented, armed with three curved, strong and bipinnate apical
setae, all slightly longer than exopod.

Labrum (Fig. 6¢) large compared with cephalothorax, trap-
ezoidal, rigidly sclerotised, with relatively short and slightly
convex cutting edge, ornamented subapically with two rows
of seven or eight strong spinules, apically with numerous
minute spinules, two parallel longitudinal rows of hair-like
spinules on posterior surface, and two circular fields of gus-
tatory papillae on posterior surface.

Paragnaths (Fig. 6d) ellipsoidal, about 1.8 times as long as
wide, with several parallel rows of spinules of different length
apically, few spinules laterally in proximal part, as well as two
parallel rows of spinules along inner margin of each lobe;
lobes fused basally with median linguiform plate, this being
ormamented apically with row of hair-like spinules (not shown
in Fig. 6d).

Mandibula (Fig. 6e) with wide cutting edge on elongate
coxa, armed with two bicuspidate strong teeth in ventral part,
two rows of unicuspidate slender teeth (or strong spinules) in
middle, two bicuspidate fine teeth (or strong spinules) in
dorsal part, and single dorsal unipinnate seta. Palp uniramous,
comprising basis and one-segmented endopod. Basis about
2.4 times as long as wide, armed with single large but soft
brush seta, ornamented with arched row of small spinules near
base of endopod. Endopod small and unormamented, about
half as long as basis and 1.3 times as long as wide; armed with
four slender and smooth apical setae.

Maxillula (Fig. 6f) with large praecoxa; arthrite rectangu-
lar, unornamented, armed with two anterior surface setae,
three lateral and four apical elements (probably three spines
and one seta); three apical spines with apical combs resting on
distal tip of labrum. Coxal endite shorter than praecoxal
arthrite, armed apically (on inner margin) with one curved
and stout bipinnate seta and two smooth, slender setae. Basis
significantly shorter than coxal endite, armed with five
smooth setae apically and subapically. Endopod represented
by minute but distinct segment, unornamented, armed with
two slender and smooth setae apically.

Maxilla (Fig. 6g) large, with broad base, unornamented.
Proximal endite of syncoxa well developed although not
strongly sclerotised, not highly mobile, somewhat bulbous,
armed with single large but soft apical brush seta. Distal endite
of syncoxa cylindrical, well sclerotised and highly mobile,
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armed apically with one strong unipinnate seta (fused basally
to endite), and two smooth and slender setae; smooth setae of
subequal length, about 1.4 times as long as unipinnate seta,
and 2.3 times as long as endite. Basis drawn out into long
claw, with shorter spiniform and curved seta at base,
ornamented with minute spinules along convex margin.
Endopod represented by minute segment basally fused to
basis, armed with two long and smooth apical setae of
subequal length; endopodal setae about 1.3 times as long as
basal seta, all reaching to three-fourth length of basal claw.

Maxilliped (Fig. 6h) with short and stout syncoxa, 1.2
times as long as wide, ornamented with short proximal row
of spinules on posterior surface, armed with single bipinnate
seta subapically. Basis about 1.8 times as long as wide and 1.4
times as long as syncoxa, unarmed, ornamented with longitu-
dinal row of long spinules along inner margin distally and one
short row of spinules on outer-distal corner. Endopod repre-
sented by long, curved claw, slightly longer than basis,
smooth, accompanied at base by minute smooth seta.

All swimming legs (Figs. 1c, 4b and 7) composed of small
triangular praecoxa, rectangular coxa, short basis, and elon-
gated three-segmented exopod and endopod, with coxae on
opposite legs connected by small intercoxal sclerite. Praccoxa,
coxa, and intercoxal sclerite without armature; intercoxal
sclerite also without ornamentation. All exopods and
endopods omamented with large spinules along outer margin,
and first and second exopodal and endopodal segments with
serrated distal-inner frill.

First swimming leg (Figs. 1c, 4b and 7a) shorter than other
legs, and with outwardly directed, prehensile endopod.
Praecoxa larger than in other legs, with long transverse row
of large spinules on anterior surface. Coxa about as long as
outer margin of praecoxa, 2.4 times as wide as long, with
several transverse rows of spinules of various sizes on anterior
surface, and one longitudinal row of slender, long spinules on
posterior surface, close to outer margin. Intercoxal sclerite
small, basically pentagonal in shape but with deeply concave
distal margin. Basis shorter and narrower than coxa, 2.3 times
as wide as greatest length, almost pentagonal in shape, with
inner margin twice as long as outer margin; armed with short
bipinnate spine on outer marigin and even shorter bipinnate
spine on anterior surface close to inner-distal corner, latter
slightly shorter than inner margin of basis; ornamentation
consisting of posterior row of large spinules on anterior sur-
face and another row of large spinules at base of inner distal
spine. Exopod about 1.2 times as long as endopod; all three
segments of similar width; first segment only 0.8 times as long
as second or third, armed with single long outer spine 1.2
times as long as segment; second segment with equally long
outer spine and slightly shorter inner seta, additionally
ornamented with cuticular pore on anterior surface and row
of hair-like spinules along inner margin; third segment with
three outer strong spines and two distal prehensile setae, inner
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Fig. 7 Nitokra yeelirrie sp. nov.,
line drawings, a—f holotype
female, g, h allotype male: a first
swimming leg, anterior; b
endopod of second swimming
leg, anterior; ¢ third exopodal
segment of second swimming leg,
anterior; d intercoxal sclerite of
second swimming leg, anterior; e
endopod of third swimming leg,
anterior; f fourth swimming leg,
anterior; g basis of first swimming
leg, anterior; h endopod of third
swimming leg, anterior

distal seta 1.3 times as long as entire exopod, 1.6 times as long
as outer distal seta, 2.1 times as long as distal outer spine, 3.4
times as long as central outer spine, and 4.3 times as long as
proximal outer spine. First endopodal segment 1.75 times as
wide and 1.6 times as long as second endopodal segment,
armed with single strong inner seta about 1.7 times as long as
segment and reaching distal tip of endopod; second endopodal
segment slightly wider and shorter than third endopodal seg-
ment, armed with single strong inner seta 1.5 times as long as
segment and reaching distal tip of endopod; third endopodal
segment with three distal armature elements; outer spine
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strong and 1.35 times as long as segment, central seta genic-
ulate and 2.5 times as long as segment, inner seta slender and
1.5 times as long as segment.

Second swimming leg (Figs. 1¢, 7b—d) with fewer spinules
on coxa than in first leg, and with larger intercoxal sclerite,
without inner distal spine on basis, none of its rami or setae
prehensile, and with additional cuticular pore on first
exopodal segment. First exopodal segment only half as long
as second and 0.4 times as long as third exopodal segment;
first and second exopodal segments armed as in first leg; third
exopodal segment with three outer spines, two distal setae
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(outer one spiniform) and two inner setae; length ratio of
armature elements on third exopodal segment (starting from
proximal outer spine) 1:1.35:2.2:4.5:4.8:5.3:2.1. Endopod on-
ly as long as first two exopodal segments combined,; first two
endopodal segments both about 1.4 times as wide as third
endopodal segment but third endopodal segment twice as long
as first and 1.5 times as long as second; first endopodal
segment unarmed; second endopodal segment armed with
spiniform inner seta twice as long as segment; third endopodal
segment armed with three elements (outer spine, distal seta,
and inner seta), their length ratio (starting from outer spine)
1:2.3:1.6; outer spine on third endopodal segment about as
long as its segment

Third swimming leg (Figs. 1c and 7e¢) very similar to
second swimming leg, except outer basal armature element
slender and long seta, and third endopodal segment with one
additional inner seta; length ratio of armature elements on
third endopodal segment (starting from outer spine)
1:2.1:2.4:1.6; outer spine on third endopodal segment slightly
shorter than segment.

Fourth swimming leg (Fig. 7f) very similar to third swim-
ming leg, except distal inner seta on third exopodal segment
longer and much more spiniform.

Fifth leg (Figs. 1b, e, 4f and 5a) biramous, composed of
baseoendopod and one-segmented exopod. Opposite
baseoendopods connected by minute intercoxal sclerite.
Long spinules on both inner and outer margins on exopod
and endopodal lobe. Basal armature consisting of single slen-
der outer seta inserted on long sctophore. Endopodal lobe
nearly trapezoidal, short, armed with four elements, outermost
endopodal element more slender and 1.8 times as long as
either other endopodal armature or endopodal lobe. Exopod
almost ovoid, about twice as long as wide, armed with three
smooth and three bipinnate slender setae, length ratio of
exopodal armature (starting from proximal outer seta)
1:1.3:2.6:1.7:3.1:2.2.

Sixth leg (Figs. 1b, ¢ and 5a) minute cuticular plate, with
small inner notch (probably basally fused inner spine) and
single short outer seta.

Male (based on allotype and seven paratypes). Genital
somite and first abdominal somite not fused. Habitus
(Figs. 2a, e, 3a, g), rostrum (Fig. 3c), ornamentation of ce-
phalic shield (Figs. 2b and 3b), ornamentation of tergites of
free pedigerous somites (Figs. 2¢ and 3d), ornamentation of
urosomites (Figs. 2d, 3e, f, h and 5b), anal operculum
(Fig. 3f), caudal rami (Figs. 3f and 5b), antenna, mouth
appendages (Fig. 2f), exopod and endopod of first swimming
leg (Fig. 2g), second swimming leg (Fig. 2g), most of third
swimming leg, and fourth swimming leg as in female.

Antennula (Fig. 61) prehensile, nine-segmented, with
geniculation between sixth and seventh segments.
Ornamentation consisting of ventral row of spinules and dor-
sal tubular pore on first segment, several cuticular sutures on
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third segment, two cuticular keels with pore on tip on sixth
segment, and three cuticular keels on seventh segment, each
with pore on tip. Armature of first and last two segments as in
female. Second segment similar to that of female, but with one
additional seta. Third segment much wider and more complex
than in female, armed with 10 setae, two of them on separate
dorsal lobe. Fourth segment with slightly longer subapical
aesthetasc than in female, additionally armed with bunch of
12 long and very slender setac on ventral and anterior sur-
faces, one short spiniform seta, and two short elements, each
with two rows of scale-like spinules and pore on tip. Fifth and
sixth segment each with single short element with two rows of
scale-like spinules and pore on tip, very similar to those on
fourth segment. Sixth segment with single long subapical seta.

First swimming leg (Figs. 2g and 7g) with inner distal spine
of basis smooth and modified, its distal part inflated and split,
beak-like.

Third swimming leg (Fig. 7h) with distal armature element
on third endopodal segment smooth and much shorter than in
female.

Fifth leg (Figs. 2h, 3h and 5b) with baseoendopods fused
medially, each endopodal lobe armed with only two elements
of about same length (outer one smooth and slender, inner
strong and bipinnate), with endopodal lobe unornamented or
with one or two large spinules on outer margin. Exopod
similar to that of female in shape and armature, except for
common asymmetry in size of innermost armature element,
smooth inner margin, and all setae except innermost strong
seta being smooth.

Sixth leg (Figs. 2h, 3h and 5b) simple cuticular plate,
slightly asymmetrical (usually right leg larger and better
demarcated at base), armed with three slender setae; out-
ermost seta unipinnate, two others smooth; central seta
2.5 times as long as outer seta and three times as long as
inner seta, reaching beyond posterior margin of third
urosomite.

Variability

In addition to hundreds of specimens examined using light
microscopy, we studied seven males and nine females from
five different bore lines using a scanning electron microscope
(see “Specimens examined” section). Remarkably, minute
details of somite and appendage ornamentation show almost
no variability (see Figs. 1, 2, 3 and 4; representing only a small
selection among hundreds of SEM photos taken), with only
tiny differences in relative sizes of some spinules in homolo-
gous rows (compare Figs. le, f, 2d, 3h, 4f, g). The armature
formula of all appendages is also very constant, except for the
common asymmetry in size of the innermost armature element
on the male fifth leg exopod (Fig. 5b).
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Nitokra esbe sp. nov.

(Figures 8, 9, 10, 11 and 12)

Type locality

Australia, Western Australia, Yilgarn region, Yeelirrie station,
bore SB14-1, 27.344283° S, 120.307708° E.

Specimens examined

Holotype female dissected on one slide (WAM C47286),
allotype male dissected on one slide (WAM C47285), and
five paratypes (three males and two females) together on one
SEM stub (WAM C47284), all collected from type locality, 18
March 2010, leg. T. Karanovic and S. Callan (seLN8182).

Three females destroyed for DNA sequence (one amplifi-
cation successful) from type locality, 16 March 2010, leg. T.
Karanovic and G. Perina (seLN8517).

Etymology

The species is named after its type locality, bore SB14-1, i.e.
with first two letters of the bore code spelled out. The name is
a noun in apposition.

Description

Female (based on holotype and three paratypes). Habitus
(Fig. 8a), colour of preserved specimens, and serration of
hyaline fills of somites very similar to those of N. yeelirrie.
Most ornamentation of somites easy to homologise and same
as in N. yeelirrie, although generally with fewer rows of
minute spinules on most somites.

Cephalic shield with additional unpaired dorsal pore just
behind rostrum; all other pores and sensilla as in N. yeelirrie.

Tergite of second pedigerous somite without anterior row
of minute spinules and with one less pair of dorsal sensilla
than in N. yeelirrie (fourth pair from dorsal side missing).

Tergite of third pedigerous somite also without fourth pair
of sensilla as viewed from dorsal side.

Tergite of fourth pedigerous somite without dorsal unpaired
pore and also with slightly different relative positions of two
dorsal pairs of sensilla than in N. yeelirrie (dorsalmost pair
inserted more anteriorly than next pair in V. esbe).

Fifth pedigerous somite (Fig. 8a, b) without lateral arched
rows of large spinules in anterior half (arrowed in Fig. 8a), but
other ornamentation as in N. yeelirrie, including same number
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and position of sensilla and pores, as well as dorsally
interrupted posterior row of large spinules.

Genital double-somite (Figs. 8b, ¢, f and 11a) ornamenta-
tion and length/width ratio very similar to those in N. yeelirrie,
but genital field very different. Genital operculum formed by
fused sixth legs much simpler, without central bulb, and with
reduced armature (arrowed in Fig. 8b). Copulatory pore much
smaller and rounder, and additional ridge present between
copulatory pore and genital operculum (both arrowed in
Fig. 8c). Copulatory duct narrow, not well sclerotised, and
syphoned (Fig. 11a). Seminal receptacles smaller and rounder
that in N. yeelirrie.

Third and fourth urosomites (Figs. 8f and 11a) as in
N. yeelirrie.

Anal somite (Figs. 8d and 11a) generally as in N. yeelirrie,
but ventral internal ridge better developed and positioned
more posteriorly, additional ventral pair of pores present,
and dorsolateral pair of pores much larger and positioned
much closed to posterior margin. Anal operculum with six
strong posterior spinules.

Caudal rami (Figs. 8d and 11a) much shorter than in
N. yeelirrie, especially in ventral view (arrowed in Fig. 8d),
only about half as long as wide, but ornamentation and arma-
ture same as in N. yeelirrie.

Antennula (Fig. 11b) with simple pore on first segment (not
tubular), proportionately larger second segment, and propor-
tionately shorter fourth and sixth segments; other ornamenta-
tion and all armature as in N. yeelirrie.

Antenna (Fig. 8g) with almost completely divided
(arrowed in Fig. 8g) and much more elongate basis and first
endopodal segment; other segmentation, armature, and orna-
mentation as in N. yeelirrie.

Labrum and paragnaths as in N. yeelirrie.

Mandibula (Fig. 8c) with slightly shorter basis, but all
segmentation, armature, and ornamentation as in N. yeelirrie.

Maxillula and maxilla as in N. yeelirrie.

Maxilliped (Fig. 11d) with spinules along concave margin
of endopodal claw, limb generally more slender than in
N. yeelirrie, and with smaller spinules on basis.

First swimming leg (Fig. 11e) with segmentation, armature,
and ornamentation as in N. yeelirrie, but first endopodal
segment 2.7 times as long as wide and slightly longer than
first two exopodal segments combined.

Second swimming leg (Figs. 8e, 11f~h) with segmentation,
all endopodal armature and ornamentation, and most exopodal
armature as in V. yeelirrie; intercoxal sclerite with two arched
rows of large spinules; third exopodal segment with only one
(posterior) inner seta and with two spinules on inner margin.

Third swimming with leg segmentation, armature, and
ornamentation as in N. yeelirrie, except third exopodal seg-
ment with only one inner seta, as in second leg.

Fourth swimming leg (Fig. 111) as in N. yeelirrie, except
proximal inner seta proportionally much shorter.
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Fig. 8 Nitokra esbe sp. nov.,
SEM photographs, a—e, paratype
female 1, f, g paratype female 2, h
allotype male: a habitus, ventro-
lateral; b fifth pedigerous somite
and genital double-somite,
ventro-lateral; ¢ genital field,
ventro-lateral; d left caudal
ramus, ventro-lateral; e second
swimming leg, ventro-lateral; f
urosome, ventral; g antenna,
posterior; h central part of right
antennula, dorsal. Arrows point at
most prominent diagnostic
features

Fifth leg (Figs. 8f, 11a and j) with segmentation and general
armature as in N. yeelirrie, but exopod proportionately much
shorter (arrowed in Fig. 8f), and outermost endopodal element
only about as long as other endopodal elements (arrowed in
Fig. 8f).

Sixth leg (Figs. 8c and 1la) armed with single minute
smooth seta (arrowed in Fig. &c).

Male (based on allotype and two paratypes). Genital somite
and first abdominal somite not fused. Habitus (Figs. 9a and
10a), rostrum (Fig. 9c), ornamentation of cephalic shield
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(Figs. 9b, ¢ and 10b), ornamentation of tergites of free
pedigerous somites (Figs. 9d and 10c), ornamentation of
urosomites (Figs. 9e—h, 10d—f), anal operculum (Fig. 9g),
caudal rami (Figs. 9g and 10f), antenna (Fig. 10b), mouth
appendages (Fig. 10b), exopod and endopod of first swimming
leg (Fig. 10c), second swimming leg (Fig. 10c), most of third
swimming leg, and most of fourth swimming leg as in female.

Antennula (Figs. 8h, 9c, 10g, h and 12a) with seg-
mentation, geniculation, and most armature and ornamen-
tation as in N. yeelirrie, except first segment with simple
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Fig. 9 Nitokra esbe sp. nov.,
SEM photographs, paratype male
1: a habitus, dorsal; b cephalic
shield, dorsal; ¢ rostrum, dorsal; d
tergites of free prosomites, dorsal;
e first three urosomites, dorsal; f
last three urosomites and caudal
rami, dorsal; g anal somite and
caudal rami, dorsal; h posterior-
dorsal corer of anal somite,
dorsal. Arrows point at most
prominent diagnostic features

dorsal pore (arrowed in Fig. 9c¢), third segment with one
additional seta on anterior surface, and fourth segment
with only three smooth, slender setae in proximal half
(normal condition in family), i.e. without additional tuft
of slender setae (or very elongated and slender spinules)
found in N. yeelirrie.

First swimming leg (Fig. 12b) with inner distal spine on
basis smooth and modified, its distal part inflated and split,
forming a beak-like structure, slightly less inflated distally
than in N. yeelirrie.
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Third swimming leg (Fig. 12¢) with distal armature element on
third endopodal segment smooth and shorter than in female, as in
N. yeelirrie, but with proportionally much shorter outer spine.

Fourth swimming leg (Fig. 12d) without proximal inner
seta on third exopodal segment; other armature and all ora-
mentation as in female.

Fifth leg (Figs. 10d and 12¢) segmentation and armature as
in NV. yeelirrie, but exopod much shorter (arrowed in Fig. 10d);
basis with additional pore on anterior surface but without any
spinules.
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Fig. 10 Nitokra esbe sp. nov.,
SEM photographs, paratype male
2: a habitus, lateral; b cephalon,
lateral; ¢ free prosomites, lateral;
d first two urosomites with fifth
and sixth legs, lateral; e third,
fourth and fifth urosomites,
lateral; f anal somite and caudal
rami, lateral; g central part of left
antennula, anterior surface; h
distal part of antennulae, lateral.
Arrows point at most prominent
diagnostic features

Sixth leg (Figs. 10d and 12e) a simple cuticular plate,
slightly asymmetrical (right leg larger and better demarcated
at base), armed with single long seta on outer margin.

Variability

The availability of specimens to check for the examination
of morphological variability was much more modest than
for the previous species (four males and three females; see
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“Specimens examined” section); also, it was not possible
to observe all morphological features on all specimens
because of different mounting positions on the SEM stub.
Thus, it remains to be checked whether the difference in
the armature formula of the third exopodal segment of the
fourth leg between one paratype male and one paratype
female (Figs. 11i and 12d) represents just individual vari-
ability or a form of sexual dimorphism. The former possi-
bility seems more plausible, as the proximal inner seta on
this segment is already reduced in size (when compared to
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Fig. 11 Nitokra esbe sp. nov.,
line drawings, holotype female: a
urosome, ventral; b antennula
without armature, dorsal; ¢
mandibular palp, anterior; d
maxilliped, posterior; e endopod
of first swimming leg, anterior; f
endopod of second swimming
leg, anterior; g intercoxal sclerite
of second swimming leg, anterior;
h third exopodal segment of
second swimming leg, anterior; i
third exopodal segment of fourth
swimming leg, anterior; j exopod
of fifth leg, anterior
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other setae) in the female, and completely absent in the
male. The fine ornamentation of the somites and append-
ages seems to be remarkably conservative.

Molecular results

DNA was extracted, and the CO/ fragment successfully PCR-
amplified from 11 copepod specimens (Table 1) using a nested
combination of primers. Obtained sequences translated into
protein using MEGA were shown to have no evidence of stop
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codons, ambiguities or insertions-deletions indicative of non-
functional copies of COI. BLAST analyses of GenBank re-
vealed that the obtained sequences are copepod in origin and
not contaminants. One unverified COI-like sequence attribut-
ed to ‘Nitocra sp.” on GenBank was included in our analysis
(accession number KF673354.1). This sequence and those
obtained from our study of Yeelirie specimens are not just
the only COI sequence data available so far for the genus
Nitokra, but for the entire family Ameiridae.

The ingroup taxa formed a monophyletic group in all
analyses, confirming therefore that the unverified sequence
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Fig. 12 Nitokra esbe sp. nov.,
line drawings, allotype male: a
antennula, ventral; b inner-distal
spine on basis of first swimming
leg, anterior; ¢ third endopodal
segment of third swimming leg,
anterior; d third exopodal
segment of fourth swimming leg,
anterior; e left fifth and sixth legs,
anterior

from GenBank most probably does belong to the genus
Nitokra. The topology of the resulting cladograms did not

Fig. 13 Maximum likelihood
cladogram based on CO!

100

differ depending on the parameters used (Fig. 13). All clades
were supported with very high bootstrap values (90 % or

8517 N. esbhe

sequence data from 11 copepod
specimens from Yeelirrie
(Australocamptus hamondi
Karanovic, 2004; Nitokra esbe sp.
nov.; Nitokra yeelirrie sp. nov.)
and the Pilbara region
(Elaphoidella humphreysi
Karanovic, 2006) (see Table 1) of J
Western Australia. Nitokra sp. is
an unverified COI-like sequence
from GenBank, its accession
number prefixed. The scale bar
represents genetic distance,
specimen codes correspond to
those in Table 1, and the numbers

100

69

above branches represent
bootstrap values calculated from
100 pesudoreplicates
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KF673354.1 Nitokra sp.

8492 N. yeelirrie

8387 N. yeelirrie
90
8393 N. yeelirrie

7081a A. hamondi

7122 A. hamondi

100 8527 A. hamondi

7081b A. hamondi

7991 E. humphreysi
100
@I 8110 E. humphreysi
0.07 8119 E. humphreysi
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higher), except the clade that suggests a sister relationship
between Nifokra sp. and N. yeelirrie, which was moderately
supported (bootstrap value of 69 %). All morpho-species were
also well defined in our molecular analyses, and average
pairwise divergence values between morpho-species were
found to be very high, with the lowest p-distance (19.9 %)
being between the two canthocamptid species, 4. hamondi
and E. humphreysi (Table 2). This is not surprising, since they
belong to two distinct and well-defined genera (see Karanovic
and Cooper 2011b). The average p-distances between speci-
mens of N. yeelirrie and N. esbe were in excess of 21 %,
which is the most surprising result of our analyses.
Expectedly, the p-distances between canthocamptid and
ameirid taxa were very high, ranging from 20.4 to 25.8 %.
None of our analyses suggested a sister relationship between
the two new species from Yeelirrie, with the unidentified but
clearly distinct species (with p-distances from other congeners
in excess of 21 %) Nitokra sp. nested in between.
Divergence values within morpho-species were lowest be-
tween four specimens of A. hamondi (0 %) that were all
collected from the same bore and are possibly kin. Those
between specimens of E. humphreysi were much higher (up
to 6.4 %), even though they were collected from a relatively
small calcrete in the Pilbara region (but from different bores).
The highest divergence values (from 2.3 to 9.8 %) were
recorded between specimens of N. yeelirrie, all of which
collected from the biggest calcrete in Yeelirrie. Specimens 8387
and 8393 were collected from two different bores on the same
bore line (bore line 3.5), while specimen 8492 was collected
from bore line F, some 8 km away (see Table 1 and Fig. 15).
We also calculated patristic distances between our taxa
(distances measured along the ML tree, based on a GTR + G
model of sequence evolution) (Table 2, above diagonal), even
though they are not commonly used in publications related to
barcoding (but see Lefébure et al. 2006). Their main advan-
tage is that they do not show the saturation that p-distances
show and are therefore more reliable for comparison of spe-
cies that are not very closely related (Korber et al. 2000;
Fourment and Gibbs 2006). As with p-divergences, patristic
distances were also smallest between A. hamondi and
E. humphreysi (46.7 %). Largest patristic distances were

Table 2  Pairwise CO! divergences within and among copepod taxa

between E. humphreysi and Nitokra sp. (90.3 %), while those
between E. humphreysi and N. yeelirrie were the second largest
(84.2 %). Patristic distances between the two species of Nitokra
from Yeelirrie were also very high, in excess of 50 %.

Discussion
Taxonomic and nomenclatural problems in the genus Nitokra

As was noted by Karanovic and Pesce (2002), there are
several homonyms in this genus. Because they have not been
resolved in the meantime, we feel obliged to rename junior
taxa here. None of the junior homonyms already has an
available junior synonym, and they are all currently regarded
as valid species. Although it is customary to dedicate new
names to people who created junior homonyms, we feel this
course of action to be somewhat unjust and decided to dedi-
cate the new names to researchers who proposed the senior
homonyms. In that fashion we propose Nitokra lacustis
richardi nom. nov. as a replacement name for N. lacustris
incerta Chappuis 1933, a junior primary homonym of
N. incerta (Richard, 1893); Nitokra langi nom. nov. as a
replacement name for Nitokra baltica Arlt 1983, a junior
primary homonym of Nitokra fallaciosa baltica Lang 1965a,
b; Nitokra mediterranea jakubisiaki nom. nov. as a replace-
ment name for N. mediterranea pontica Apostolov 1980, a
junior primary homonym of Nitokra pontica Jakubisiak,
1938; and Nitokra pori nom. nov. as a replacement name for
Nitokra stygia (Apostolov 1976), a junior secondary hom-
onym of Nitokra affinis stygia Por 1968 (see also Table 3).
Bowman (1988) pointed out that the correct original spell-
ing of the genus name is Nitokra, correcting the erroneous
spelling Nitocra which had then been in use for more than
100 years. Subsequent researchers have used both spellings,
those opting for Nitocra arguing for its preservation in accor-
dance with usage (Mielke 1993, 1997; Huys 2009; Gomez
et al. 2012). Although Bowman’s (1988) argumentation was
based on the correct interpretation of the then valid Zoological
Code, the current Code (International Commission on
Zoological Nomenclature ICZN 1999) indeed provides for

N. yeelirrie N.esbe Nitokra sp. A.hamondi E.humphreysi
N. yeelirrie 0.023-0.098 0.504 0.524 0.610 0.842
N. esbe 0.212 - 0.566 0.559 0.791
Nitokra sp. 0.212 0.232 - 0.671 0.903
A. hamondi 0.226 0.204 0.226 0 0.467
E. humphreysi 0.258 0.240 0.254 0.199 0-0.064

Average maximum likelihood patristic distances (GTR + G model) among samples are given above the diagonal, and average p-distances are given
below the diagonal. The range of p-distances between COI haplotypes within species is given on the diagonal. Generic abbreviations as in Table 1
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the preservation of an incorrect subsequent spelling (Article
33.3.1) when it is in prevailing usage. However, prevailing
usage is not clearly defined. This leaves room for various
interpretations and perhaps introduces more instability than
strict adherence to the priority rule, as was already noted by
Dubois (2010). Prevailing usage is defined in the Glossary of
the Code as follows: ‘Of a name: that usage of the name which
is adopted by at least a substantial majority of the most recent
authors concerned with the relevant taxon, irrespective of how
long ago their work was published’. As noted by Dubois
(2010), this raises a few points. How big is a ‘substantial’
majority? What is the cut-off for ‘most recent’? How ‘con-
cerned’ does an author have to be with the taxon to be taken
into account? In this paper, we use the correct original spelling,
expecting that the new version of the Code will undoubtedly go
back to the strict priority rule in most cases. Any other action
that would involve counting authors (how do we score papers
with multiple co-authors?) or papers using those two spellings
would be premature, unnecessarily difficult, and time-consum-
ing, and any given count is bound to change in a few years.

As with many other large and old marine copepod genera,
Nitokra is rich in subjective synonyms at the species-group
level (Lang 1948, 1965). Most of them were conceived as a
consequence of a widely held belief that most marine species
of copepods have cosmopolitan distributions, a view that has
been repeatedly challenged in recent times for most copepod
groups (Reid 1998; Lee 2000; Grishanin et al. 2005; Hamrova
etal. 2012; Karanovic and Cho 2012; Karanovic and Krajicek
2012), as well as for other small aquatic animals (Rowe et al.
2007; Petrusek et al. 2009; Xu et al. 2009, 2011; Xiang et al.
2011). Undoubtedly, some of these ‘widely distributed” spe-
cies represent species complexes, but older descriptions are
generally not detailed enough to allow reinstatement of previ-
ously synonymised taxa. One solution to this problem would
be a reexamination of various type materials, if still available
and in good condition, in combination with detailed combined
morphological/molecular studies of newly collected speci-
mens from type localities. Unfortunately, with the current rate
of habitat destruction and anthropogenic translocation
(Karanovic and Krajicek 2012), it is quite possible that many
marine harpacticoids described 50 years ago do not live in
their type locality any more, their type habitat no longer exists
(see Karanovic et al. 2013), or they have become (and are)
distributed around the world in ship ballast waters (Reid and
Pinto-Coelho 1994; Lee 1999; Horvath et al. 2001).

In Table 3, we list all currently valid species of Nitokra,
along with some of their most prominent morphological fea-
tures. Those were compiled from publications, not from orig-
inal observations (except for the two new species described
here) and in most cases, take no account of intraspecific
variability (we report the character state that was considered
normal or most common). Explanations for the various arma-
ture formulae used in Table 3 are given in the “Material and

l GfBS

methods™ section. Many original species descriptions were
based on only a few morphological characters, and additional
data are compiled from subsequent publications attributed to
the same species. Besides renaming junior homonyms, no
other taxonomic or nomenclatural action was taken in com-
piling this list (i.e. we honoured almost all widely accepted
synonyms). However, this may be a good place to draw
attention to several problematic species.

It may be clear even from Table 3 that Nitokra delaruei
Soyer, 1975 probably does not belong to this genus, as it
differs markedly from all other species in the segmentation
of the antennal exopod, shape and ornamentation of the anal
operculum, and size and shape of the transformed inner spine
on the male first leg basis (see Soyer 1975). However, without
a robust phylogeny of ameirids (see Karanovic and Hancock
2009; Karanovic et al. 2013), it may be more practical to keep
it in this genus than to place it incertae sedis, also because its
males are still unknown.

Sexual dimorphism reported by Bruno et al. (2002) for
Nitokra evergladensis may be indicative of two separate spe-
cies, as it involves most of the swimming legs and even details
of urosomite ornamentation. Their identification was not
based on specimens in copula or even from the same locality,
and differences reported are highly unusual for this genus. In
our N. esbe, one can observe the difference in the armature
formula of the fourth leg third exopodal segment, but the
missing inner proximal seta (male condition) is already re-
duced in size in the female compared to congeners.

As was noted by Karanovic and Pesce (2002), Nitokra balli
may be a junior subjective synonym of Nitokra uenoi. This
view was mostly based on a newly discovered population
from Christmas Island, Australia (T. Karanovic, unpublished
data). The senior author has been unsuccessfully trying ever
since to locate the type material of the latter species. Some of
the species in our list were originally described as subspecies,
and later on elevated to specific rank. Undoubtedly, some
others will have a similar destiny in the future, as several
‘subspecies’ have widely overlapping distributional ranges.
In order not to confuse the reader any further, we have
refrained from proposing these sorts of rearrangements.
Recently Gémez et al. (2012) proposed elevating Nitokra
reducta fluviatilis and Nitokra sewelli husmanni to full spe-
cific rank, based on a comparison of published original draw-
ings, ‘until the variability of these two species is properly
assessed’. Reexamination and redescription of their types
(some of which are cited as still available) would be worth-
while to test this hypothesis.

Morphological affinities of the Yeelirrie species
Both new species have a unique armature formula of the

swimming legs in the entire genus (see Table 3), which could
be interpreted as their set of synapomorphies. They also share
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armature formulae of endopods of third and fourth legs that
can be found additionally only in N. lacustris richardi nom.
nov. (see Chappuis 1933), while Nitokra reunionensis Bozic,
1969 has the same armature of the fourth leg endopod but a
different configuration on the third leg endopod (see Bozic
1969). N. yeelirrie sp. nov. and N. esbe sp. nov. additionally
share the armature formula of the female fifth leg, with six
setae on the exopod and four on the endopodal lobe (Figs. 5a
and 11la, j), which is relatively rare in Nitokra, being only
found in five other species: Nitokra blochi Soyer, 1975 from
the marine interstitial of Kerguelen, southern Indian Ocean;
Nitokra cari Petkovski, 1954 from the marine interstitial of the
Adriatic Sea, eastern Mediterranean; N. lacustris richardi
from the marine interstitial in the vicinity of a freshwater
spring on Curagao, southern Carribean Sea; N. pontica
Jakubisiak, 1938 from the western coast of the Black Sea;
and Nitokra pseudospinipes Yeatman 1983 from crab holes in
Tonga and Fiji, South Pacific (see Chappuis 1933; Lang 1948;
Petkovski 1954; Soyer 1975; Yeatman 1983; Apostolov and
Marinov 1988). These widely different and disjunct localities
and the many morphological differences in other respects
between all these species strongly suggest that the present
female fifth leg armature formula originated convergently a
number of times, although perhaps not separately in the two
new species, which additionally share the armature formula of
the male sixth leg (see Table 3). However, based on the
available morphological evidence alone, it would be difficult
to speculate that the two new species had an immediate
common ancestor, as several important synapomorphies are
simple reductions and may have originated independently a
number of times in subterranean habitats (Gibert et al. 1994;
Monchenko and von Vaupel Klein 1999; Culver and Pipan
2009).

As was mentioned in the “Introduction” section, only two
other Nitokra are known from Australia: N. humphreysi and
N. lacustris pacifica. Both differ significantly from our two
new species. N. humphreysi has only five (and sometimes
only four) setae on the female fifth leg exopod, in addition
to different armature formulae of the mandibular palp,
maxillar endites and swimming legs (with the first endopodal
segment of the second to fourth legs bearing an inner seta, and
the third segment with one additional seta; see Table 3), as
well as details of the ornamentation of most somites.
Additionally, males of N. humphreysi have three armature
elements on the fifth leg endopodal lobe. Although both
N. humphreysi and the two new species from Yeelirrie have
four elements on the female fifth leg endopodal lobe, their
nature is different. In the former, the innermost spine (or
spiniform seta) has been lost from the ancestral five-element
formula (see Karanovic and Pesce 2002), while in the latter, it
is the outermost seta that has been lost (Figs. 5a and 11a).
Thus, our new species are only remotely related to
N. humphreysi. On the other hand, N. lacustris pacifica shares

@ Springer

a number of morphological characters with our new species,
including serrated hyaline fringes of the urosomites, armature
of the mandibular basis, mandibular endopod with no lateral
seta, armature of the maxilla, and most of the swimming legs
armature formula (although N. lacustris pacifica has one
additional seta on the third endopodal segment of the third
and fourth legs). A major difference is in the number of
elements on the female fifth leg endopodal lobe, with
N. lacustris pacifica having the plesiomorphic five-element
formula. In fact, almost all differences between N. lacustris
pacifica and the two new species are plesiomorphies in the
former, i.e. its morphology is very close to what we would
imagine an ancestor of our two new species looked like
(although probably not the immediate ancestor, as the two
new species share a number of synapomorphies mentioned
above).

However, the two new species are not very closely
related, as indicated both by high divergence rates in the
COI gene and a number of morphological differences
(many of them indicated by arrows in Figs. 8, 9 and
10). Some of the major differences include the segmenta-
tion of the antenna (basis and first endopodal segment
distinct in N. esbe; compare Figs. 6b and 8g), armature
formula of the swimming legs (third exopodal segment of
the second and third leg without a proximal inner seta in
N. esbe; compare Figs. 7c and 11h), relative size of the
first leg first endopodal segment (much longer in N. esbe;
compare Figs. 7a and 11e), length of the fifth leg exopod
(shorter in N. esbe; compare Figs. 1b and 8f), length of
the outermost element on the female fifth leg endopodal
lobe (shorter in N. esbe; compare Figs. 5a and 11a), and
the length of the caudal rami (shorter in N. esbe; compare
Figs. 4c and 8d). Other minor differences include details
of ornamentation of some somites and appendages. For
example, the intercoxal sclerite of the second swimming
leg has two groups of large spinules in N. esbe (Fig. 11g),
but it is completely smooth in N. yeelirrie (Fig. 7d). The
first segment of the antennula has a prominent tubular
pore in N. yeelirrie (Fig. 4e), but only a simple pore in
N. esbe (Fig. 9¢). The ornamentation of somites differs in
the presence/absence of several pores and sensilla, most
notably that of an unpaired dorsal pore at the base of the
rostrum (compare Figs. 3c and 9c), as well as a pair of
dorsal sensilla on each free pedigerous prosomite (com-
pare Figs. 3d and 9d). Also, the size and relative positions
of some pores differ in these two species, especially as
concerns the dorso-lateral pair of pores on the anal somite
(compare Figs. 1g and 9h). All these are indicative of
interspecific variability, when compared with other cope-
pod groups, for which a combined approach was used to
delineate between closely related congeners (Karanovic
and Cooper 2011a, 2012; Hamrova et al. 2012;
Karanovic and Krajicek 2012).
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Phylogeography and implications for habitat colonisation

Our phylogenetic analysis of Nitokra populations based on the
COI gene shows N. esbe as forming a basal clade relative to
the other two taxa, which could be interpreted as being in
congruence with an ‘active upstream’ dispersal model, as this
species was recorded from bore SB14-1 (southeastern corner
in Fig. 15), the most downstream part of the Yeelirrie
palacochannel. This model has been demonstrated for several
other copepods belonging to genera of marine origin here (see
Karanovic and Cooper 2012), including Schizopera
leptafurca Karanovic and Cooper, 2012, between bore lines
K and 1, and Schizopera akation Karanovic and Cooper,
2012, between bore SB14-1 and bore line 1.

Under this model, the ancestor of Nitokra would have
colonised the upper reaches of the Carey palaochannel by
active dispersal upstream, possibly from the marine intersti-
tial, where this genus is quite common. However, as no sister
relationship between N. yeelirrie and N. esbe was recovered in
our molecular phylogenies (see Fig. 13), it is very unlikely that
they represent a single colonisation event here, despite the fact
that they share a number of morphological synapomorphies
(see above). If they ever shared an immediate common ances-
tor, it was probably in the very distant past, as suggested by the
very high p-divergence values (in excess of 21 %, see
Table 2). It is therefore reasonable to assume that their allo-
patric distribution is not a consequence of recent speciation, as
is the case with six allopatric species from the
parastenocaridid genus Kinnecaris in Yeelirrie (see
Karanovic and Cooper 2011a). Considering the very wide
distribution of N. yeelirrie, however, it is likely that some
dispersal to the lowest parts of this palacochannel (now occu-
pied by N. esbe) occurred during its long independent

evolutionary history, as is suggested both by the very high
divergence rates in our molecular analyses and by the nested
position of Nitoka sp.

Competition for the same resources may be one of the
reasons that the Yeelirrie Nitokra species maintain allopatric
ranges, as they differ very little in size and habitus shape. As
demonstrated by Karanovic and Cooper (2012) for the
miraciid genus Schizopera, sympatric and parapatric conge-
ners in Yeelirrie either differ very significantly in size or some
other prominent morphological character (i.e. caudal rami
shape), as these are very competitive environments, with up
to ten different species of copepods (and up to four congeners)
in a single sampling bore (see Fig. 14). It must be noted that
N. yeelirrie is the largest harpacticoid in Yeelirrie (compare
body sizes in Fig. 14), but that does not restrict its dispersal
abilities outside the main calcrete, as it was also recorded on
bore lines K and N (see Fig. 15).

The phylogeography of N. yeelirrie (Fig. 13) provides
some evidence for population substructuring or reduced gene
flow within the biggest calcrete body in Yeelirrie, with the
presence of divergent haplotypes (p-distance ~10 %: speci-
mens 8387 and 8393 from bore line 3.5 vs specimen 8492
from bore line F, some 8 km upstream; Fig. 15). However, we
sampled but a fraction of its entire population for sequencing,
and more molecular data are needed to assess the
phylogeography and patterns of dispersal of this species.
Our amplification success rates were very low with the fresh
material (see “Specimens examined” section), less than 30 %
in 2010. Additional attempts were made in 2013 (this material
is not listed above) but were all unsuccessful, probably due to
DNA degradation. With such a limited sample size, we cannot
exclude the possibility that standing variation in the original
coloniser, and then chance loss of haplotypes and mutations of

Fig. 14 Montage image from light dissecting microscope showing seven
sympatric species from a single sampling event in a typical Yeelirrie bore
(bore YYD26 in this case): a Halicyclops sp., adult female; b Schizopera
uranusi Karanovic and Cooper, 2012, adult female; ¢ S. leptafurca

] GfBS

Karanovic and Cooper, 2012, adult female; d S. akation Karanovic and
Cooper, 2012, ovigerous female; e Nitokra yeelirrie sp. nov., adult
female; f Pseudectinosoma sp., adult female; g Kinnecaris uranusi
Karanovic and Cooper, 2011, adult female
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new ones would produce a similar cladogram, and these all
need to be taken into account when testing hypotheses about
history.

Significance of the Yeelirrie palacochannel

The Yeelirrie area, which contains one of the largest calcretes
in the uppermost reaches of the Carey palacochannel (Timms
1992), is only about 70 km long and less than 10 km wide, but
the surface area of suitable habitats (calcretes) is probably less
than 100 km? (see Fig. 15). Although this is significantly less
than 3 % of the whole surface area of the Yilgarn region, it
harbours an unprecedented copepod diversity. As mentioned
in the “Introduction” section, the diversity of stygofauna is
mostly dependent on the size of the calcrete and typically
includes one to three species from each major group. An
example of a typical Yilgarn calcrete is that at Sturt

Meadows, where multiple molecular studies from a very
dense grid of bores (115 bore holes in an area of 3.5 km?)
suggested only three species of copepods, one cyclopoid and
two harpacticoids (Allford et al. 2008; Bradford et al. 2010; S.
Cooper, unpublished data). In a preliminary survey of the
entire Yilgarn region, based on a study of 164 different local-
ities, Karanovic (2004) recorded 31 species of copepods clas-
sified into 16 genera, five families and two orders. In contrast,
so far, we have been able to distinguish 27 different species
and subspecies of copepods in Yeelirrie alone, belonging to
six families and two orders, including an endemic monotypic
parastenocaridid genus Dussartstenocaris Karanovic and
Cooper, 2011 (see Karanovic and Cooper 2011b), six allopat-
ric species of the parastenocaridid genus Kinnecaris (see
Karanovic and Cooper 2011a), up to ten different species of
the miraciid genus Schizopera (see Karanovic and Cooper
2012), one species of the canthocamptid genus
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Fig. 15 Map of the Yeelirrie area, showing some of the sampling
localities (bores and wells). All other sampling bores lie on the
following 21 bore lines (from northwest to southeast): P, O, O, E, 4, G,
H F,1,15,2,3,3.5,4,5,6,C,K, D, Land N. The general water flow in
the palacochannel is also in this direction. The inset shows the location of
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the area in Australia. Nitoka esbe sp. nov. was recorded from a single bore
(SB14-1) in a small calcrete furthest downstream (near lower right corner
of the map), while N. yeelirrie sp. nov. was recorded from the following
bore lines: F, 1, 1.5, 2, 3, 3.5, 4, 5, K and N. Map from Karanovic and
Cooper (2012)
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Australocamptus Karanovic, 2004 (also used as one of the
outgroups in the molecular analyses reported here), two spe-
cies of the ameirid genus Nifokra (described in this paper), and
at least seven other species awaiting formal description (T.
Karanovic, unpublished data). This suggests that Yeelirrie
harbours more than 45 % of the entire regional copepod
diversity, but it does not take into account between 10 and
20 other species discovered in other areas of Yilgarn since
2004 (T. Karanovic, unpublished data), so a more accurate
figure would be between 35 and 40 %. This is still in an
incredible diversity, when compared to the surface area.
Other recent surveys of copepod stygofauna in calcrete areas
of similar size near Lake Way and Lake Maitland (T.
Karanovic, mostly unpublished data), both quite close to
Yeelirrie and also done with a similarly intensive sampling
effort, revealed much less diversity (15 and 10 species, re-
spectively). For example, at Lake Way, only one species of
Kinnecaris was identified (see Karanovic and Cooper 2011a).

It is difficult to say why Yeelirrie is so rich, especially
because there is no hint of any significant difference from
other areas of the Yilgarn, either on its surface (see Fig. 16) or
in its aquifer geochemistry. We doubt that any external factors

Fig. 16 Photographs of different
habitats and sampling localities in A
the Yeelirrie area: a top of the
largest calcrete with mature
eucalypt trees, between bore lines
2 and 3; b sampling at Wirraway
bore, on bore line A; ¢ spinifex
grasses and small bushes along
bore line Q; d exposed calcrete
sediments on top of a small
calcrete, near bore line O; e
claypan near bore line G, one of
the major recharge points for the
largest Yeelirrie calcrete; f the
Yeelirrie area functioning as an
extensive pastoral station

] GfBS

are responsible for this unprecedented groundwater copepod
diversity, especially because ongoing morphological and mo-
lecular studies on other major groups in this calcrete show
them to be much less diverse, containing the usual number of
one to three species. For example, amphipods are represented
by a single new species of Chiltoniidae (T. Finston personal
communication), ostracods by a single new species of
Candonopsis Vavra, 1891 (family Candonidae) (I.
Karanovic personal communication), syncarids by two new
species of Atopobathynella Schminke, 1973 (family
Parabathynellidae) and one of Bathynellidae (T. Finston per-
sonal communication), and diving beetles by two new species
of Limbodessus Guignot, 1939 and one of Paroster Sharp,
1882 (family Dytiscidae) (C. Watts, personal communica-
tion). This may suggest different ages and colonisation histo-
ries for different groups, and the overall impression is (see also
Karanovic and Cooper 2011a, b, 2012) that repeated coloni-
sations into different fragmented bodies of the Yeelirrie
calcrete, along with explosive radiation in some groups, are
responsible for this copepod species richness. As different
groups of copepods invaded this palacochannel from inland
freshwater and downstream saline systems, they created
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opportunities for each other, probably facilitating further spe-
ciation. The majority of copepods here are short-range en-
demics (sensu Eberhard et al. 2009), with the relatively wide
distribution of N. yeelirrie being a notable exception. The high
uranium content (Needham 2009) in the largest calcrete may
also be a factor contributing towards higher mutation rates.
Yeelirrie is Australia’s second biggest unmined uranium de-
posit, originally discovered in 1972 by the Western Mining
Corporation (WMC) and experimentally mined between 1980
and 1983. From 1983, it was used as a pastoral station again,
but the site rehabilitation was not finished until 2003. From
2005, WMC was acquired by the mining giant BHP Billiton,
and a renewed interest in uranium mining in Western Australia
led to the reactivation of the project in 2008, with series of
environmental impact assessment studies done until 2011. All
copepod material in this paper was collected as part of that
survey. The mine was acquired by Cameco Corp. in 2012 and
was scheduled for production in 2014 but is now ear-marked
to supply new production when it is needed. Uranium mining
in Yeelirrie may involve almost complete removal of the
largest calcrete (which actually contains the ore) and
dewatering of a very large area, thus severely impacting the
core stygofauna habitat for and possibly causing extinction of
the exceptionally diverse copepod and other locally endemic
stygofauna. We hope that this and previous papers will con-
tribute to recognition and adequate protection of the unique
and highly significant stygofauna assemblage here.
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