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Abstract Australia has a very rich and diverse large bran-
chiopod fauna with approximately 140 described or provi-
sionally delimited species, but only one species of Triops,
Triops australiensis (Spencer and Hall 1895), is currently
recognized. Previous studies identified extensive genetic di-
versity within T. australiensis that suggested the presence of
cryptic species. Herein, we employed an integrative approach
to taxonomy to delimit putative species, integrating COI and
EF1α sequence data and morphological data. Putative species
were initially delimited based on COI by two computational
approaches (GMYC and ABGD). The results were interpreted
in the light of several species concepts, with particular empha-
sis on reproductive isolation. Twenty to 27 genetic lineages
were delimited. Of these, up to 26 represent species following
an evolutionary or phylogenetic species concept. Eighteen are
biological species, though reproductive isolation could not be
unambiguously established for allopatric species or species
without knownmales. The level of co-occurrences was excep-
tionally high for Triops, with up to three syntopic and six
sympatric species. Species delimitation was impeded by

extensive overlap between intraspecific variability and inter-
specific variation in the genetic as well as morphological
datasets. Without prior delimitation of putative species via
COI, morphological delimitation would have been impossi-
ble. A potential explanation for the morphological variability
is the retention of ancestral polymorphisms over long periods
of time and across multiple speciation events without subse-
quent differentiation.

Keywords Ancestral polymorphisms . Intraspecific
variability . Interspecific variation . Species concepts

Introduction

The external morphology of Notostraca changed relatively
little over hundreds of millions of years (Lagebro et al.
2015). Some fossils resemble extant species to such degree
that Upper Triassic fossils had been ascribed to a subspecies of
Triops cancriformis (T. c. minor; Trusheim 1938) which
would have implied that T. cancriformis existed for ∼200 mil-
lion years. Although this idea has since been refuted by mo-
lecular clock analyses (Korn et al. 2013; Mathers et al. 2013a),
which suggested a much younger age of T. cancriformis and
thus of its putative subspecies, it demonstrates the long-term
consistency in gross morphology. This remarkable consisten-
cy in gross external morphology appears to be in contrast to
extensive morphological variability observed within extant
species in a range of morphological characteristics commonly
employed for species delimitation (Korn et al. 2010;
Macdonald et al. 2011; Suno-Uchi et al. 1997). How re-
searchers interpreted this morphological variability has
changed over time. Prior to the work of Longhurst (1955),
about 70 extant notostracan species had been described, often
based on minor morphological differences. Longhurst (1955)
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synonymized most of these species, accepting only four
Triops and five Lepidurus species. This marked a great change
in the perception of the morphological variability of
notostracan species. Instead of attributing observed variability
to different species, each species was considered to be much
more variable in a range of characters.

Longhurst’s revision and the proposed synonymies were
largely accepted, until molecular analyses revealed diverging
lineages within many species suggesting the presence of more
species than those accepted by Longhurst (King and Hanner
1998; Korn and Hundsdoerfer 2006; Korn et al. 2006, 2010,
2013; Macdonald et al. 2011; Mantovani et al. 2004, 2008;
Mathers et al. 2013a; Murugan et al. 2002; Murugan et al.
2009; Sassaman et al. 1997; Suno-Uchi et al. 1997;
Vanschoenwinkel et al. 2012). Some of these lineages could
be assigned to previously synonymized species or were de-
scribed as new species (e.g., Korn et al. 2010; Rogers 2001).
In summary, today 11 Triops and nine Lepidurus species are
recognized (see Korn et al. 2013), but Mathers et al. (2013a)
suggested 27 putative Triops species based on a comprehen-
sive molecular phylogenetic analysis. The various molecular
phylogenetic studies have demonstrated that at least some of
the observed morphological variability indeed represents in-
terspecific variation, but intraspecific variability often over-
laps among species impeding morphological identification
(Korn et al. 2010; Suno-Uchi et al. 1997). However, some of
the molecular lineages previously identified are based solely
on few point mutations in one or two mitochondrial markers
without any further verification (e.g., Murugan et al. 2002)
and may not represent actual species. These were not included
in the species count ofMathers et al. (2013a) and none of these
have been formally described.

When it comes to delineating species, morphological and
molecular data have the same intrinsic problem: Is the differ-
ence observed among individuals due to intraspecific variabil-
ity or interspecific variation? The interpretation of this central
question in taxonomy is closely associated with the re-
searcher’s notion of species and the underlying species con-
cept (e.g., Laamanen et al. 2003; Schwentner et al. 2011; Will
et al. 2005). Probably one of the most widely accepted species
concepts is the biological species concept (BSC; Mayr 1942)
that is based on the assumption that species are reproductively
isolated from each other. In taxonomic practice, however, re-
productive isolation has only rarely been tested. In fact, the
underlying species concept is rarely stated in taxonomic de-
scriptions. With the advent of molecular markers, other con-
cepts have become more prominent, e.g., the phylogenetic
species concept sensu Mishler and Theriot (PSC; Mishler
and Theriot 2000), the phylogenetic species concept sensu
Wheeler and Platnick (PSC; Wheeler and Platnick 2000),
and the evolutionary species concept (ESC; Wiley and
Mayden 2000). Here, species are defined as Bthe smallest
monophyletic groups worthy of formal recognition^

(Mishler and Theriot 2000), Bthe smallest aggregation of
(sexual) populations or (asexual) lineages diagnosable by
unique combination of character states^ (Wheeler and
Platnick 2000), or as Ban entity […] that maintains its identity
from other such entities through time and over space and that
has its own independent evolutionary fate and historical
tendencies^ (Wiley andMayden 2000). For these species con-
cepts, reproductive isolation is not a prerequisite (Padial and
de la Riva 2010). As a consequence, not only the respective
type of data—e.g., morphological characteristics or DNA
markers—but also the applied species concept may heavily
affect the delimitation of species (e.g., Laamanen et al. 2003;
Schwentner et al. 2011, 2014). In many clear-cut instances,
researchers will delimit the same species irrespective of the
underlying species concept or data type. However, for taxa for
which intraspecific variability is not unambiguously separable
from interspecific variation, the discrepancy between results
obtained from different data types and concepts may be
substantial.

Most molecular studies on Notostraca relied on mitochon-
drial markers to delimit species. As mitochondrial markers are
strictly maternally inherited, reproductive isolation among
lineages could not be inferred. Therefore, the delimitation of
putative species often followed a phylogenetic species
concept (usually in the sense of Wheeler and Platnick 2000;
e.g., Murugan et al. 2002; Suno-Uchi et al. 1997) at least if a
species concept was specified. That this can be problematic
can be seen in an example fromMexican Triops, where nearly
each population was assigned its own putative species based
on a few diagnostic nucleotide differences in 12S and 16S
sequences (Murugan et al. 2002). This approach is similar to
many morphological species descriptions prior to the revision
by Longhurst (1955) which attributed subtle morphological
differences to different species. This may result in arbitrary
species delimitations, which may not reflect any biologically
or evolutionary meaningful entities. One solution is the
combination of various types of data like mitochondrial
sequence data with nuclear sequence and/or morphological
data. Ideally, species would be consistently delimited,
though some conflict can be expected among datasets
(Padial and de la Riva 2010). If the species occur in
sympatry, this approach even allows the identification of
reproductively isolated species (following the BSC). If
they occur in allopatry, observed differentiation may be
due to current but potentially reversible geographic isolation
rather than reproductive isolation (see also Schwentner et al.
2014, 2015b).

A peculiarity of Triops is that not only males and females
but also hermaphrodites are known from several species.
Populations can be either purely gonochoric, androdioecious
(males and hermaphrodites and possibly females), or consist
purely of selfing hermaphrodites, and all three types can occur
within a single species (Zierold et al. 2007). For putative
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species that comprise hermaphrodites only, inferences of re-
productive isolation are problematic and even the concept of
reproductive isolation may not be adequate, at least if also
their putative sister species lack males.

For Australia, only one species of Triops, Triops
australiensis (Spencer and Hall 1895), is currently recog-
nized. Two additional species had been described from
Western Australia (Wolf 1911), but these were synonymized
with T. australiensis (Longhurst 1955). The presence of a
single Triops species in Australia would be surprising, given
the fact that Australia has a rich large branchiopod fauna with
approximately 140 described or molecularly delimited species
(Schwentner et al. 2013, 2015a; Timms 2012, 2013).
Recently, extensive genetic differentiation has been revealed
wi th in T. aus t ra l i ens i s (Murugan e t a l . 2009 ;
Vanschoenwinkel et al. 2012), and T. australiensis has been
split into 11 putative species mostly from central and Western
Australia based on COI sequence data (Mathers et al. 2013a).
Herein, we study the species level diversity hidden in
T. australiensis focusing on eastern and central Australia by
following an integrative approach to taxonomy. The goal is to
identify species delimited by different sources of data under
different species concepts, with the strongest emphasis on
identifying reproductively isolated (i.e., biological) species.
We combine DNA sequence data from one mitochondrial (cy-
tochrome c oxidase subunit 1, COI) and one nuclear marker
(elongation factor 1 alpha, EF1α) as well as morphological

data. Main lineages (=putative species) are initially identified
by employing two different computational approaches to the
COI dataset: the Automated Barcode Gap Discovery (ABGD;
Puillandre et al. 2012) and the general mixed Yule coalescent
approach (GMYC; Pons et al. 2006). These main lineages are
our initial hypothesis of species, which are then further cor-
roborated or refuted by the other datasets and with regard to
different species concepts.

Material and methods

Samples

In total, 192 Triops specimens from central and eastern
Australia were studied (Fig. 1; Table 1; Supplement
Table S1). The specimens were collected during three field
trips between 2009 and 2011 and were fixed and stored in
100 % ethanol. A few specimens were reared from dried sed-
iment collected during these trips. For details on rearing con-
ditions, see Schwentner et al. (2012b). All individuals were
deposited in the collection of the Australian Museum Sydney
(see Supplement Table S1 for registration numbers). In addi-
tion, published sequences of Australian Triops were
downloaded from GenBank and incorporated into the respec-
tive analyses (Supplement Table S1).

Fig. 1 Map showing all
collection localities. The larger
map depicts the main drainage
systems (red lines) and the
catchments basins of individual
rivers (black lines).
Geographically closely associated
localities were grouped together,
and the color-coding corresponds
to Figs. 3 and 4. The numbers
correspond to the locality
numbers in Table 1 and
Supplement Table S2. Scale bars
correspond to 200 km each
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Table 1 Collection and locality details. For each locality, a specific locality number (see also Fig. 1), collection details, and the recorded main and
sublineages are reported

Locality Details Latitude Longitude Date Genetic lineages

1 Muella vegetated pool 4, MS, NSW 29° 30′ 00.7″ S 144° 54′ 59.6″ E March 31, 2009 A1

2 Carols Bore, MS, NSW 29° 29′ 08.9″ S 144° 59′ 13.4″ E January 19, 2010 B2, N, O

3 Lower Crescent Pool, BS, NSW 29° 32′ 34.5″ S 144° 51′ 31.6″ E January 19, 2010 I, O

4 Yungerina Black Box Swamp, MS, NSW 29° 26′ 09.1″ S 145° 04′ 40.3″ E January 20, 2010 A1, N

5 Lower Lake Eliza, MS, NSW 29° 25′ 28.9″ S 145° 03′ 41.8″ E January 20, 2010 D, L

6a Marsilea Pan, MS, NSW 29° 32′ 13.2″ S 144° 52′ 26.3″ E February 19, 2010 A1

6b Marsilea Pan, MS, NSW 29° 32′ 13.2″ S 144° 52′ 26.3″ E February 21, 2011 A1

6ca Marsilea Pan, MS, NSW A1, B2

7 Turkey Claypan, BS, NSW 29° 33′ 19.8″ S 144° 50′ 17.8″ E February 19, 2010 D

8 Roszkos Paleolake, BS, NSW 29° 27′ 42.9″ S 144° 48′ 12.5″ E February 19, 2010 O

9b Central Paroo River catchment, BS, NSW C2

10 Second pool east of Mossgiel, NSW 33° 17′ 43.2″ S 144° 43′ 08.8″ E January 23, 2010 I, O

11 Claypan-like west of Engonia, Goolring turnoff, NSW 29° 18′ 32.8″ S 145° 44′ 06.9″ E January 21, 2010 I, O

12 Gerara composite swamp, NSW 29° 11′ 47.0″ S 146° 17′ 03.0″ E January 21, 2010 D

13 Cane grass swamp 75 km east Wyandra, QLD 27° 23′ 03.5″ S 146° 36′ 33.7″ E February 17, 2010 D

14 Big pool on Meandarra Road, QLD 27° 22′ 43.9″ ’S 150° 01′ 18.1″ ‘E February 12, 2010 B4

15 Ditch, Rereat North, QLD 27° 47′ 44.1″ S 150° 21′ 35.3″ E April 9, 2009 B1, B3

16 Grassy turbid swamp 10 km from
Bollon Rd junction, QLD

27° 41′ 52.4″ S 146° 45′ 44.7″ E February 18, 2010 A1, M

17 Cyclestheria grassy swamp, 23 km
from Bollon Rd junction, QLD

27° 40′ 48.8″ S 146° 38′ 02.7″ E February 18, 2010 A1

18 Turbid claypan south of North Kaponyee, CNP, QLD 28° 49′ 27.4″ S 144° 19′ 44.5″ E February 24, 2011 C1, C2

19 Triops claypan, CNP, QLD 28° 47′ 14.9″ S 144° 17′ 49.1″ E February 24, 2011 C1, D

20 Vegetated island claypan, CNP 28° 47′ 14.0″ S 144° 17′ 45.7″ E February 24, 2011 C1, C2, L

21 Beefwood grassy swamp, Bulloo, QLD 28° 50′ 34.5″ S 143° 53′ 47.3″ E February 26, 2011 A1

22 Natural floodout of dam, 84 km south
of Thargomindah, Bulloo, QLD

28° 39′ 46.7″ S 143° 48′ 40.8″ E February 26, 2011 B2

23 Deepened claypan 19 km south Williams Creek, OT, SA 29° 04′ 55.0″ S 136° 31′ 59.5″ E March 12, 2011 D, E

24 Stony claypan 20 km north Williams Creek, OT, SA 28° 51′ 30.1″ S 136° 09′ 49.1″ E March 12, 2011 D, E, L

25 Cane grass swamp 44 km west of Oodnadatta, OT, SA 27° 20′ 07.1″ S 135° 07′ 47.7″ E March 11, 2011 D

26 Vegetated stony dug out 34 km north Marla, SA 27° 05′ 26.8″ S 133° 28′ 16.2″ E March 10, 2011 D, H

27 Daisy claypan 106 km east Marla, OT, SA 27° 10′ 02.2″ S 134° 33′ 30.7″ E March 11, 2011 D, F2

28 Island hyposaline lake 60 km north Kulgera, NT 25° 19′ 23.2″ S 133° 12′ 41.7″ E March 10, 2011 G

29 Lake 20 km west Erldunda, NT 25° 14′ 36.5″ S 132° 59′ 40.3″ E March 10, 2011 G

30 Small Ilparpa claypan near Alice Springs, NT 23° 45′ 05.7″ S 133° 48′ 04.2″ E March 08, 2011 F1

31 Hanbury Meteor Crater, NT 24° 34′ 22.9″ S 133° 08′ 54.0″ E March 09, 2011 B2

32 Oakham claypan, QLD 25° 23′ 16.4″ S 143° 10′ 45.4″ E April 8, 2009 D, O, P

33 Roadside table drain, 58 km north Windorah, QLD 25° 01′ 07.0″ S 142° 43′ 54.2″ E March 02, 2011 A2

34 Y2, YS, QLD 21° 30′ 55.2″ S 145° 48′ 20.8″ E April 4, 2009 K

35 Y27, YS, QLD 21° 30′ 57.5″ S 145° 48′ 36.4″ E April 5, 2009 K

36 Artificial pool south Lake Dunn, QLD 22° 39′ 44.8″ S 145° 44′ 40.2″ E February 14, 2010 K

37 Pool next to Lake Dunn, QLD 22° 36′ 16.4″ S 145° 40′ 21.8″ E February 14, 2010 N

38a Lake Galilee, QLD 22° 25′ 37.3″ S 145° 42′ 13.4″ E February 15, 2010 J

38b Upper and lower Lake Galilee, QLD 22° 25′ 44.8″ S 145° 42′ 05.3″ E February 15, 2010 D, J, L

39c Uluru, NT 25° 20′ 42″ S 131° 01′ 57″ E Q

40c Afghan Rocks, WA 32° 21′ 18″ S 123° 40′ 22″ E S

41c Wonberna Rock, WA 32° 35′ 00″ S 123° 46′ 00″ E S

42c Baladonia Rock, WA 32° 28′ 00″ S 123° 52′ 00″ E S

43c Gibb Rock, WA 32° 06′ 60″ S 119° 01′ 02″ E T1
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DNA extraction, PCR amplification, sequencing,
and alignment

DNA extraction followed the HotSHOT protocol (modified
after Montero-Pau et al. 2008) with a final volume of 60 μl
(for more details, see Schwentner et al. 2014). Tissue was
sampled from the maxillary gland which is situated under
the carapace. The DNA extract was directly used to PCR-
amplify the two studied gene fragments: the commonly used
barcoding region of the COI and the nuclear gene EF1α. All
PCR reaction had a total volume of 30 μl and contained 3 μl
of each primer (10 μM each; see Table 2 for list of primers),
3 μl 10x buffer (Molzym), 3 μl dNTP mix (2 mM,
Fermentas), 1.05 μl MgCl2 (50 mM), 0.15 μl MolTaq poly-
merase (Molzym), 12.3 μl ultrapure water, and 4.5 μl of the
DNA extract. PCRs were performed with a Mastercycler
Gradient (Eppendorf); programs had an initial denaturation
step of 94 °C for 1 min, followed by 37 amplification cycles

(94 °C for 30 s, 46 °C (COI) or 56 °C (EF1α) for 30 s, 72 °C
for 1 min (COI) or 1.5 min (EF1α)) and one final extension
step at 72 °C for 5 min. The PCR success was visualized by
gel electrophoresis, using 5 μl of the PCR product on a 1.5 %
agarose/TAE gel stained with 0.01 % ethidium bromide.
Successful PCR products were purified using paramagnetic
beads (Agencourt® AMPure®XP, Beckman Coulter) follow-
ing the manufacturer’s protocol with a final volume of 30 μl.
Sequencing reactions were performed with the BigDye
Terminator Cycle Sequencing Kit (Applied Biosystems) using
the same primers as in the respective PCR reaction. Both gene
fragments were sequenced with the respective forward
primers on an ABI 3110 xl (Applied Biosystems). If sequenc-
ing failed or resulted in ambiguous positions, sequencing was
repeated with the reverse primer. The resulting chromato-
grams were checked and adjusted with the program
Sequencher 4.1.4 (Gene Codes). The corrected sequences of
both gene fragments were separately aligned using ClustalW

Table 1 (continued)

Locality Details Latitude Longitude Date Genetic lineages

44c Twine Rock, WA 32° 06′ 44″ S 118° 57′ 15″ E T1

45c Lake Carey, WA 29° 05′ 04″ S 122° 18′ 56″ E R

46c Claypan SE of Paynes Find, WA 29° 19′ 53″ S 117° 47′ 12″ E L

47c Bullamanya Rock, WA 29° 19′ 53″ S 117° 47′ 12″ E T2

48c Balan Rock, WA 28° 10′ 51″ S 117° 25′ 32″ E T2

49c Walga Rock, WA 27° 24′ 16″ S 117° 27′ 46″ E T2

50d Australia D, O

BSBloodwood Station, CNPCurawinya National Park,MSMuella Station,NSWNew SouthWales,NTNorthern Territory,OTOodnadatta Track,QLD
Queensland, SA South Australia, WAWestern Australia, YS Yarromere Station
a From Murugan et al. (2009)
b From Richter et al. (2007)
c From Vanschoenwinkel et al. (2012)
d From deWaard et al. (2006)

Table 2 Primer used in this study
in 5′–3′ orientation Gene Primer Primer sequence Reference

COI LCO2 TCN ACH AAY CATAAA GAYATT GGA AC Schwentner et al. (2011)

LCO1490 GGT CAA CAA ATC ATA AAG ATATTG G Folmer et al. (1994)

HCOoutout GTA AATATATGD GCT C Schwendinger and
Giribet (2005)

HCO2198 TAA ACT TCA GGG TGA CCA AAA AAT C A Folmer et al. (1994)

HCO709 AAT NAG AAT NTA NAC TTC NGG GTG Blank et al. (2008)

EF1α EF1αF GGG YAA AGG WTC CTT CAA RTATGC Richter et al. (2007)

EF1αF361 GAA CGG CCA AAC CCG TGA ACA CG Newly derived

EF1αR CAG GAA ACA GCTATG ACG CGA ACT TGC AAG
CAATGT GAG C

Richter et al. (2007)

EF1αrev CCA CGA CGC AAT TCC TTG ACG G Newly derived
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(Thompson et al. 1994) implemented in BioEdit 7.1.3.0 (Hall
1999). All sequences were deposited at GenBank (accession
numbers KX162321–KX162584, see Supplement Table S1
for details). The number of parsimony informative sites was
calculated for each gene with MEGA6 (Tamura et al. 2013).

COI was amplified and sequenced for all individuals stud-
ied. EF1α and the morphological analyses were based on a
subset of individuals (Supplement Table S1). It was attempted
to include members of all main lineages (see below) for these.
However, for some of the main lineages, only juveniles were
available and/or EF1α amplification failed.

Identifying main lineages: genetic distances
and phylogenetic analyses

Main lineages, which may ultimately correspond to species,
were initially delimited by the application of two computa-
tional approaches employed to the COI dataset: the ABGD
(Puillandre et al. 2012) and the GMYC (Pons et al. 2006).
We chose the most conservative outcome (i.e., smallest num-
ber of inferred lineages) of these two methods to represent
main lineages; all further subdivisions were treated as
sublineages. These sublineages may correspond to species if
main lineages were defined too conservatively.

ABGD delineates species based on genetic distances and
identifies and applies data-specific barcoding thresholds that
separate potential species (the barcoding gap separates the
threshold characterizing the smallest intraspecific distance that
connects each sequence to at least one other sequence within
the species/lineage from the lowest interspecific distance).
The ABGD was performed with uncorrected pairwise p-dis-
tances, which were calculated with MEGA6 (Tamura et al.
2013). To obtain a detailed overview of the distribution of
genetic distances relating to certain inferred lineages, we set
the number of steps to 200 and lowered the relative gap width
(X) to 0.5. The latter refers to the minimum genetic distance
(i.e., the minimum extent of the barcoding gap) separating
lineages.

GMYC identifies the transition from intraspecific
(coalescence) to interspecific evolutionary processes based
on the branching rates of a specified ultrametric phylogenetic
tree. The GMYC analysis was performed with the respective
packages in R 2.12.0 (Pons et al. 2006; R Development Core
Team 2010). The required ultrametric tree was obtained with
BEAST 1.7.5 (Drummond et al. 2012), employing a Yule
speciation prior and a strict molecular clock. The analysis
was run for 20 * 106 generations, saving every 2000th gener-
ation and discarding the first 10 % as burn-in. The tree was
annotated with TreeAnnotator 1.7.5 (Drummond et al. 2012),
and convergence as well as sufficiently large effective sam-
pling sizes (>200) was verified with Tracer 1.5 (Drummond
and Rambaut 2007). The single-threshold GMYC model was
then fitted to the obtained maximum clade credibility tree.

To ascertain monophyly of main lineages and to infer their
phylogenetic relationships, phylogenetic analyses were car-
ried out with T.N.T. (maximum parsimony; Goloboff et al.
2008) and MrBayes 3.1.2 (Bayesian inference; Huelsenbeck
and Ronquist 2001). For both analyses, identical sequences
were collapsed into haplotypes to minimize computational
effort. The maximum parsimony analysis in T.N.T. was per-
formed with a combination of Ratchet, Tree-Drift, Tree
Fusing, and Sectorial Search of the New Technology Search
(Goloboff et al. 2008). All presettings were used and the ran-
dom seed increased to five. After tree searching was complet-
ed, resampling with standard bootstrap of 1000 cycles was
executed.

Bayesian inference was run for 6 * 106 generations with
four runs and four chains, and every 1200th tree was saved
of which the first 10 % was excluded as burn-in. The HKY+
G+I model had been determined as the best fitting substitution
model with MrModeltest 2.3 (Nylander 2004) employing the
AIC. Convergence was assessed with Tracer 1.5.

Differentiation in the secondmolecular marker (EF1α) was
studied on a subset of specimens. Here, genetic distance as-
sessment, maximum parsimony, and Bayesian inference (best
fitting substitution model: TN93+G) phylogenetic analyses
were performed as for the COI dataset.

Morphological investigation, landmarks,
and morphometric analyses

To test for morphological differentiation among main and
sublineages, we measured and analyzed a set of morphologi-
cal characters of a subset of 106 individuals with a stereomi-
croscope Stereo Discovery.V12 (Zeiss) in combination with
the analysis software AxioVision (Supplement Tables S1 and
S2). These individuals represent most main and sublineages,
and only undamaged, adult individuals were included in the
morphological analysis. The gender was determined also for
individuals not studied morphologically if possible. Females
and hermaphrodites cannot be distinguished without a histo-
logical examination, which we did not perform. However,
both are thought to be morphologically similar (Macdonald
et al. 2011). They can be unambiguously distinguished from
males by the presence of the ovisacs, which are lacking in
males (Obregón-Barboza et al. 2007). Furthermore, males
may have a mystax on the anteroventral flange of the carapace
(Obregón-Barboza et al. 2007). Females and hermaphrodites
were subsumed as ovisacs-bearing individuals (obi).

The following morphological characteristics were used
(see Fig. 2 for details): the position of the dorsal organ relative
to the interocular zone (following Murugan et al. 2009 and
Rogers 2001), the shape of the sulcus (=the posterior margin
of the carapace, whether it is triangular or semicircular;
following Wolf 1911), the number of spines on the sulcus
and whether any of these were curved (=terminally curved
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spines; following Lynch 1972), the number of spines on the
carina (dorsal midline of the carapace; grouped into three clas-
ses: no spines, one to ten spines and covering the complete
carina; following Zierold 2006), the total number of abdomi-
nal body rings, the number of legless abdominal rings (follow-
ing Murugan et al. 2009, we included complete as well as
incomplete body rings; some authors call these segments rath-
er than body rings, but whether these represent true segments
is not established (Linder 1947)), the ratio between the mini-
mal width of the telson measured between landmarks 1 and 9
(Fig. 2c) and carapace length measured between front and the
posterior end of the carina, and the numbers of dorsal telsonic
spines (medial, setal, and lateral spines; only clearly
protruding spines that are visible from dorsal view were
counted, tiny granular structures were not counted; Zierold
2006 divided the medial spines into three groups; however,
in the present study, these could not be unambiguously
distinguished in many specimens; lateral spines correspond
to those called marginal by Zierold 2006 and furcal by
Longhurst 1955 plus all spines on the lateral side of the
telson and those closely associated on the posterior margin).
Fifteen landmarks on the dorsal surface and outer edge of the
telson were scored (see Fig. 2c for details). These were ana-
lyzed in a morphometric approach to take shape parameters of
the telson into account. The shape of the carapace was not
assessed as it was deformed in many specimens.

All morphological and morphometric data were combined.
Analyses were performed separately for males and ovisacs-
bearing individuals with the program PAST 2.16 (Hammer
et al. 2001). Countable parameters were scored as continuous;
the absence or presence of terminal curved spines on the sul-
cus as binary; and the position of the dorsal organ, the shape of
the sulcus, and the number of spines on the carina as nominal.
The full-procrustes-fit was employed for the landmarks. The

data were analyzed with two different approaches: a principal
components analysis (PCA) and a canonical-variates-analysis
(CVA) (Zelditch et al. 2004). PCA was employed for males
and ovisacs-bearing individuals, and CVA only for ovisacs-
bearing individuals as the total number of males was too low
for a CVA.

In the PCA, the data is transformed into principal compo-
nents, with the first principal component explaining the largest
observed variance among individuals. If main lineages are
morphologically differentiated, they will appear as distinct
groups in the PCA. The PCA does not take information de-
rived from the molecular data into account. Conversely, in the
CVA, all individuals are assigned to main lineages prior to
analysis and the variance among these predefined groups is
maximized. Thus, the differentiation is expected to be larger
than in the PCA. Main lineage J was excluded from the CVA,
as it requires at least two individuals per predefined group.

Results

Alignments

The alignment of all 192 COI sequences has a total length of
603 base pairs (bp), and 240 bp (39.8 %) of these are parsi-
mony informative. For the 73 EF1α sequences, 501 bp were
available and thereof 50 (9.98 %) parsimony informative.

Identification of main lineages based on COI

Both computational approaches for the delimitation of main
lineages resulted in vastly different results. The GMYC ap-
proach partitioned the COI dataset into 41 lineages (red- and
green-colored branches in Fig. 3), thus approximately every

Fig. 2 Morphology of the head (a) and posterior margin of the carapace
(b) and position of landmarks for morphometrics as well as position of
telsonic spines on the dorsal surface of the telson (c). Landmark (LM) 1:
anterior right corner of telson; LM 2: tip of largest right lateral spine; LM
3: intersection between telson and furca (right); LM 4: most posterior
extension of the right telson lobe; LM 5: center of telson notch; LM 6:
most posterior extension of the left telson lobe; LM 7: intersection
between telson and furca (left); LM 8: tip of largest left lateral spine;

LM 9: anterior left corner of telson; LM 10: distal edge of left setal
spines; LM 11: medial edge of left setal spines; LM 12: medial edge of
right setal spines; LM 13: distal edge of right setal spines; LM 14: the
anterior starting point of left largest lateral spine (=furcal spines of
Longhurst 1955); LM 15: the anterior most point of right largest lateral
spine. The relative positions of telsonic spines are indicated in gray. br
body ring, c carina, ce compound eye, do dorsal organ, s sulcus
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fifth individual was ascribed to a new putative species by
GMYC. For some of the studied pools, each individual stud-
ied was assigned to a different genetic lineage byGMYC (e.g.,
localities 2, 24, 32, and 39). By contrast, ABGD partitioned
the dataset into 27 (threshold range 0.0–0.3 %) to 20 (thresh-
old range 1.1–2.7 %) lineages, while thresholds >2.8 % col-
lapsed all individuals into a single lineage. In the following,
we will treat the 20 lineages from the 1.1 to 2.7 % threshold
range of the ABGD as main lineages because they represent
the most conservative estimate (of course, collapsing all into a
single lineage would be more conservative, but not feasible as
ABGD always converges into a single lineage). The additional
seven lineages identified by ABGD will be treated as
sublineages (Fig. 3). The main lineages were named A–T
and the corresponding sublineages were named by adding a
numeral (e.g., A1 and A2; see Fig. 3). We hesitate to treat the
41 lineages derived by GMYC as sublineages, as their discus-
sion would lead to unnecessary confusion and potentially in-
flates the number of sublineages. GMYC has also been shown
to have a tendency of overestimating the number of species
(Hendrich et al. 2010). All main and most sublineages are
reciprocal monophyletic and well supported in the phyloge-
netic analyses of COI (Fig. 3). The largest observed uncorrect-
ed p-distance within main lineages was 6.9 % (main lineage
D) and within sublineages 2.3 % (sublineage T2; Table 3).
Intralineage distances can exceed the threshold retrieved by
ABGD as here the smallest intraspecific distance that connects
each sequence to at least one other sequence within the re-
spective lineages is essential. The interlineage p-distances be-
tween main lineages were 5.8–15.6 % (Table 3). Thus, a
barcoding gap, separating inter- and intralineage genetic dis-
tances, is not present.

Many of the main and sublineages occur in sympatry (areas
coded in a specific color in Fig. 1; sympatry depicted in italics
in Table 3) or even syntopy (depicted in bold italics in
Table 3). For example, eight main lineages occur sympatrical-
ly within the central Paroo River catchment (yellow in Figs. 1
and 3), and up to three main lineages co-occur in syntopy (B,
N, and O in locality 2; D, E, and L in locality 24; D, O, and P
in locality 32; and D, J, and L in locality 39; Table 3,
Supplement Table S1). Also, if regarded on a more regional
scale, exceptionally large numbers of Triops main lineages
were identified per region: nine in south-eastern Australia (lo-
calities 1–22 and 32–33), five in north-eastern Australia (lo-
calities 34–38), and eight in central Australia (localities 23–31
and 39), but only four in Western Australia (localities 40–49).
It is noteworthy that many main lineages have relatively re-
stricted geographic distributions. For example, only main lin-
eages B, D, and L occur in eastern as well as central Australia
(Figs. 1 and 3), and only D, L, and N occur in north-eastern as
well as south-eastern Australia, whereas all other main line-
ages are restricted to only one of these regions (i.e., E, F, G, H,
and Q to central Australia; J and K to north-eastern Australia;

A, C, I, M, and O to south-eastern Australia). Furthermore,
with the exception of main lineage L, none of the main line-
ages retrieved from Western Australia was found in any other
studied area. Only one sublineage occurs in central as well as
eastern Australia (B2; Fig. 3). Most of the sublineages are
restricted either to a single region (e.g., A1, C1, and C2 to
eastern Australia) or were recorded in single pools only (A2,
B1, B3, B4, F1).

Differentiation among main lineages inferred from EF1α

The retrieved phylogenetic trees for EF1α are relatively poor-
ly resolved, and several main and sublineages are not recipro-
cal monophyletic (Fig. 4). This can be largely attributed to
overall lower levels of genetic diversity and differentiation
(Table 3). Nevertheless, many main lineages were clearly dif-
ferentiated from all others in EF1α, namelyA, B, C, F, G, H, J,
K, M, and P (for main lineages Q, R, S, and T, EF1α was not
available), though the difference between H and P was rela-
tively small (Fig. 4; Table 3). Main lineages A, B, C, and H
were not reciprocally monophyletic, but sequences for each of
these lineages were nearly identical and clearly differentiated
from those of all other lineages (Fig. 4, Table 3).

Two groups of main lineages were found to lack clear ge-
netic differentiation in EF1α: one group involved main line-
ages I, N, and O and the other main lineages D, E, and L.Main
lineages I, N, and O featured three clusters of EF1α se-
quences: the first included two individuals of lineage N, the
second cluster three individuals of I, two of O and one of N,
and the third cluster one of I and six of O (Fig. 4). Main
lineage L was paraphyletic with some individuals clustering
with E and others with D, sharing identical sequences in both
instances (Fig. 4, Table 3).

Most sublineages could not be differentiated in EF1α. In
many cases, individuals of different sublineages featured iden-
tical sequences (Fig. 4, Table 3). Only sublineages F1 and F2
were genetically differentiated.

�Fig. 3 Bayesian inference majority rule tree based on COI. Each
haplotype was included only once and terminals correspond to these
haplotypes (see Supplement Table S1 for a complete list of individuals
and corresponding haplotypes). Colored circles indicate the localities
from which the respective haplotype was recovered (see Fig. 1). White
circles represent individuals from other studies with unspecified
localities. If a certain haplotype was recovered more than once from a
locality, the number of individuals is given in the respective circle. Main
lineages and sublineages as delimited by ABGD and which are discussed
herein are indicated on the right margin and denoted with letters A–T
(sublineages have an additional numeral). Red and green branches
indicate the lineages suggested by GMYC. For each node, posterior
probabilities of the Bayesian analysis and bootstrap support values of
the parsimony analysis ≥0.9 or ≥90 are depicted as single asterisks,
≥0.95 or ≥95 as double asterisks, and below 0.9 or 90 are not shown or
depicted as a dash, respectively. For GenBank accession numbers and
citations of Australian specimens, refer to Supplement Table S1. +,
Richter et al. (2007)
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Table 3 Genetic distances within and among all main and sublineages.
All distances are uncorrected p-distances in %. COI distances are above
the diagonal and EF1α distances below the diagonal. On the diagonal,
COI distances are above EF1α distances. Lineage pairs that occur

syntopically are in bold italics and lineage pairs that occur
sympatrically in italics (sympatric occurrence is indicated by shared
colors in Fig. 3)

A1 A2 B1 B2 B3 B4 C1 C2 D

A1 0.0–2.1
0.0–0.8

3.3–4.0 8.4–9.1 7.6–9.0 8.0–8.8 7.0–8.5 9.8–10.8 10.5–11.3 8.2–11.6

A2 0.0–0.4 0.3
–

9.6–9.7 8.2–9.0 9.2–9.4 8.0–8.1 10.6–11.4 11.1–11.5 9.3–11.3

B1 0.8–1.4 1.0 –
–

4.1–4.5 4.0 4.3 10.6–11.3 10.8–11.3 8.5–11.4

B2 0.6–1.4 0.6–1.0 0.2–0.4 0.0–0.6
0.0–0.2

4.1–5.0 2.5–2.9 10.1–11.2 10.3–11.2 7.4–11.3

B3 – – – – –
–

3.8 10.0–10.6 10.4–11.0 7.7–10.6

B4 0.6–1.2 0.8 0.2 0.0–0.2 – –
–

10.0–10.6 10.6–11.3 7.5–10.7

C1 1.2–1.6 1.0–1.2 1.0–1.2 0.4–1.0 – 0.8 0.0–0.7
0.0

3.8–4.4 9.9–12.7

C2 1.2–1.6 1.0–1.2 1.0–1.2 0.4–1.0 – 0.8–1.0 0.0–0.4 0.0–0.7
0.0–0.2

10.2–13.1

D 1.0–1.7 1.0–1.1 0.8–1.0 0.4–2.2 – 0.6–2.2 0.6–0.9 0.6–0.9 0.0–6.9
0.0–0.2

E 1.2–2.8 1.2–2.2 1.4–2.4 1.0–1.2 – 1.2 1.2–2.0 1.2–2.0 1.0–2.0
F1 1.2–2.0 1.2 1.4 0.8–1.2 – 1.2 0.6 0.6–1.0 1.0–1.2
F2 1.2–2.4 1.2–1.6 1.8–2.2 1.2–2.0 – 1.6–2.0 1.0–1.4 1.0–1.8 1.4–2.0
G 2.2–2.8 2.2 2.4 2.2–2.4 – 2.2 2.4 2.4–2.8 2.4–2.6
H 2.0–2.6 2.0 1.8 1.4–1.6 – 1.6 1.6–1.8 1.6–1.8 1.4–1.6
I 1.4–2.2 1.4–1.6 1.8–2.0 1.4–1.8 – 1.6–1.8 1.6–2.0 1.6–2.0 1.4–1.8
J 2.8–3.6 2.8–3.0 3.0–3.2 2.6–3.0 – 2.8–3.0 2.6–2.8 2.6–3.2 2.6–3.0
K 0.6–1.0 0.4 0.6–0.8 0.4–1.2 – 0.8–1.0 0.8–1.2 0.8–1.2 0.8–1.3
L 1.0–1.8 1.0–1.2 1.2 0.8–1.0 – 1.0 1.0–1.2 1.0–1.2 0.4–1.0–
M 1.6–2.2 1.6 2.2 1.6–2.0 – 2.0 1.8–2.2 1.8–2.2 1.8–2.0
N 1.6–2.6 1.6–1.8 1.8–2.4 1.4–2.2 – 1.6–2.2 1.6–2.4 1.6–2.4 1.4–2.2
O 1.4–2.4 1.4–1.8 1.4–2.2 1.0–2.0 – 1.2–2.0 1.2–2.2 1.2–2.2 1.0–2.0
P 2.2–2.8 2.2 1.8 1.6–1.8 – 1.8 1.8–2.0 1.8–2.0 1.6–1.8
Q – – – – – – – – –
R – – – – – – – – –
S – – – – – – – – –
T1 – – – – – – – – –
T2 – – – – – – – – –

E F1 F2 G H J K L M

A1 7.8–9.0 9.0–9.8 8.6–9.8 10.1–11.9 10.0–11.7 11.6–12.4 6.3–7.1 7.0–9.5 11.5–12.1
A2 9.4–9.9 10.6–11.1 9.4–10.6 11.5–12.1 11.1–11.6 12.4–12.7 7.3–7.8 8.0–9.5 12.5–12.8
B1 7.3–8.3 9.8–10.0 8.8–9.1 10.1–10.9 12.1–13.2 14.1 7.8–8.3 7.2–9.0 11.6
B2 8.3–9.4 9.9–11.4 9.0–10.8 11.3–12.9 11.3–13.6 9.7–15.3 7.6–8.5 6.7–8.8 11.1–11.8
B3 7.8–8.9 9.0–9.3 8.9–9.1 10.6–11.4 11.6–12.7 12.9–13.1 7.6–8.0 6.7–8.5 10.6
B4 7.8–8.7 9.5–9.6 8.1–8.8 10.7–11.6 10.6–11.9 12.6–12.8 6.4–6.9 5.9–7.3 10.8
C1 8.8–9.8 9.1–9.8 9.6–10.3 12.2–13.1 12.0–13.2 12.3–13.3 9.8–10.4 9.1–11.0 11.1–11.4
C2 9.0–10.3 7.8–8.5 8.9–9.6 12.7–13.4 11.4–12.5 14.1–14.5 9.3–10.8 10.0–11.3 11.2–11.6
D 7.8–11.9 8.8–12.2 8.0–12.5 12.0–13.8 11.2–14.7 12.3–14.8 8.3–11.6 6.5–10.3 11.4–13.6
E 0.0–1.3

0.0–1.4
8.3–9.8 8.2–9.8 11.6–12.3 11.4–13.3 12.9–13.4 7.3–8.4 6.5–8.7 9.3–10.0

F1 1.6–2.2 0.0–0.3
–

3.8–4.5 12.1–12.8 10.8–12.1 12.1–12.4 9.1–9.7 8.1–10.1 10.1–10.3

F2 1.6–2.6 0.4–0.8 0.0–2.2
0.0

12.0–12.6 10.5–12.1 11.7–12.6 7.8–9.0 8.1–9.7 10.6–10.8

G 1.8–3.2 2.6 2.4–2.8 0.0–0.8
0.0

12.8–13.8 11.4–12.0 10.9–12.4 10.9–12.2 12.1–12.3

H 1.6–2.6 2.0 2.2–2.6 1.8 0.0–0.6
0.0

13.3–14.3 9.8–11.7 10.1–12.7 12.4–12.8

I 1.2–2.4 1.8–2.0 1.8–2.4 1.8–2.0 1.2–1.4 13.3–13.8 8.2–9.5 7.3–9.1 9.9–10.4
J 2.0–3.6 2.8–3.0 2.4–3.0 2.0–2.2 2.6–2.8 0.3

0.2
11.9–12.8 11.3–12.8 14.8

K 1.4–2.4 1.2–1.4 1.4–1.8 2.4 2.0–2.2 3.0–3.2 0.0–0.8
0.0

6.4–8.5 9.5–10.2

L 0.4–1.4 1.4 1.4–2.0 2.0–2.2 1.2–1.4 2.2–2.6 1.2–1.4 0.0–4.8 10.1–11.4
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Morphometric differentiation of main lineages

In both PCAs, individuals were not clustered in discrete
groups (Fig. 5a, c), neither corresponding to main lineages
nor to any alternative grouping. However, despite consider-
able overlap amongmain lineages, individuals of several main
lineages cluster relatively closely together (e.g., main lineages
B, C, F, G, H, I, J, K, N). Main lineages with high levels of
genetic diversity (e.g., main lineages A, D, and L) were
scattered particularly wide. Although not well separated by
PCA, manymain lineage pairs differ in the ranges of character
states of several morphological characters (Supplement
Table S2).

As expected, main lineages were better separated in the
CVA of ovisacs-bearing individuals than in the corresponding
PCA (Fig. 5b; CVAwas not performed for males because too
few were available). Main lineages were either discrete (i.e.,
C, D, E, K, and N), overlapping with only one other main
lineage (A and F; these are not closely related in COI or
EF1α), or overlapping with only few other main lineages
(B, G, H, I, L, and O; Fig. 5b). The latter formed a large cluster
in which main lineages B and I overlapped extensively while
most other main lineages overlapped only slightly (Fig. 5b).
The majority of these main lineages (i.e., B, G, H, and L) were
not closely related and well differentiated from each other in
COI and EF1α.

Table 3 (continued)

E F1 F2 G H J K L M

0.4–1.2
M 1.2–2.2 2.4 2.4–2.8 2.2 1.6 2.8–3.0 2.2 1.2 –

–
N 1.2–2.8 2.0–2.2 2.0–2.6 1.8–2.4 1.2–1.8 2.2–3.2 1.8–2.0 1.0–1.8 1.2–1.8
O 1.0–2.6 1.6–2.2 1.8–2.6 1.6–2.2 0.8–1.6 2.2–3.0 1.6–2.0 0.8–1.6 1.0–1.6
P 1.8–2.8 2.2 2.4–2.8 2.0 0.2 2.8–3.0 2.0–2.2 1.4–1.6 1.8
Q – – – – – – – – –
R – – – – – – – – –
S – – – – – – – – –
T1 – – – – – – – – –
T2 – – – – – – – – –

N O P Q R S T1 T2

A1 10.9–11.3 10.6–12.1 9.8–11.1 8.5–9.7 10.1–11.3 8.1–9.9 7.4–8.3 7.5–11.0
A2 11.5–11.6 11.7–12.5 10.2–10.3 8.7–8.9 10.4–10.7 9.1–10.0 7.9–8.0 8.5–10.5
B1 10.1 10.3–11.4 11.8 7.9 12.0–12.2 8.8–9.3 9.3–9.7 9.2–11.0
B2 9.7–10.8 10.6–11.9 10.2–11.8 7.9–8.6 12.4–13.4 9.2–10.2 8.2–9.0 8.6–10.6
B3 10.3 10.0–11.2 11.3 7.2 11.8 8.1–8.4 8.8 8.8–10.1
B4 9.6 10.1–11.5 10.6 6.8 12.0–12.2 8.1–8.6 7.4 7.5–9.3
C1 10.7–11.7 11.1–12.7 10.7–11.5 9.3–10.1 11.6–11.8 9.9–10.8 9.9–10.6 10.9–13.1
C2 10.8–11.5 11.6–13.0 11.6–12.1 9.3–9.8 12.2–12.4 10.6–11.1 11.2–11.8 11.0–13.1
D 10.6–14.8 10.0–12.9 11.4–13.6 8.4–9.0 11.5–13.9 8.7–10.4 10.3–10.8 10.1–11.7
E 10.3–11.4 9.3–10.9 11.9–12.7 8.6–9.3 11.7–12.8 8.4–9.2 8.8–9.5 9.7–11.5
F1 9.1–9.3 8.3–10.7 11.3–11.4 7.9–8.3 11.3–11.5 8.4–9.0 9.7–10.1 10.2–11.8
F2 8.2–8.8 8.2–10.5 10.8–11.1 9.0–9.7 11.0–11.3 8.6–9.2 10.1–10.4 10.1–11.3
G 13.6–14.3 14.3–15.6 12.1–12.4 11.3–12.2 5.8–6.5 11.1–12.0 11.5–12.7 11.7–14.2
H 11.1–12.3 11.3–13.6 7.1–7.5 9.5–10.4 12.2–13.0 9.8–10.8 10.9–11.3 11.3–12.7
I 6.9–7.5 6.9–9.1 11.3–11.4 9.2–10.4 10.9–11.6 9.1–9.7 8.5–10.1 9.3–11.7
J 11.8–11.9 12.6–14.4 11.9 12.2 10.6–11.1 11.7–12.2 13.3–13.5 13.3–15.6
K 10.0–10.3 9.5–10.7 10.8–11.4 7.5–7.9 10.8–11.3 8.6–9.2 8.1–8.6 8.3–10.2
L 8.6–10.9 8.6–11.4 10.3–11.7 6.7–8.1 10.4–11.8 8.1–9.9 8.2–9.3 7.7–10.4
M 11.6 10.8–11.8 13.3 11.0 12.6–12.7 11.1–11.7 9.7–10.1 10.6–12.0
N –

0.8
6.3–7.8 11.5 9.0 12.6–12.8 9.5–9.7 10.1 10.1–11.5

O 0.0–1.2 0.0–2.5
0.0–0.6

11.6–13.0 9.9–11.6 12.7–14.2 9.7–10.8 10.0–12.2 9.3–10.4

P 1.4–2.0 1.0–1.8 –
–

9.5 12.2–12.4 9.7–9.9 9.9 10.1–11.8

Q – – – –
–

12.9 7.4–7.5 9.3 10.2–11.7

R – – – – 0.4– 11.7–12.0 12.6–13.1 12.0–14.2
S – – – – – 0.7–1.1– 9.2–9.7 9.3–10.8
T1 – – – – – – 0.4– 4.8–6.1
T2 – – – – – – – 0.0–2.3–

– not available
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Main lineages D, E, and L, which were not fully separated
in EF1α, are very well differentiated in the CVA of ovisacs-

bearing individuals and at least partly differentiated in both
PCAs (Fig. 5). The other group of main lineages (I, N, and O),

Fig. 4 Bayesian inference majority rule tree based on EF1α. Triopsmain
and sublineages derived from COI are highlighted. All available EF1α
sequences were included. Colors represent the individual’s location (see
Fig. 1). Numbers of terminals correspond to Australian Museum (AM)
registration numbers (see also Supplement Table S1). For each node,

posterior probabilities of the Bayesian analysis and bootstrap support
values of the parsimony analysis ≥0.9 or ≥90 are depicted as single
asterisks, ≥0.95 or ≥95 as double asterisks, and below 0.9 or 90 are not
shown or depicted as a dash, respectively. +, Braband et al. (2002)
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which were not differentiated in EF1α, is also not well differ-
entiated in the CVA, with I and O forming a continuum, and
not differentiated in the PCA of ovisacs-bearing individuals
(no males were available for I and O).

In the CVA, the morphological characters with the greatest
impact on the separation of all main lineages were the land-
marks (representing the shape of the telson) and the ratio of
telson width and carapace length, whereas in both PCAs, the
medial and lateral as well as the total spine number of the
telson had the greatest impact. Overall, the telson exhibited
great morphological diversity (Fig. 6; Supplement Table S2),
and many countable characters varied to similar degrees
among individuals assigned to the same main lineage as
among those assigned to different main lineages.

Presence of males

The majority of main lineages featured at least a few males
(Table 4; Supplement Table S1 and S2). Although we do not
provide exact sex ratios, as a relatively large number of

individuals could not be unambiguously identified, either be-
cause of their preservation or age, it is apparent that several
main lineages have a very low male count, e.g., main lineage
D featured two males and 31 ovisacs-bearing individuals and
O no males and 12 ovisacs-bearing individuals. For five main
lineages, no males were identified: B, I, K, O, and P.

Discussion

Translating lineages into putative species under various
species concepts

All attempts to delimit species face the problem of separating
intraspecific variability from interspecific variation, irrespec-
tive of the types of data being studied, and the interpretation of
observed variability and variation may differ depending on the
species concept employed (e.g., Laamanen et al. 2003;
Schwentner et al. 2011). In the following, it will be discussed
which of the delimited 20 main and additional seven

Fig. 5 PCA and CVA of the morphological data of main lineages. a PCA
of ovisacs-bearing individuals, bCVAof ovisacs-bearing individuals, and
c PCA of males. All main lineages are represented by a specific symbol.
In the CVA, all main lineages were predefined to maximize the variance

among them. Sublineages are not shown and were not predefined in the
CVA. All available morphological information (see Supplement
Tables S1 and S2) including landmarks was analyzed
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sublineages of Triops can be regarded as species following
DNA barcoding as well as different species concepts.

By employing the standard DNA barcoding gap for COI of
3 % (sensu Hebert et al. 2003), almost all of the 27 main and
sublineages would be considered species. The only exception
are sublineages B2 and B4 as they are separated by less than
3 % uncorrected p-distance in COI. Thus, 26 species would
probably be delimited in a DNA barcoding approach.
Choosing a higher threshold level of 5 % (suggested by
Adamowicz and Purvis 2005) would delimit all main lineages,
but none of the sublineages.

A slightly different set of 26 main and sublineages could be
treated as species following the PSC sensu Mishler and
Theriot (2000), the PSC sensu Wheeler and Platnick (2000),
and the ESC (Wiley and Mayden 2000). All main and
sublineages—except sublineage pair A1 + A2—are recipro-
cally monophyletic in the analyses of COI, the formal require-
ment for the PSC sensu Mishler and Theriot (2000).
Monophyly can be traced back to unique combinations of
character states, particularly in the maximum parsimony anal-
ysis. Here, the differentiation of many main lineages in EF1α

as well as morphological differences among several of them
adds additional unique combinations of character states. This
does further support the species delimitation based on the PSC
sensu Wheeler and Platnick (2000) and PSC sensu Mishler
and Theriot (2000), as this underlines that these species are
worthy of formal recognition. Taken all together, this suggests
independent evolutionary fates and thus delimitation follow-
ing the ESC (Wiley and Mayden 2000).

There are two groups of main lineages where the delimita-
tion may be disputed under all three concepts. The first group
comprises main lineages I, N, and O, which are not recipro-
cally monophyletic in the phylogenetic analyses of EF1α and
not well differentiated morphologically. The second group
comprises main lineages D, E, and L, which are all morpho-
logically differentiated, but not in EF1α. The incongruences
observed among main lineages I, N, and O could either be the
result of ongoing gene flow or of ancestral polymorphisms
coupled with incomplete lineage sorting. If it were due to gene
flow, the three lineages would probably be considered a single
species, as they would be non-monophyletic as a species and
probably would not have independent evolutionary fates.

Fig. 6 Examples of the morphological variability of the telson. a AM
P.92060 (lineage A1), b AM P.92149 (lineage B2), c AM P.92099
(lineage D), d AM P.92194 (lineage E), e AM P.92179 (lineage F2), f

AM P.92165 (lineage G), g AM P.92136 (lineage L), h AM P.92111
(lineage M), and i AM P.92076 (lineage O) (see Supplement Table S1
for details on individuals). Scale bars = 0.2 mm
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However, it has been pointed out that a certain degree of
incongruence between datasets is to be expected (Padial and
de la Riva 2010) and the low overall differentiation in EF1α
among all Triops lineages makes ancestral polymorphisms
and incomplete lineage sorting likely for this marker. Main
lineages D and E would certainly be delimited as distinct
species under all three species concepts given their clear dif-
ferentiation in EF1α and their morphology. Main lineage L
could represent two species (GMYC split L even into four
lineages), one closer related to D and one closer related to E.
Alternatively, the non-monophyly of L in EF1α may be ex-
plained by ancestral polymorphisms and incomplete lineage
sorting coupled with low levels of differentiation in EF1α.

The strong morphological differentiation suggests that all
three are indeed different species.

To delimit species in accordance with the biological species
concept (Mayr 1942), it is crucial to infer reproductive isola-
tion among them. In the context of this study, reproductive
isolation can be inferred if two lineages delimited based on
COI occur in sympatry and are further differentiated in the
nuclear EF1α and/or their morphology. If they occur in allop-
atry, reproductive isolation cannot be discriminated from dif-
ferentiation due to temporal geographic isolation. The latter
may be reversed once the species come into secondary contact
and does not qualify as reproductive isolation. There are a lot
of syntopic or sympatric main lineage pairs that are clearly
differentiated and which can thus be regarded as reproductive-
ly isolated. As a rule of thumb, this is true for all distantly
related sympatric main lineages observed herein as their dif-
ferentiation is well supported across markers. The most im-
portant test case for reproductive isolation is always between
putative sister species. However, for several main lineages, no
putative sister species could be identified or they were allo-
patric. In such instances, no unambiguous conclusion can be
drawn following the BSC, even though molecular and mor-
phological differentiation suggests the absence of on-going
gene flow in most instances.

Of course, the lack of males may impede inferences of re-
productive isolation. The presence of at least a few males in the
majority of main lineages suggests that reproduction and
outcrossing is theoretically possible between most main line-
ages. It is also possible that for some main lineages, males are
present in populations not included in this study. For
T. cancriformis it was shown that sex ratios may differ widely
among populations (Zierold et al. 2007), this may also be the
case for some of the Australian species and populations. Main
lineages B and K lacked males, though both are closely related
to main lineage A with a roughly 50 % male ratio (see also
Murugan et al. 2009); thus, reproduction would have been pos-
sible at least with main lineage A (possibly with unilateral gene
flow from A to B and K), but there is no indication for gene
flow and all three are well differentiated. For main lineage P, no
closely related main lineage could be identified, but here only a
single individual was studied, allowing no realistic assessment
of the presence or absence ofmales. The very low ratio of males
in two of the genetically most diverse main lineages (B and D)
may indicate that additional lineages without interbreeding ex-
ist.More genetic data as well as a larger assessment of sex ratios
would be needed to approach this issue.

Based on the available data, main lineages I, N, and O have
to be considered as a single species under the BSC (see
above), as the lack of differentiation in any dataset other than
COI suggests on-going gene flow among these sympatric and
sometimes even syntopic occurring lineages, though the lack
of males in main lineages I and O may speak against gene
flow.

Table 4 Gender
distribution. For each
Australian Triops main
and sublineage, the
number of individuals
(n), of males (individuals
without ovisacs), of
ovisacs-bearing
individuals (obi; females
and hermaphrodites),
and of undetermined
individuals (?) is given

n m obi ?

Aa 37 19 9 9

A1 35 21 5 9

A2 2 1 1 –

Bb 27 – 16 11

B1 3 – – 3

B2 19 10 6 3

B3 1 – – 1

B4 4 – – 4

C 12 5c 5 2

C1 7 3c 3 1

C2 5 1c 2 1

D 42 2c 31 9

E 7 2c 4 1

F 11 3c 2 6

F1 4 – – 4

F2 7 3c 2 2

G 10 8 2 –

H 7 4c 3

I 9 – 9 –

J 5 4c 1 –

K 12 – 5 7

L 6 2c 3 1

M 1 1 – –

N 7 1c 5 1

O 18 – 12 6

P 1 – – 1

Q 1 – – 1

R 2 – – 2

S 3 – – 3

T 9 – – 9

aNo histological evidence for hermaphro-
dites found by Murugan et al. (2009)
b Presence of hermaphrodites histological-
ly shown by Murugan et al. (2009)
c Some males without mystax
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The case ofmain lineages D, E, and L is more complex (see
above). Main lineages D and E appear to be reproductively
isolated and thus separate species under the BSC as they are
clearly differentiated in COI, EF1α, and their morphology.
Main lineage L shares EF1α sequences with both D and E,
but all three are morphologically well differentiated and all
three feature males, which would allow reproduction.
Therefore, the shared EF1α sequences may rather be the result
of ancestral polymorphisms and incomplete lineage sorting
than of on-going gene flow (see above).

None of the sublineages can be unambiguously delimited
as a biological species. In most cases, no differentiation was
observed in EF1α though this may be due to low resolution of
EF1α. The low genetic diversity of EF1α made it impossible
to discriminate between on-going gene flow and shared an-
cestral sequences for most sublineage pairs. Markers with bet-
ter resolution may prove some of the sublineages to be differ-
entiated. Sublineages F1 and F2 were differentiated in EF1α
but are allopatric.

In summary, we propose the following 18 species of Triops
for Australia: A, B, C, D, E, F, G, H, I+N+O, J, K, L, M, P, Q,
R, S, and T. These include the 11 species delimited byMathers
et al. (2013a) and the two delimited by Murugan et al. (2009).
Reproductive isolation could not be unambiguously
established for all species pairs, due to their geographic distri-
bution and partly due to the lack of males. However, for none
of these species does the available data speak for on-going
gene flow, and future studies may provide additional data to
verify the species delimited herein. About eight additional
species would have been delimited under the ESC and
PSCs, but for these, the available data was more ambiguous.
Delimiting only 18 species is a conservative estimate; thus, the
actual number of species represented in the dataset is rather
higher than lower. Given the large diversity presented herein,
it seems likely that not the whole diversity has been uncov-
ered. Large areas of Australia with known Triops occurrences
(see Tyler et al. 1996, Williams 1966) were not or only super-
ficially studied and may harbor undetected species. This is
particularly true for central and western Australia, as well as
the northern edge of the distribution of Triops in Australia.

With 18 or more species, Australia is by far the continent
with the largest number of identified Triops species. This is in
line with the findings of all other large branchiopod taxa—
namely Anostraca, Spinicaudata, Laevicaudata, and
Cyclestheridae—which have also greatly diversified in
Australia (Schwentner et al. 2013, 2015a; Timms 2012,
2013). Given the fact that previously 27 Triops species were
delimited worldwide (our analyses raise this to 34; Mathers
et al. 2013a), Australia may hold about one half of the global
Triops diversity. Of course, other continents may reveal higher
species numbers as well if studied with similar techniques and
effort, and the study by Korn et al. (2013) indeed suggests the
presence of further species. It is noteworthy that the Australian

Triops appear to not constitute a monophyletic group but are
paraphyletic with respect to the American Triops
longicaudatus (Vanschoenwinkel et al. 2012; Mathers et al.
2013a; we did not perform a phylogenetic analyses including
all Triops species, as the other studies employed a larger gene
set and already included several of the Australian species).

The large number of putative species raises the question
which of these represents the true T. australiensis (Spencer
and Hall 1895) and we propose that species D is
T. australiensis:

Triops australiensis (Spencer and Hall 1895)
= Apus australiensis Spencer and Hall, 1896
= Apus sakalavus Nobili, 1905
= Apus madagassicus Thiele, 1907
Diagnosis: 29 abdominal segments of which 12 are legless in

males as well as ovisacs-bearing individuals. Carina has spines.
Sulcus has 36 spines and the telson has B3 or 4 median spines; a
spinous posterior border and sides and 2 or 3 spines forming a
group on each side anteriorly^ (Spencer and Hall 1895).

Distribution: Originally described from Bwaterholes at dif-
ferent localities between Oodnadatta and Charlotte Waters^
(Spencer and Hall 1895). This corresponds roughly to our
localities 25–27 from which we collected species D, F, and
H. Based on our data, T. australiensis appears to be widely
distributed in central and eastern Australia.

Notes: Of the three species recorded in the area described
by Spencer and Hall (1895)—species D, F, and H—species D
matches the original description and it is also the most widely
distributed species in that area.

We also propose to resurrect Triops gracilisWolf 1911 and
Triops strenuus Wolf 1911 which were previously synony-
mized with T. australiensis, but the morphological differences
described by Wolf (1911) warrant their species status in the
light of our analyses.

Triops gracilis Wolf 1911 new status
Diagnosis: About 28 abdominal segments of which 12

(males) or 8–9 (ovisacs-bearing individuals) are legless.
Sulcus semicircular and with many dark spines.

Distribution: It was originally collected from Hannan Lake
near Kalgoorlie in Western Australia.

Notes: Several species were delimited from Western
Australia in our analyses. Hannan Lake is closest to Lake
Carey (locality 45; less than 200 km apart), where species R
was collected. Both localities are slightly saline (Wolf 1911)
suggesting that the putative species R is T. gracilisWolf 1911.
However, there is no morphological data available for species
R for comparison.

Triops strenuus Wolf 1911 new status
Diagnosis: Roughly 22 abdominal segments of which 10–

11 are legless. Sulcus triangular and with about 36 spines.
Distr ibution: I t was originally described from

Hermannsburg in central Australia close to our localities 28–
31, where we collected species B, F, and G.
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Notes: Species B very similar to the description of
T. strenuus and probably corresponds to T. strenuus Wolf
1911. It is noteworthy that of species B as well as of
T. strenuus, no males were reported.

Patterns and causes of molecular and morphological
variability

The Australian Triops species exhibit a remarkable degree of
intraspecific variability, at the DNA sequence level (especially
in COI) as well as in the morphological characters studied,
which greatly overlapped with interspecific variation. This
observation is largely independent of how species were
delimited; even if species were more strictly defined (more
species with fewer individuals, e.g., sublineages), the overlap
was present.

The widely overlapping intra- and interspecific genetic dis-
tances in COI differ remarkably from the patterns of genetic
distances observed for Spinicaudata, which occur sympatri-
cally and sometimes even syntopically with the studied
Triops species. These Spinicaudata usually exhibited a clear
barcoding gap of 4–7 % uncorrected p-distance and most in-
terspecific distances exceeded 10 % and often reached 15 or
even 19 % (Schwentner et al. 2011, 2014, 2015b). The largest
distance observed among Australian Triopswas 14.8% and in
most instances were <10 %. These lower genetic distances
among Triops species could either be a result of lower muta-
tion rates, of a shorter colonization history in Australia or an
extensive extinction event a few million years ago. Which
factors could have affected the mutation rate and may explain
the lack of differentiation among intra- and interspecific dis-
tances cannot be easily answered. For Anostraca and
Cladocera, salinity has been shown to impact mutation rates
(Hebert et al. 2002), but because the Triops and Spinicaudata
species are largely sympatric and even syntopic, such ecolog-
ical factors can be largely excluded. Crucial life history
traits—i.e., resting egg banks and overall life cycle with a
single adult generation per wet period—are very similar; thus,
generation times and possibly also population sizes should be
comparable. It also seems unlikely that an event that would
have caused massive extinction of Triops species would not
have had similar effects on Spinicaudata. Furthermore, the
dated molecular phylogenetic analysis of Mathers et al.
(2013a, b) suggests that the diversification of Australian spe-
cies occurred around 50 million years ago, which is older than
the divergence time estimates among some Australian
spinicaudatan species that exhibit higher pairwise differences
in COI than Triops (Schwentner et al. 2012b). Maybe the
presence of hermaphrodites in addition to males and females
reduces the rates of evolution.

The extensive overlap of character states in a range of mor-
phological characters is common for Triops species and often
impedes their morphological identification and differentiation

(e.g., Korn et al. 2010; Macdonald et al. 2011; Suno-Uchi
et al. 1997). Such overlap may result from repeated conver-
gent evolution and/or widely retained ancestral polymor-
phisms. Convergent evolution may explain some particular
instances, like the overall morphological similarity of the dis-
tantly related species B and I+N+O or A and F. However, in
many instances, the overlap of character states is caused by
extensive intraspecific variability and not by a specific, nar-
rowly defined character state being present in more than one
species of Triops. This suggests that the observed morpholog-
ical variability and variation may have been present already in
the ancestor of extant Triops species. These ancestral poly-
morphisms appear to have persisted over long evolutionary
time scales and across multiple speciation events without fix-
ation or further morphological differentiation. This interpreta-
tion is similar to that of Suno-Uchi et al. (1997) who suggested
that the morphological variability and variation observed in
and among Japanese Triops species evolved prior to specia-
tion events and represent long-term evolutionary stasis. Albeit
the mechanisms by which such extensive polymorphisms
would be retained over these long periods of time remain
speculative. One important factor could be the resting egg
banks present in each population. They hold a large set of
genetic diversity and may prevent or slow down the loss of
genetic diversity (Hairston and Dillon 1990) and the loss of
morphological diversity. Other large branchiopods have sim-
ilar resting eggs, and particularly among spinicaudatan spe-
cies, the overlap of morphological character states can be ex-
tensive (e.g., Rabet et al. 2015; Schwentner et al. 2012a),
though possibly not to the same extent as observed among
Triops species. This may be linked to different properties of
the resting eggs, like hatching phenology or egg longevity,
and may also explain the deviating patterns of genetic diver-
sity, potentially further enhanced by the presence of hermaph-
rodites (see above).

Distribution of Triops species in Australia

The large number of species derived from our analyses inev-
itably limits the number of individuals studied per species and
impedes well-founded conclusions regarding the species’ dis-
tribution, biogeography, and phylogeography. Nevertheless,
certain patterns are apparent. Although a majority of species
has been found in only one of the regions studied with some
found only in a very small area, several others have wide
geographic distributions over central and eastern Australia.
These patterns are comparable to those reported for other
Australian large branchiopods like Spinicaudata (Schwentner
et al. 2012b, 2014, 2015a, b), Cyclestheria (Schwentner et al.
2013), and Anostraca (Rogers and Timms 2014; Timms
2012), where a few species are widespread, while many others
are restricted in their distribution. The majority of species are
confined to either western, central, north-eastern, or south-
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eastern Australia. It is noteworthy that the lower Cooper Creek
basin features predominantly species that also occur in south-
eastern Australia, rather than those from the upper Cooper
Creek basin (i.e., north-eastern Australia) (Schwentner et al.
2014, 2015b), as was also the case for Triops. Species with
wider geographic distributions tend to feature higher levels of
genetic diversity (i.e., B, D, and L).

The level of sympatric and syntopic co-occurrences of
Australian Triops species is noteworthy as syntopic occur-
rences of Triops species are very rare. There are only four
reports of two syntopically occurring species each (Murugan
et al. 2009; Packard 1877; Pérès 1939; Thiéry 1991), and one
of these includes Marsilea Pan in south-eastern Australia
(Murugan et al. 2009; locality 6 in the present study). In a
similar study, Korn et al. (2010) identified four Triops species
living in relative close proximity in the southern Iberian
Peninsula, but none of these occur in syntopy and their geo-
graphic distributions do not even overlap. Conversely, in cen-
tral and eastern Australia, sympatric and syntopic occurrences
of different Triops species are relatively common, and up to
three well-differentiated species were recorded from some lo-
calities. This suggests that some Australian Triops species
may have relatively similar overall ecological requirements,
possibly coupled with specialized niche differentiation to al-
low their coexistence.

Conclusion

Through the combination of different datasets it was possible
to delimit a wide range of genetic lineages and to translate
these into species based on several species concepts with dif-
fering criteria for delimiting species. This approach proved
particularly useful due to the extensive overlap of intraspecific
variability and interspecific variation in all studied markers.
With 18 delimited species, Australia is to date the continent
with the most species-rich Triops fauna, which is congruent
with the findings of other large branchiopod taxa, and future
studies in hitherto under studied areas may uncover further
Australian species of Triops. The extensive intraspecific vari-
ability may be a result of retained ancestral polymorphisms
across multiple speciation events.
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