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Abstract

Understanding the evolutionary history of diversifying lineages and the delineation
of evolutionarily significant units and species remains major challenges for evolution-
ary biology. Low-cost representational sampling of the genome for single nucleotide
polymorphisms shows great potential at the temporal scales that are typically the
focus of species delimitation and phylogeography. We apply these markers to a case
study of a freshwater turtle, Emydura macquarii, whose systematics has so far defied
resolution, to bring to light a dynamic system of substantive allopatric lineages di-
verging on independent evolutionary trajectories, but held back in the process of
speciation by low level and episodic exchange of alleles across drainage divides on
various timescales. In the context of low-level episodic gene flow, speciation is often
reticulate, rather than a bifurcating process. We argue that species delimitation
needs to take into account the pattern of ancestry and descent of diverging lineages
in allopatry together with the recent and contemporary processes of dispersal and
gene flow that retard and obscure that divergence. Underpinned by a strong focus on
lineage diagnosability, this combined approach provides a means for addressing the
challenges of incompletely isolated populations with uncommon, but recurrent gene
flow in studies of species delimitation, a situation likely to be frequently encoun-
tered. Taxonomic decisions in cases of allopatry often require subjective judgements.
Our strategy, which adds an additional level of objectivity before that subjectivity is
applied, reduces the risk of taxonomic inflation that can accompany lineage ap-
proaches to species delimitation.
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1 | INTRODUCTION

Allopatric speciation arises through divergence of populations in iso-
lation and involves the processes of mutation, genetic drift and se-
lection under differential local conditions (Dobzhansky, 1951; Mayr,
1963). Speciation, in its simplest conception, involves the progres-
sive divergence of two lineages in the absence of gene flow until
reproductive compatibility is eroded, and ultimately the two lineages
become irrevocably committed to distinct evolutionary fates. Early
in this process, isolation of two sister lineages may not be absolute,
in which case speciation begins with a pattern of reduced intro-
gression in the regions of the genome that are most differentiated
between two divergent lineages (Gompert et al., 2012; Harrison &
Larson, 2016); it ends when reproductive compatibility becomes
compromised, giving permanence to the genetic isolation formerly
arising from potentially ephemeral geographic isolation.

This process often does not follow a simple bifurcating path.
Speciation can progress over millions of years, only to be subject
to an uncertain outcome should the incipient species again come
into contact. Contact may accelerate reproductive isolation through
selective reinforcement of barrier genes (Harrison & Larson, 2016;
Mao, Zhang, & Rossiter, 2016; Wu, 2001) and genes governing
other traits that reduce the frequency of maladaptive hybridization
(Dobzhansky, 1951; Hoskin, Higgie, McDonald, & Moritz, 2005).
Alternatively, contact and progressive genomewide introgression
may completely reverse the process of speciation. Speciation may
be complicated, and delayed, by periods of strict allopatry punc-
tuated by recurrent opportunities for gene flow (Stuglik & Babik,
2016). The consequences of a protracted process of speciation, and
periods of “despeciation” driven by episodic gene flow, clearly have
implications for species delimitation and phylogenetic analysis of
closely related taxa. Cladogenic processes of divergence under iso-
lation will interact with tokogenic processes when there is limited
and possibly episodic gene flow between the diverging populations
(Edwards, Potter, Schmitt, Bragg, & Moritz, 2016; Maynard Smith,
1989; Morrison, 2016). Nevertheless, over the last few decades,
emphasis in studies of the delineation of species has been on the re-
covery of a bifurcating pattern of ancestry and descent, with often
less attention paid to incorporating historical and contemporary
episodes of reticulation through contact and gene flow (Jackson,
Carstens, Morales, & O'Meara, 2017). A focus on defining species as
substantive lineages also fails to make clear the distinction between
divergence accompanied by reproductive isolation as opposed to
that arising from geographic isolation alone (discussed by Fujita,
Leaché, Burbrink, McGuire, & Moritz, 2012; de Queiroz, 2007; de
Queiroz, Howard, & Berlocher, 1998; Sites & Marshall, 2003).

High-throughput parallel sequencing (next-generation se-
quencing, Metzker, 2010) and low-cost reduced representational
sampling of the genome for single nucleotide polymorphisms
(SNPs)—DArTSeq, RADSeq and ddRAD (Baird et al., 2008; Jaccoud,
Peng, Feinstein, & Kilian, 2001; Kilian et al., 2012; Peterson, Weber,
Kay, Fisher, & Hoekstra, 2012; Sansaloni et al., 2011; van Tassell
et al., 2008)—have enabled genomics at the level of populations to be

considered with phylogenomics in studies of the pattern and process
of speciation, species delimitation and phylogeography. Genotyping
of geographically comprehensive samples is now possible to deliver
better understanding of the historical and contemporary drivers of
geographic patterns in genetic diversity at regional scales involving
species, subspecies, and other evolutionarily significant units (ESUs).

In this paper, we argue that the first clearly defined step in spe-
ciation is the acquisition and retention of diagnostic traits—traits
possessed by individuals from one taxon or set of populations, and
absent from individuals from another. Thus, a first step in any in-
vestigation of species delimitation should be to identify diagnos-
able taxa (operational taxonomic units, OTUs) from the sampled
populations. We acknowledge that rarely is it possible to use diag-
nosability to pinpoint the precise time, place or circumstance when
two or more sister populations become irrevocably committed to
different evolutionary paths (Bush, 1993), so the criterion of diag-
nosability does not distinguish between population structure and
species boundaries when applied in allopatry. Diagnosability thus
becomes a necessary but not sufficient basis for species delimita-
tion when assessing allopatric taxa. This is especially so as we re-
fine DNA techniques for identifying diagnostic characters at finer
and finer scales. Thus, we admit that a level of subjectivity in the
delimitation of species in allopatry is unavoidable, even when they
are diagnosably distinct.

Given this, our empirical approach to species delimitation
involves a series of steps. First, we require comprehensive
coverage of populations within the target taxa, both to avoid
interpreting sparse sampling of demes on a cline as distinct
taxa and to capture evidence of any gene flow across contact
zones. Second, we require that putative instances of contempo-
rary gene flow between adjacent populations be identified—in
our case, qualitatively by examination of ordination plots and
quantitatively using software such as NewHybrids (Anderson &
Thompson, 2002). The third step is to identify diagnosable units
using analysis of fixed allelic differences, recursively amalgam-
ating populations into operational taxonomic units (OTUs). Only
once these OTUs are defined, are phylogenetic techniques ap-
plied to identify a pattern of ancestry and descent among the
taxonomic units. This represents a substantial departure from
common practice, which invokes phylogenetic considerations
much earlier in the process of species delimitation (for an alter-
native approach in a similar context, see Chan et al., 2017). In the
fourth and final step, judgement is exercised to decide which of
the diagnosable OTUs are significant taxonomically (as species,
subspecies, ESUs), which means taking into account the evidence
of gene flow between them (or lack of it when opportunity pres-
ents, e.g., parapatry), phylogeny and the level of genetic diver-
gence in comparison with other well-defined comparable taxa
(Georges & Adams, 1996).

We apply this empirical approach to the delimitation of species
in a difficult case study that is likely to reflect frequently encoun-
tered circumstances. We focus on genetic variation at a continental
scale in a group of freshwater turtles in eastern Australia, hereafter
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referred to as the southern Emydura. Their range extends almost
the full length of the Australian continent from north to south
(2,500 km), and they are obligate freshwater organisms with dis-
persal constrained by the ocean, well-defined drainage divides
and dendritic riverine structure. The group as currently recog-
nized is a complex of closely related and morphologically distinct
allopatric forms, variously regarded as species, subspecies or dis-
tinct morphological lineages (Cann, 1998; Cann & Sadlier, 2017;
Cogger, Cameron, & Cogger, 1983; Georges & Thomson, 2010;
Turtle Taxonomy Working Group, 2017). These include a melanistic
pygmy form from the dune lakes of Fraser Island and the adjacent
mainland, an isolated example of gigantism in the inland Lake Eyre
Basin, and many other morphological forms (Figure 1). The group
exhibits great variability across its range in colour pattern (partic-
ularly the presence or absence of a yellow stripe behind the eye)
and shell shape. Reliance on coloration and body size to make di-
agnoses has led to a confused taxonomy at the level of species and
subspecies (Georges & Thomson, 2010; Turtle Taxonomy Working
Group, 2017). In contrast to the morphological variability used to
define these taxa, no fixed allelic differences between any of the
presumed species or subspecies were evident in a comprehensive

allozyme study (Georges & Adams, 1996); the various morphotypes

FIGURE 1 Different forms of the
southern Emydura variously regarded as
species or subspecies. (a) Emydura krefftii
from the E and NE Coast; (b) E. signata
from the Brisbane River; (c) E. macquarii
nigra from Fraser Island; (d) E. macquarii
from the Murray-Darling Basin; and (e)
E. macquarii emmotti from the Lake Eyre
Basin. These taxa have typically been
distinguished on coloration, body size and
shell shape
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often shared even rare alleles, which suggests some level of rela-
tively recent gene flow between drainages.

Here, we use SNP and mitochondrial sequence data to evaluate
contemporary and historical drivers of genetic structure. We in-
terpret our results in the context of the emerging controversy on
the use of lineages (and their resultant clades) to delineate species
(Hoelzel, 2016; Sukumaran & Knowles, 2017), and interpret the
southern Emydura as a contemporary example of episodic speciation

and despeciation.

2 | MATERIALS AND METHODS

2.1 | Specimen collection

For the SNP genotyping, 406 individuals were sampled from 57 wa-
terbodies from the coastal drainages of eastern Australia, from the
Hunter River in the south (New South Wales) to the Normanby River
(Queensland) in the north; the rivers of the Murray-Darling Basin
(MDB), including the Paroo drainage, and the Lake Eyre Basin (LEB),
and the intervening Bulloo Basin (Figure 2). The populations included

from the MDB were representative of much more extensive sam-

pling to be presented elsewhere, chosen after a preliminary analysis
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Gulf of
Carpentaria

Lake Eyre Basin

(in part) . o

28

indicated that the samples taken from within this single drainage

lacked substantive structure. The four individuals from Sandgate
Lagoons, Brisbane [66], were removed from the analysis because
this urban site is known to have been populated with Emydura from
the pet trade. This sampling covers the full range of what is currently
regarded most broadly as Emydura macquarii (Georges & Thomson,
2010; Turtle Taxonomy Working Group, 2017). Our sampling target
for the ingroup taxa was 10 individuals per population (not always
achieved). Outgroup species consisted of E. victoriae (n = 5) from the
Victoria River (Northern Territory) and E. subglobosa worrelli (n = 5)
from the Roper River (NT). A further 128 individuals were collected
from 105 waterbodies across the same range for mtDNA sequenc-
ing—although these two data sets were not collected for the same
specimens, they cover the same range and are virtually all from the
same river basins. A full list of specimens and localities is provided

in Supporting Information (Tables S1 and S2). Our taxonomy follows

FIGURE 2 A map of eastern mainland
Australia showing the distribution of

the Emydura macquarii complex, the

river drainage basins in which it occurs,
and the broad regions referred to in

the text. NE Coast: 1, Normanby River;
2, Endeavour River; 3, Barron River; 4,
Mulgrave-Russell Rivers; 5, Johnstone
River; 6, Murray River (Qld); 7, Ross
River; 8, Haughton River; 10, Burdekin
River; E Coast: 9, Proserpine River; 11,
Styx/Pioneer rivers; 12, Fitzroy River;
13, Boyne River; 14, Baffle Creek; 15,
Kolan River; 16, Burnett River; 17, Mary
River (Qld); SE Coast: 18, Pine River; 19,
Brisbane River; 20, Logan-Albert rivers;
21, Tweed River; 22, Richmond River; 23,
Clarence River; 24, Bellinger River; 25,
18 Macleay River; 26, Hastings River; 27,
20 Hawkesbury River; LEB: 28, Diamantina
River; 29, Cooper Creek; Bulloo: Bulloo
River and Lake Bancannia; MDB: 30,
Warrego River; 31, Condamine-Culgoa
rivers; 32, Border Rivers; 33, Gwydir River;
34, Namoi River; 35, Macquarie-Bogan
rivers; 36, Paroo River; 37, Lachlan River;
38, Murrumbidgee River; 39, Murray
River (incl. Upper Murray, Kiewa, Ovens,
Broken, Goulburn, Campaspe, Loddon,
Avoca rivers and the Riverina); 40, Lower

N Murray. Red dots are collection locations
for both SNP and mtDNA samples—see
Supporting Information Tables S1 and S2

for exact locations and disaggregation of
600 sample types

that of Georges and Thomson (2010). Nomenclature for drainage
basins follows that of the Australian Drainage Divisions and River
Basins (Auslig, 2001). We typically refer to these drainages (e.g.,
Hunter River drainage) and subdrainages (e.g., Gwydir River subd-
rainage of the Murray-Darling drainage) by abbreviation, for exam-
ple, Hunter River and Gwydir River, respectively. Fitzroy River, Mary
River and Mitchell River refer to the Queensland drainages of Auslig
(2001).

Tissue samples comprised a small sliver of skin tissue taken from
the trailing edge of the clawless toe of the hind foot in most cases,
preserved in 95% ethanol and stored at -20°C, or frozen in liquid ni-
trogen and stored at -80°C. In some cases, blood was sampled from
the jugular vein using a 23-gauge needle and syringe, also preserved
in 95% ethanol and held at —20°C. A few samples, drawn from earlier
studies (Georges & Adams, 1992, 1996), comprised muscle or blood,

snap frozen in liquid nitrogen and stored at -80°C.
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2.2 | DNA extraction and sequencing

DNA was extracted by Diversity Arrays Technologies (DArT Pty Ltd,
Canberra, Australia) using a NucleoMag 96 Tissue Kit (Macherey-
Nagel, Diiren, Germany) coupled with NucleoMag SEP (Ref. 744900)
to allow automated separation of high-quality DNA on a Freedom
Evo robotic liquid handler (TECAN, Mannedorf, Switzerland). Tissue
was first incubated for four hours (blood) or overnight (skin) with
proteinase K, adjusted in concentration depending on the tissue.

Sequencing for SNP genotyping was done using DArTseq™
(DArT Pty Ltd) which uses a combination of complexity reduction
using restriction enzymes, implicit fragment size selection and next-
generation sequencing (Sansaloni et al., 2011), as described in de-
tail by Kilian et al. (2012). The technique is similar to double-digest
restriction-associated DNA sequencing (ddRAD) (Peterson et al.,
2012), but has the advantages of accepting lower quantities of DNA,
greater tolerance of lower quality DNA and yielding lower allelic
dropout rates (Sansaloni et al., 2011). To achieve the most appropri-
ate complexity reduction (the fraction of the genome represented,
controlling average read depth and number of polymorphic loci),
four combinations of restriction enzymes (Pstl enzyme combined
with either Hpall, Sphl, Nspl or Msel) were evaluated and restriction
enzyme combination of Pstl (recognition sequence 5-CTGCA|G-3')
and Sphl (5'-GCATG|C-3') was selected.

DNA samples were processed in digestion/ligation reactions,
but replacing a single Pstl-compatible adaptor of Kilian et al. (2012)
with two different adaptors annealed to the two restriction enzyme
overhangs. The Pstl-compatible adapter included the Illumina flow
cell attachment sequence, a sequencing primer sequence, a barcode
region of variable length (see Elshire et al., 2011) and the Pstl-com-
patible overhang sequence. The reverse adapter contained flow cell
attachment sequence and Sphl-compatible overhang sequence.
Only fragments generated by the Pstl-Sphl double digest were ef-
fectively amplified in 30 rounds of polymerase chain reaction (PCR).
Amplifications consisted of an initial denaturation step of 94°C for
1 min, followed by 30 cycles of PCR with the following temperature
profile: denaturation at 94°C for 20 s, annealing at 58°C for 30 s and
extension at 72°C for 45 s, with an additional final extension at 72°C
for 7 min. After PCR, equimolar amounts of amplification products
from each sample were pooled and applied to cBot (lllumina) bridge
PCR for sequencing on the lllumina Hiseq 2500. The sequencing
(single end) was run for 77 cycles.

For mitochondrial sequencing, DNA was extracted using
a salting-out protocol (Sambrook & Russell, 2001) or stan-
(Kocher 1989).
Mitochondrial Cytb and surrounding tRNAs were amplified using
primers CytbG (Spinks, Shaffer, lverson, & McCord, 2004) and
Thr-8mod (GGTTTACAAGACCAGKGTTT, modified from Spinks
et al., 2004). Amplification of the control region used prim-
ers EmyTHR (CACCACCCTCCTGAAATACTC) and CR500mod
(CCCTGAAAAAACAACCAGAGGCC). PCR products were shipped
to Agencourt Biosciences (La Jolla, CA 92039, USA) for sequenc-
ing. Sequences were edited and assembled with sequencHer 4.8

dard phenol-chloroform procedure et al.,

(Gene Codes Corporation, Ann Arbor, Ml 48108, USA). Sequences
from both genes were combined for each individual, and unique
haplotypes were identified in coLapse 1.2 (Posada, 2004). Coding
sequences were checked for unexpected frameshift errors or
stop codons using Meca 6 (Tamura, Stecher, Peterson, Filipski, &
Kumar, 2013). Autapomorphies were verified by examining orig-

inal chromatograms.

2.3 | SNP genotyping

Sequences generated from each lane were processed using
proprietary DArT Pty Ltd analytical pipelines. Poor quality se-
quences were first filtered, applying more stringent selection cri-
teria to the barcode region compared to the rest of the sequence
(minimum barcode Phred score 30, pass percentage 75; minimum
whole-read Phred score 10, pass percentage 50). In that way,
assignment of the sequences to specific samples in the sample
disaggregation step was very reliable. Approximately 2,000,000
(+7%) sequences per sample were identified and used in marker
calling. These sequences were truncated to 69 bp (including some
adaptor sequence where the fragments were shorter than 69 bp)
and aggregated into clusters by the parT fast clustering algorithm,
taking advantage of the fixed fragment length, with a Hamming
distance threshold of 3 bp. The sequences were error-cor-
rected using an algorithm that corrects a low-quality base (Phred
score <20) to a corresponding high-quality singleton tag (Phred
score >25); where there was more than one distinct high-qual-
ity tag, the sequence with the low-quality base was discarded.
Identical sequences were then collapsed. These error-corrected
sequences were analysed using parT software (DArTsoft14) to
output candidate SNP markers. In brief, SNP markers were iden-
tified within each cluster by examining parameters calculated for
each sequence across all samples—primarily average and vari-
ance of sequencing depth, the average counts for each SNP allele
and the call rate (proportion of samples for which the marker is
scored). Where three sequences survived filtering to this point,
the two variants with the highest read depth were selected. The
final average read depth per locus was 21x. One third of samples
were processed twice from DNA, using independent adaptors,
to allelic calls as technical replicates, and scoring consistency
(repeatability) was used as the main selection criterion for high-
quality/low error rate markers. The pArT analysis pipelines have
been tested against hundreds of controlled crosses to verify
Mendelian behaviour of the resultant SNPs as part of their com-
mercial operations.

The resultant data set contained the SNP genotypes and vari-
ous associated metadata of which ClonelD (unique identity of the
sequence tag for a locus), repAvg (proportion of technical replicate
assay pairs for which the marker score is identical), avgPIC (polymor-
phism information content averaged over the reference and alter-
nate SNPs) and SnpPosition (position in the sequence tag at which
the defined SNP variant base occurs) are of particular relevance to
our analyses.
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2.4 | Additional SNP filtering

The SNP data and associated metadata were read into a genlight ob-
ject ({adegenet}, Jombart, 2008) to facilitate processing with pack-
age DARTR (Gruber, Unmack, Berry, & Georges, 2018). Only loci with
100% repeatability (repAvg) were chosen for subsequent analysis.
Further filtering was undertaken on the basis of call rate (98% unless
otherwise specified). A SNP at a locus in a particular individual may
not be called during genotyping because of a mutation at one or both
of the restriction enzyme recognition sites. Because of the high read
depth (c. 21x), most “missing data” are of this form. Finally, we filtered
out secondary SNPs where they occurred in a single sequenced tag,
retaining only one SNP at random. Any monomorphic loci arising as a
result of the removal of individuals or populations were also deleted.
Given the low within-population sample sizes (n < 11), we did not
filter loci for departures from Hardy-Weinberg equilibrium (HWE)
or linkage disequilibrium. We regard the data remaining after this
additional filtering (c. 16,000 SNP markers) as highly reliable.

2.5 | Visualization

Genetic similarity among individuals and populations was visualized
using ordination (principal coordinates analysis or PCoA, Gower,
1966) as implemented in the gl.pcoa and gl.pcoa.plot functions of
DARTR. A scree plot of eigenvalues guided the number of informative
axes to examine (Cattell, 1966), taken in the context of the average
percentage variation explained by the original variables (using the

gl.pcoa.scree function in DARTR).

2.6 | Genetic diversity

Observed heterozygosity was used as a measure of relative genetic
diversity. Heterozygosity was obtained for each population from al-

lele frequencies using the gl.report.heterozygosity function of bArTR.

2.7 | Fixed difference analysis

A fixed difference between two populations at a locus occurs
when the populations share no alleles at that locus. Accumulation
of fixed differences between two populations is a robust indica-
tion of lack of gene flow. The fixed difference analysis was under-
taken using the nuclear SNP data with the gl.collapse.recursive
function in pArTR (Gruber et al., 2018). Populations (i.e., field sam-
pling sites) with low sample sizes (<3) were amalgamated with
other populations from the same drainage before analysis—those
within each of the Hunter River, Bellinger Coast, Clarence River
and Normanby River. Populations showing evidence of contempo-
rary admixture and hybridization or introgression were eliminated
from the analysis—populations from the Paroo [108-110] and
Bulloo [104,105,107] rivers which lie intermediate to the MDB and
LEB, from Lake Dunn [94] close to the border of the LEB and the
Burdekin drainage, Hoods Lagoon [32] in the Fitzroy drainage adja-
cent to the Burdekin drainage, and four individuals from the Barron

[10] and Mulgrave-Russell [11] rivers. These cases were analysed
separately as described in the section on admixture. Fixed differ-
ences were summed over populations taken pairwise, and when
two populations had no fixed differences, they were combined and
the process repeated until there was no further reduction (Georges
& Adams, 1996). The resultant OTUs are, by definition, putatively
diagnosable at one or more SNP loci.

While the decision to amalgamate two populations can be made
with certainty, the separation of two populations by one or more
fixed differences is subject to sampling error. False positives may arise
because of the finite sample sizes involved. Simulations (Supporting
Information Appendix S1) were used to estimate the expected false
positive rate in pairwise comparisons. Putative OTUs with an observed
count of fixed differences not significantly different from the expected
rate of false positives were further amalgamated to yield a final set
of diagnosable OTUs. This was achieved using gl.collapse.pval() in the
DARTR package.

This approach differs from the more conventional approach using
sTRUCTURE (Pritchard, Stephens, & Donnelly, 2000) in the emphasis
placed on fixed allelic differences and diagnosability of resultant
taxa. sTRUcTURE and related analyses define aggregations such that
each is in Hardy-Weinberg and linkage equilibrium across all loci.
Under these criteria, sTructure will define two populations as differ-
ent even if they have only modest differences in allele frequencies
that would bring them out of equilibrium if combined. Populations
that are regarded as distinct by sTrucTure would not necessarily be
diagnosable, a criterion that is central to our method. sTrRucTURE also
struggles with small sample sizes, whereas our fixed difference ap-
proach addresses this issue.

2.8 | Contemporary admixture

Evidence of migration between populations was initially qualita-
tively assessed by examining the relationships among individuals,
identified to population, in PCoA plots. Contemporary admixture
was evident as individuals occupying intermediate positions be-
tween clearly divergent aggregations of populations. A second
approach was to use Treemix version 1.13 (Pickrell & Pritchard,
2012) which estimates a bifurcating maximum-likelihood tree for
the populations, and then examines the stress between the co-
variance matrix computed from the tree and the covariance ma-
trix computed from the data. The stress is then reduced by adding
putative migration events. Suspected instances of contemporary
admixture of individuals were then assessed using NewHybrids
(Anderson & Thompson, 2002). NewHybrids is limited to c. 200
loci. We selected a set of 200 loci from loci that were (a) fixed and
different or (b) most divergent in terms of allele frequency pro-
files, when comparing the two nominated parental populations.
NewHybrids was run with default parameter settings, the Jeffreys
Prior for 6, and 10,000 sweeps. The analysis was replicated 100
times with a random selection of 200 loci, satisfying conditions (a)
and (b) above, to confirm that the outcome was not sensitive to the
selection of loci used.
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2.9 | Phylogeny

We took two approaches to estimate the phylogeny of southern
Emydura. First, we conducted a Fitch-Margoliash distance analysis,
as implemented in pHyLIP 3.695 (Felsenstein, 1989), and applied to the
Euclidean distances between OTUs identified in the fixed difference
analysis. Bootstrap estimates of node reliability were obtained by
randomly resampling loci and recalculating the distance matrix, with
1,000 replicates.

The second approach used SVDquartets analysis (Chifman &
Kubatko, 2014, 2015), chosen because of our short reads (<69 bp) and
the single variable sites per locus (Chou et al., 2015). Heterozygous
SNP positions were represented by standard ambiguity codes (see
Felsenstein, 2004:255). SVDquartets takes unlinked multilocus
data for subsets of taxa, taken four at a time (quartets), and assigns
a score to each of the three possible unrooted topologies for each
quartet. The topology with the lowest score is selected as the best
supported topology for that quartet. The final set of quartets is
combined (Reaz, Bayzid, & Rahman, 2014) to estimate the species
tree. We used the implementation of SVDquartets in PAUP* (version
4.0a162; Swofford, 2003) with parameters evalQuartets = random,
bootstrap = standard, nreps = 10,000 and ambigs = distribute. Trees
were rooted with E. victoriae and E. subglobossa worrelli (Supporting
Information Table S1; Spinks, Georges, & Shaffer, 2015). Instances of
historical migration were identified by TrReemix version 1.13 (Pickrell
& Pritchard, 2012).

Phylogenetic analyses of mitochondrial sequences were per-
formed with maximum likelihood (ML) using caAru 2.0 (Zwickl,

2006). Control region sequences were aligned with the online

(a) Macleay
Bellinger Coast
Clarence
Richmond
Tweed
Fraser Island Brisbane
Pine
Burnett
Kolan
> 34 .Hunter
Styx Fitzroy
Burdekin -~ 0,
S : PC1(23.7%)
Ross N
Russell-Mulgrave T
N N
LEB $)
Johnstone Q. MDB ‘
Normanby
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version of marrT 7.046 (Katoh & Standley, 2013) using the G-INS-i

algorithm with the scoring matrix for nucleotide sequences set to

1PAM/K = 2, a gap opening penalty of 1.53 and an offset value of
0.5. The best partition scheme and models of molecular evolution
based on the Akaike information criterion with correction (AlCc)
in pARTITIONFINDER 2.0 (Lanfear, Calcott, Ho, & Guindon, 2012) using
pHYML (Guindon et al., 2010) were TRN+I+G for control region and
TVM+G, HKY and GTR for the first through third codon posi-
tions for Cytb. We ran GARLI with 10 search replicates with the
following default setting values changed: streefname = random;
genthreshfortopoterm = 100,000;
scorethreshforterm = 0.05; significanttopochange = 0.00001. For

attachmentspertaxon = 130;

bootstrapping, we ran 1,000 replicates with the previous settings
with the following changes: genthreshfortopoterm = 10,000; sig-
nificanttopochange = 0.01; treerejectionthreshold =20 as sug-
gested in the GARLI manual to speed up bootstrapping. Trees were
rooted with E. victoriae and E. tanybaraga (Supporting Information
Table S2; Spinks et al., 2015).

3 | RESULTS

3.1 | SNP dataset

A total of 91,384 polymorphic SNP loci were scored for 402 individ-
uals of the southern Emydura from 57 waterbodies of the coastal and
inland drainages of eastern Australia, and 10 individuals from two
waterbodies for outgroup taxa E. victoriae and E. subglobosa worrelli.
After stringent filtering on repeatability (repAvg = 1.0) and call rate
(0.98), the number of SNP loci in the data set dropped to 65,240 and
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LEB
-~
R
N
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FIGURE 3 Graphical representation of genetic similarity between individuals using principal coordinates analysis. (a) Principal coordinate
axis 2 vs. 1; (b) axis 3 vs. 1. A total of 44.9% of variation were explained by the first three ordinated axes. A coastal cline from the Macleay
through to the Pine, then on to the Styx is highlighted with a line. Axes not to scale
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then 19,096, respectively. A total of 2,837 secondary SNPs were fil-
tered. One specimen, the sole individual from the Albert River (loca-
tion 69), had a call rate of less than 80% (a threshold set taking into
account the presence of the outgroups) and was removed from the

data set. Monomorphic loci (n = 18) arising from the removal of the
Albert River specimen were deleted. The resultant data set including
outgroups is referred to as the full data set, comprising 16,241 poly-
morphic SNP loci from 56 ingroup populations (n = 5-11, N = 401)
and two outgroup species (n = 10).

For the ingroup taxa only, 77,998 SNP loci were polymorphic
for the 401 individuals, of which 53,970 had a repeatability of 1.0.
Filtering on call rate (0.98) reduced the number of loci to 18,141. The
removal of 1,960 secondary SNPs at a locus yielded what we refer
to as the ingroup data set, comprising 16,181 polymorphic SNP loci
from 56 populations (n = 401).

3.2 | Qualitative analysis

Preliminary analysis of the data with PCoA applied to the ingroup
data set revealed clear evidence of contemporary admixture in
waterbodies close to the boundaries of key drainages: between
the MDB and the LEB via the Paroo River (MDB) [location labels
108-110 of Supporting Information Table S1] and the intervening
Bulloo River [104,105,107]; between the LEB at Lake Dunn [94]
and the Burdekin River (NE Coast); and between the coastal Fitzroy
River at Hoods Lagoon [32] (E Coast) and the Burdekin River (NE
Coast). These admixed populations were removed and considered
in a separate analysis (see below), and the PCoA repeated on the
remaining 15,183 loci scored for 335 individuals from 48 popula-
tions (Figure 3).

The most obvious feature of the PCoA plot is the clear repre-
sentation of a coastal geographic series of populations extending
from the Macleay River in the south (SE Coast) to the Styx River
in the north (E Coast), with geographic drainage adjacency main-
tained in the genetic representation. This isolation-by-distance
pattern strongly suggests some level of recent or contemporary
allelic exchange between adjacent drainages. There was a signif-
icant discontinuity in the composition of SNP loci contributing to
the observed genetic distances between the southeast popula-
tions and the populations to the north of the Brisbane-Pine riv-
ers cluster, presumably reflecting some impediment to gene flow
greater than between other adjacent drainages in the series. There
is also a distinct gap, representing absent or exceptionally low
gene flow, between the central coastal populations of the Fitzroy/
Styx drainages (E Coast) and the populations in the Burdekin River
and rivers north to the Normanby (NE Coast). The coastal Hunter
River population is drawn out from this coastal series towards the
inland populations of the MDB. When the first three dimensions
of the ordination are considered (Figure 3), the MDB and the LEB
form two distinct clusters, with the LEB now distinct from the NE
Coast populations.

The northeast series ranging from the Burdekin to the Normanby
shows evidence of gene flow across the Great Dividing Range in

the vicinity of the Barron River and the Mulgrave-Russell basins
(Supporting Information Figure S1). Four individuals are drawn out
from the linear series of populations of the NE Coast by variation at
loci not contributing to variation among the remaining individuals of
the NE Coast. The population contributing this suite of novel alleles
has not been sampled in this study, but is presumably the unsampled
Emydura species found in the Mitchell River to the west.

3.3 | Genetic diversity

Average heterozygosity was 0.038 + 0.0019 (0.007-0.060, n = 48)
after taking out outlier populations. The Hunter River was a signifi-
cant outlier, low in heterozygosity (0.007-0.008, X? = 4.76, p < 0.05),
and, reflecting the above-mentioned introgression, the Barron River
was a significant outlier, high in heterozygosity (0.089, X?=11.42,
p < 0.001).

3.4 | Fixed difference analysis

Both of the outgroup taxa, E. victoriae and E. subglobosa, emerged as
diagnosable in the fixed difference analysis applied to the full data
set, differing significantly (p < 0.0001) from each other by 1,272
fixed differences (7% of loci). The southern Emydura OTUs differed
from the northern Australian species by between 2,469 and 4,024
fixed differences (13%-22% of loci), consistent with the treatment of
the northern species as outgroup taxa (Table 1).

Five diagnosable OTUs emerged from the fixed difference analy-
sis (Table 2 and Supporting Information Table S4). Populations from
the MDB and LEB, both of which are west of the Great Dividing
Range, each emerged as diagnosable, and there was a single diag-
nosable OTU taking in coastal populations from the Macleay River in
the south to the Styx River in the north, including the Fraser Island
populations (Figure 2). Populations from the Burdekin River in the
south to the Normanby River in the north formed a fourth diagnos-
able OTU, with the genetically distinctive population in the Hunter
River identified as the fifth OTU. This is in broad agreement with the
structure evident in the PCoA plot (Figure 3).

3.5 | Contemporary admixture

In the NewHybrids analysis, populations from the Bulloo River and
Paroo River showed evidence of admixture of SNP alleles from
the MDB (of which, the Paroo is intermittently a part) and the LEB
(Table 3, Figure 4). Populations from these drainages were se-
lected from the full data set, and additional filtering on call rate
applied (0.995) to yield 8,572 polymorphic loci from 191 individu-
als from 22 populations. Eulbertie Waterhole [101] was selected
as the parental population for the LEB; Lake Forbes [Lachlan
River, 125] and Goondiwindi Weir [Border Rivers, 121] were se-
lected as representing the parental genotypes for the MDB as
they were geographically distant from the drainages in which ad-
mixture was occurring. All individuals from the MDB (excluding
the Paroo) were assigned to the expected parental class, and all
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TABLE 1 Counts of loci with fixed differences and Euclidean genetic distances between outgroup taxa (Emydura sublogobosa worrelli and E. victoriae) and the operational taxonomic units

that arose from a fixed difference analysis applied to the full data set

E. subglobosa E. victoriae

Normanby

NEC

Fraser Is. [Sth]

Fraser Is. [Nth]

Hunter EC&SEC

LEB

MDB

Fixed differences

1,272

3,627

3,280
3,250

3,483

3,638 4,024 2,509 3,358

2,971

E. subglobosa

1,272

3,600

3,437

3,303

3,594 3,970 2,469

2,915

E. victoriae

Eucl. distances

47.8

0.0
47.8

70.2

69.2 69.0

70.2 71.2 65.1 68.6

67.8

E. subglobosa

0.0

70.1

68.8 68.8

69.8 71.0 64.7 68.2

67.3

E. victoriae

Notes. Comparisons were based on an average of 19,746 loci after filtering for call rate >98%. All nonzero fixed differences were significant (p < 0.0001).

EC: East Coast; Hunter: Hunter River, NSW; LEB: Lake Eyre Basin; MDB: Murray-Darling Basin; NEC: Northeast Coast; Normanby: Normanby River; SEC: Southeast Coast.
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of the individuals from the LEB were assigned to their expected

parental class (Table 3, except three individuals from Lake Dunn—
see below). Individuals with genotypes consistent with LEB geno-
types were present in the Bulloo River (n = 3), and individuals with
genotypes consistent with the MDB genotypes were present in
the Paroo River (n = 20). In addition, in the Bulloo River there was
an F1 hybrid, four F2 crosses and eleven backcrosses to the LEB.
Two individuals from Toonborough (Paroo) showed indications
of admixture (Figure 4) but at a lower level that was not scored
by NewHybrids. The Paroo River contained an F1 hybrid, an F2
individual and eight backcrosses to the MDB genotype (exclud-
ing Paroo). The three exceptions from Lake Dunn in the LEB that
were not assigned to the LEB initially scored in NewHybrids as
backcrosses between an F1 LEBXxMDB crossed individual and the
LEB, but on closer examination, two of these were F1 hybrids be-
tween the LEB and the adjacent Burdekin River and one a back-
cross to the LEB. When represented in a principal coordinates plot
(Figure 4), the presence of gene flow across the Paroo and Bulloo
rivers and between the LEB and the Burdekin is quite evident and
broadly consistent with the results of the NewHybrids analysis.
Finally, there was evidence in the NewHybrids analysis of admixture
of individuals from the Fitzroy River (six locations) and Burdekin River
(one location) via Hoods Lagoon [32] in the Fitzroy River, close to the
boundary of the two drainages. Of the six individuals in this lagoon, there
was an F1 hybrid, two F2 individuals, one backcross to the Burdekin and
two backcrosses to the Fitzroy (Supporting Information Table S5).
Analysis using TREemix (Supporting Information Figure S2) sup-
ported and complemented the results evident in the PCoA, identi-
fying suspected migration events between the Paroo River of the
MDB [108-110] and the Bulloo River [104,105,107] in both direc-
tions, from the coastal Burdekin River [19] (NE Coast) to the Fitzroy
River at Hoods Lagoon [32] (E Coast), and from the Brisbane [67]/
Pine rivers [65] to the Tweed River [70]. There was evidence of mi-
gration between the Barron River [10] and the stem lineages of the
outgroup taxon E. victoriae, supporting the source of introgression
predicted from the PCoA (Supporting Information Figure S1). TREemix

did not identify migration events between the Burdekin River and

TABLE 2 Matrix of Euclidean genetic distances (above diagonal)
and fixed genetic differences (below diagonal) between the final set
of operational taxonomic units to arise from a fixed difference
analysis applied to the ingroup data set

MDB LEB Hunter EC&SEC NEC
MDB 0 31.0 33.8 26.3 40.4
LEB 385 0 36.1 30.5 42.5
Hunter 471 1304 0 224 32.6
EC&SEC 3 165 311 0 31.4
NEC 155 275 908 22 0

Notes. Comparisons were based on an average of 12,730 loci after filter-
ing for call rate >98%. All fixed differences were significantat p < 0.0001.
EC: East Coast; Hunter: Hunter River, NSW; LEB: Lake Eyre Basin; MDB:
Murray-Darling Basin; NEC: Northeast Coast; Normanby: Normanby
River; SEC: Southeast Coast.
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TABLE 3 Analysis of contemporary admixture between the Lake Eyre Basin (LEB) and the Murray-Darling Basin (MDB) via the

intervening the Bulloo and Paroo rivers

Population LEB F1 F2

101_LEBCoopEulb 0.9999 0.0000 0.0001
96_LEBCoopAvin 0.9999 0.0000 0.0001
102_LEBCoopCull 0.9999 0.0000 0.0001
94_LEBCoopDunn 0.9999 0.0000 0.0001
105_BULBulIQuil 0.9999 0.0000 0.0001
105_BULBullQuil 0.0001 0.0000 0.0002
107_BULBullGumb 0.9999 0.0000 0.0001
107_BULBullGumb 0.0001 0.0000 0.0002
104_BULBulIComo 0.0000 1.0000 0.0000
104_BULBullComo 0.0000 0.0000 0.9867
104_BULBulIComo 0.0000 0.0000 0.9603
104_BULBullComo 0.0001 0.0000 0.3077
104_BULBulIComo 0.0002 0.0000 0.0002
108_MDBParoBoot 0.0000 0.0000 0.0001
109_MDBParoEulo 0.0000 0.0000 0.0001
109_MDBParoEulo 0.0000 1.0000 0.0000
109_MDBParoEulo 0.0000 0.0000 0.0001
110_MDBParoToon 0.0000 0.0000 0.0001
110_MDBParoToon 0.0000 0.0000 0.0988
110_MDBParoToon 0.0000 0.0000 0.9999
110_MDBParoToon 0.0000 0.0001 0.0001
111_MDBWarrLang 0.0000 0.0000 0.0001
112_MDBWarrAmba 0.0000 0.0000 0.0001
113_MDBWarrDart 0.0000 0.0000 0.0001
114_MDBWarrSanf 0.0000 0.0000 0.0001
115_MDBWarrBiny 0.0000 0.0000 0.0001
117_MDBCondArch 0.0000 0.0000 0.0001
123_MDBGwydBing 0.0000 0.0000 0.0001
124_MDBMacqCudg 0.0000 0.0000 0.0001
127_MDBMurrAlbu 0.0000 0.0000 0.0001
131_MDBMurrMBri 0.0000 0.0000 0.0001
125_MDBLachForb 0.0000 0.0000 0.0001
121_MDBBordGoon 0.0000 0.0000 0.0001

F1xLEB F1xMDB MDB N
0.0000 0.0000 0.0000 9
0.0000 0.0000 0.0000 10
0.0000 0.0000 0.0000 10
0.0000 0.0000 0.0000 8
0.0000 0.0000 0.0000 3
0.9997 0.0000 0.0000 3
0.0000 0.0000 0.0000 1
0.9997 0.0000 0.0000 3
0.0000 0.0000 0.0000 1
0.0133 0.0000 0.0000 3
0.0397 0.0000 0.0000 1
0.6922 0.0000 0.0000 1
0.9996 0.0000 0.0000 5
0.0000 0.0000 0.9999 9
0.0000 0.0000 0.9999 4
0.0000 0.0000 0.0000 1
0.0000 0.9998 0.0000 5
0.0000 0.0000 0.9999 7
0.0000 0.9012 0.0000 1
0.0001 0.0000 0.0000 1
0.0000 0.9998 0.0000 2
0.0000 0.0000 0.9999 1
0.0000 0.0000 0.9999 2
0.0000 0.0000 0.9999 10
0.0000 0.0000 0.9999 10
0.0000 0.0000 0.9999 10
0.0000 0.0000 0.9999 10
0.0000 0.0000 0.9999 9
0.0000 0.0000 0.9999 10
0.0000 0.0000 0.9999 10
0.0000 0.0000 0.9999 10
0.0000 0.0000 0.9999 10
0.0000 0.0000 0.9999 10

Notes. Nominated parental populations for the LEB and MDB are shown in bold. Posterior probabilities (NewHybrids, Anderson & Thompson, 2002)
assigning individuals to one of the parental populations, F1 hybrids, F2 hybrids and the corresponding backcrosses are shown as shaded values.
N = sample sizes for each classification. Three individuals from Lake Dunn [94] that represent admixture with the Burdekin River, Qld, are omitted.

Lake Dunnin the LEB, despite evidence for this in the PCoA, and one
individual with an F1 hybrid profile and two putative backcrosses to
the LEB among the 11 individuals sampled from Lake Dunn (LEB).
The mitochondrial sequences also provided evidence of gene flow
across drainage divides. Two haplotypes are of relevance to the ad-
mixture in the intervening drainages between the MDB and the LEB
(Figure 6). One is present in the Bulloo River, Paroo River (MDB) and
Warrego (MDB) River, with a minor variant found in the Condamine
River and Border Rivers (MDB; Supporting Information Table S4). The
second is found in the Diamantina River (LEB), Barcoo River (LEB),

Cooper Creek (LEB) and Bulloo River (Supporting Information Table
S4). This is evidence of introgression of the mitochondrial haplotype
into the Bulloo River from both the MDB and LEB.

3.6 | Phylogeny

The phylogeny, based on Euclidean distance (Table 2) calculated from
the SNPs for the five OTUs arising from the fixed difference analy-
ses (i.e., excluding the admixed populations), was very robust, with
99.8%-100% bootstrap support for all nodes but one (Figure 5b).
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FIGURE 4 A principal coordinates analysis plot of individuals from the Murray-Darling Basin (MDB), Lake Eyre Basin (LEB), Bulloo River
and Paroo River, showing their assignments based on posterior probabilities generated by NewHybrids (Anderson & Thompson, 2002). The
individuals labelled Toonborough (Paroo River) were not identified as admixed individuals by NewHybrids but appear to show some level of
introgression with the MDB. The individual labelled Como (Bulloo River) was identified by NewHybrids, but its assignment on the basis of

posterior probabilities was ambiguous (Table 2). Evidence of hybridization between the Burdekin River and LEB genotypes in Lake Dunn of
the LEB is also shown
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The NE Coast OTU is sister to the LEB OTU with 100% bootstrap
support. The Hunter River OTU is sister to the MDB OTU also with
99.8% bootstrap support, and SE Coast sister to that MDB/Hunter
clade, with 100% bootstrap support.

The SVDquartets tree applied to populations (sampling sites)
without evidence of admixture generated a tree with strong boot-
strap support across many nodes (Figure 5a). Each of the NE Coast,
LEB and MDB OTUs identified in the fixed difference analysis
emerged as strongly supported clades (100% bootstrap support),
and the Hunter River OTU was supported as a lineage sister to the

g9 -AC Johnstone

gl

100

BZ Cooper

AA Normanby, Barron, Mulgrave-Russell, Ross
AB Endeavour
AJ Burdekin
AH Burdekin
AF Houghton, Burdekin
Al Burdekin
AG Burdekin

MDB (84% bootstrap support). The relationships among populations
of SE Coast and E Coast were less well resolved. The southern rivers
of the SE Coast (Macleay, Bellinger Coast, Clarence, Richmond and
Tweed) formed a well-supported NSW clade (sites 70, 73, 75, 80,
84; 100% bootstrap support) to the exclusion of the Brisbane/Pine
rivers and Fraser Island populations to the north from the same OTU.
The Brisbane River and Fraser Island populations were not resolved
within a polytomy including the MDB and NSW clade. The Fitzroy/
Styx rivers (100% bootstrap support) and the Mary/Burnett rivers
(90%) each formed well-supported clades within the E Coast OTU
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FIGURE 6 A mitochondrial phylogeny for the southern Emydura based on control region and Cytb sequence. The phylogeny was
generated using maximum likelihood in GarL 2.0 (Zwickl, 2006). Specimen label abbreviations: Haplotype, followed by River(s). Refer to

Supporting Information Tables S1 and S3 for locality data
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identified in the fixed difference analysis, but the relationship of the
Mary/Burnett clade was unresolved within a polytomy involving the
Fitzroy/Styx clade and the NE Coast/LEB clade.

The mtDNA phylogeny drew from 456 bp of aligned control re-
gion sequence and 1,050 bp of cytb sequence. Excluding outgroups,
1,315 of the 1,506 bp were constant, 24 variable characters were
parsimony uninformative, and 167 characters were parsimony in-
formative. ML recovered one tree with an In score of -4492.8346
(Figure 6). A number of clades were well-supported, including most
of those from the nuclear DNA analyses. Disregarding a few recal-
citrant haplotypes (discussed above under admixture), the NE Coast
(100%), LEB (100%), MDB (94%) and Hunter River haplotypes (100%)
formed well-supported clades. As with the nuclear phylogeny, pop-
ulation of the SE Coast and E Coast OTUs was poorly resolved. A
southern NSW clade comprised the Macleay, Bellinger Coast and
Clarence rivers (100%), but to the exclusion of a Richmond River
clade (100%) to the immediate north. Tweed River haplotypes, whose
population was part of a clade within the SE Coast in the nuclear
phylogeny, formed a well-supported clade (95%) with the Brisbane
and Pine rivers haplotypes. The haplotypes from the E Coast OTU
formed a clade, but without bootstrap support. The deeper relation-
ships among these groups were generally poorly resolved with the
exception of a strong E Coast-MDB sister group relationship that
was not recovered in the nuclear data.

4 | DISCUSSION

In this paper, we have taken the position that the delimitation
of species necessarily requires assessment of where a putative
taxon lies on the trajectory of speciation and that speciation it-
self can involve an interplay between dichotomous lineage forma-
tion (cladogenesis) and reticulating processes of recurrent gene
flow (tokogenesis) that retard and obscure lineage divergence.
With comprehensive geographic sampling, we used an approach
that allows more explicit studies of gene flow at the boundaries
of putative species, to yield more nuanced, and ultimately more
reasonable, conclusions on taxonomic status. We believe our ap-
proach will be of wide applicability, informing decisions on spe-
cies delimitation that are more conservative than defining closely
related “species” on typological grounds (Cann & Sadlier, 2017) or
simply naming substantive lineages in a mitochondrial (Figure 6) or
nuclear phylogeny (Figure 5). By adding a step of defining diagnos-
able OTUs before invoking lineage considerations, our approach
may place a check on taxonomic inflation that has plagued the
southern Emydura and other systems (Chan et al., 2017; Frankham
et al,, 2012; Garnett & Christidis, 2017; Isaac, Mallet, & Mace,
2004; Sukumaran & Knowles, 2017).

4.1 | Species and speciation

We embarked on this study anticipating that we would clarify
species boundaries within southern Emydura and elucidate the

historical relationships among them. After all, past morphological
studies, albeit with inadequate quantitation, have identified multi-
ple species in this complex, including E. macquarii restricted to the
MDB, E. signata in the Brisbane River and adjacent SE Coast drain-
ages, E. nigra from Fraser Island, E. krefftii from the Mary River
(E Coast) to the Normanby River (NE Coast) and E. emmotti from
the LEB (Cann, 1998; Cann & Sadlier, 2017; Cogger et al., 1983;
Goode, 1967) plus numerous named subspecies (Cann, 1998; Cann
& Sadlier, 2017; McCord, Cann, & Joseph-Ouni, 2003) (Figure 1).
Evidence from allozymes contrasted with this view. Many of the
above-mentioned species shared alleles at all loci, even rare alleles
(Georges & Adams, 1996). The allozyme data provided evidence
that the southern Emydura is a single polytypic species compris-
ing a series of reasonably well-defined but closely related ESUs
(Cogger, 2014; Georges & Thomson, 2010; Todd, Blair, & Jerry,
2014). We anticipated that the large numbers of nuclear SNP
markers and comprehensive spatial sampling of sequenced indi-
viduals would resolve species boundaries in the southern Emydura,
and so resolve the disparity arising from the morphological and
allozyme studies. Instead, we have uncovered a dynamic system
of lineages progressing on a trajectory towards complete specia-
tion but held back by episodic exchange of alleles across drainage
divides on various timescales (Table 4). Our analysis and inter-
pretation support the proposition that E. macquarii is a polytypic
species complex comprising a set of allopatric lineages and incipi-
ent species at various, relatively shallow levels of molecular and
morphological divergence. Individuals from parapatric populations
but representing different lineages can interbreed and do so when
and where their ranges episodically come into contact. We inter-
pret these as a “syngameon of semispecies” (sensu Grant, 1981:74)
rather than as fully speciated.

Several lineages, and therefore candidate species, exist in the
southern Emydura (evident following Steps 1-3 in our empirical ap-
proach to species delimitation). If one were to apply the subjective
judgement necessary in cases of allopatry (our Step 4) to devise a
defensible classification for the complex below the level of species
then, in the interests of utility, an arrangement consistent with both
the nuclear and mitochondrial evidence would recognize five taxa—
(a) LEB; (b) MDB; (c) Hunter River; (d) SE and E Coast rivers from the
Macleay River in the south to the Styx River in the north (including
Fraser Island, recognized as two separate clades of unresolved affin-
ities in the mtDNA tree); and (e) NE Coast rivers from the Burdekin
River in the south to the Normanby River in the north (Figures 2,
5 and 6). Each of these five OTUs is supported by the qualitative
PCoA, the fixed difference analysis and high bootstrap support for
their integrity as clades in the independent phylogenetic analyses of
nuclear and mitochondrial data. One could argue that the SE Coast
and E Coast taxon could be further split on the basis of the disconti-
nuity that occurs in the Brisbane-Pine rivers region, as is evident in
the PCoA (Figure 3), and the nuclear sequence phylogenetic analy-
sis. However, in applying the fourth step of our species delimitation
strategy, the admittedly subjective judgement to devise a defensible
classification for the complex, we regard these five or six as ESUs
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or incipient rather than full species because of (a) the exceptionally
low levels of divergence among them compared to that between
the southern Emydura species complex and E. victoriae and E. sub-
globosa to the north; (b) evidence of low-level episodic gene flow
among them via adjacent boundary populations (e.g., the Bulloo and
Paroo populations connecting the LEB and MDB via infrequently in-
undated gateways or portals—Table 4); and (c) their often parapatric
rather than overlapping distributions, which suggests that, as taxa,
they are unable to establish noninterbreeding populations in sym-
patry despite opportunity. As with many other organismal groups,
we cannot say whether these ESUs are destined to become full spe-
cies with the passage of time. This will depend on future climates—a
protracted climatic regime of low precipitation and river flow that
eliminates episodic gene flow may ultimately see the taxa speciate;
a wetter climatic regime or human-induced dispersal may see con-
tinuation of the cycle of speciation and despeciation or perhaps
homogenization. Our view is that the complex of allopatric and para-
patric ESUs and incipient species we have identified is not sufficient
to challenge the view prevailing in some quarters (Cogger, 2014;
Georges & Thomson, 2010) of a single polytypic species, E. macqua-
rii, referred to in the vernacular as the southern Emydura.

We recognize that some researchers might disagree and regard
our five (or more) ESUs as full species, subspecies or a combination
of species, subspecies and ESUs. Where it deemed necessary, as
a practical convenience rather than a reflection of biological real-
ity, one could assign to species, the MDB OTU (E. macquarii (Gray
1830)), the LEB OTU (E. emmotti Cann et al., 2003), the Hunter
River OTU (E. gunabarra Cann, 1998) and a single coastal species
E. krefftii Gray, 1871 with subspecies for the NE Coast (no avail-
able name), E Coast (E. krefftii krefftii, as defined here), SE Coast
(E. krefftii signata Ahl 1932) and Fraser Island OTUs (E. krefftii nigra
McCord et al., 2003). Whatever operational decision is taken, it
will be controversial, as the decision involves considerable sub-
jectivity in imposing a classification on what is essentially a dy-
namic, sometimes reticulate, and incomplete evolutionary process
(Kindler et al., 2017).

4.2 | Mechanisms of genetic diversification

The genetic structure evident in the southern Emydura is driven
by a number of potential factors. The Australian Great Dividing
Range separates the eastern coastal rivers from those flowing to
the west—the Murray-Darling and Lake Eyre basins—though for a
substantial part of its length, the Great Dividing Range is a “car-
tographic myth” (Ollier, 1979); effectively, the range is nothing
more than a drainage divide comprising relatively low hills that
even a freshwater turtle might traverse (e.g., via the Biboohra and
Jericho portals of Table 4). In the coastal drainages, the most im-
portant factors appear related to drainage adjacency; whereby,
resistance to dispersal between this linear array of drainages is
afforded by their drainage divides (Todd et al., 2014; Unmack,
2001). A history of recurrent interconnection or persistent iso-
lation during sea level change (+1 to =135 m in the Pleistocene)

depends on the extent of the adjacent continental shelf (Unmack,
Hammer, Adams, Johnson, & Dowling, 2013). There is evidence
in the fixed difference analysis of a genetic discontinuity asso-
ciated with the tongue of aridity extending from the inland to
the coast in the Fitzroy-Burdekin region, that is, in the vicinity
of the so-called Burdekin gap (Todd et al., 2014; Unmack, 2001;
Wong, Keogh, & McGlashen, 2004). There is also evidence in al-
lele frequencies of a genetic discontinuity between the Brisbane-
Pine and the Mary rivers. An exceptionally narrow coastal plain
between the northernmost drainage, the Normanby and those
drainages to the south affords resistance to dispersal that is re-
flected in the genetic signature of Supporting Information Figure
S1. For the inland drainages (west of the Great Dividing Range),
avenues for historical and contemporary dispersal between
coastal rivers and those of the MDB across the Great Dividing
Range are important (e.g., the Ulan portal, Table 4), as are avenues
for dispersal between the MDB and LEB via the intervening Paroo
River and Bulloo River (via several portals and the intermittent
Cuttacutta Creek, Table 4). In many of these cases, exchange of
individuals is likely to be episodic, a consequence of the highly
variable and unpredictable Austral climate. During wetter periods
on timescales varying from the Pleistocene to the present, rivers
with exceptionally low elevation across their drainage divides will
interconnect (Table 4).

The Hunter taxon warrants special mention, being was the most
distinctive OTU in the southern Emydura to emerge from the fixed
difference analysis. These populations did not fall into the coastal se-
ries of populations in the PCoA (from the Macleay River to the Styx
River), but rather fell between those and the MDB populations. The
Hunter River OTU was sister to the MDB OTU in the phylogenetic
analysis of SNP data, but had unresolved affinities in the mtDNA
analysis. The Hunter River populations also had the lowest heterozy-
gosity, suggesting a founder effect or protracted bottleneck. While
there is no evidence of contemporary dispersal between the Hunter
River and the MDB, the data suggest some level of historical ex-
change of alleles. The Hunter River contains at least two fish species
found also in the MDB but not in coastal rivers immediately north
or south of the Hunter River (Crowley & Ivantsoff, 1990; Unmack,
2001), indicating that there has been movement of fishes between
these basins, presumably via similar avenues (Table 4) used by fresh-
water turtles.

5 | CONCLUDING REMARKS

Understanding the evolutionary history of diversifying lineages,
spatially and temporally, remains a major challenge in evolution-
ary biology. Vicariance plays an important role in speciation, but
seldom involves absolute isolation. Divergence through isolation
by distance and imperfect barriers to dispersal, as observed in our
study, is likely to be typical of many “speciation events” (Jackson
et al.,, 2017). Most importantly, attempts at species delineation
involving allopatric lineages are best conducted under explicit
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considerations of the possible reversal of speciation and reticu-
lation through episodic dispersal across those barriers (Edwards
et al., 2016; Hoelzel, 2016).

Our results support Sukumaran and Knowles (2017), who
argued that (a) speciation is a (potentially protracted) process,
not an event, (b) this complicates analyses that take a phyloge-
netic lineage approach to species delimitation, and (c) methods
are needed that accommodate this complexity in deciding which
lineages are species as opposed to structure within species. We
elaborate on these concerns. Phylogenetic approaches recover a
bifurcating pattern of ancestry and descent and do not accom-
modate protracted processes of episodic exchange of alleles and
resultant partial or complete reticulation in ancestry and descent
that we have observed and inferred for the southern Emydura. The
phylogeny for the diagnosable taxa (Figure 5b) assumes that they
have been on independent evolutionary trajectories since their
inception in that it assumes there is an underlying bifurcating his-
tory to uncover. In our context, using phylogeny for decisions on
species delimitation is likely to be highly misleading—speciation
is often not a bifurcating process (Morrison, 2016). There have
been numerous approaches to deal with these issues (see Table 2
of Singhal, Hoskin, Couper, Potter, & Moritz, 2018), and we need
a more rigorous framework to assess the taxonomic status of sig-
nificant lineages uncovered by increasingly sophisticated molecu-
lar data and analyses (Singhal et al., 2018; Sukumaran & Knowles,
2017). Such a framework will need to incorporate data that con-
siders contemporary, possibly episodic, gene flow as well as lin-
eage divergence and historical patterns of ancestry and descent
among populations.

One of the few downsides of the age of molecular phyloge-
netics is that our ability to generate simple gene and lineage bi-
furcating phylogenies from ever-increasingly complex genetic and
genomic data sets has tended to reduce our focus on one of the
most fundamental concepts in species delimitation, that of diag-
nosability. Our strategy requires that unequivocally diagnosable
OTUs are identified early in the analysis of species boundaries. As
such, it differs from the conventional lineage approach (de Queiroz
et al., 1998) in that we place our threshold at the time and place
where fixed allelic differences have evolved, rather than imme-
diately at the point of initial lineage divergence, which is always
difficult to clearly identify given the often observed gene tree/
species tree disparity. We thus differ in placing greater emphasis
on diagnosability (fixed differences) rather than on divergence per
se (which draws also from allele frequency differences). In addi-
tion, our strategy adds an additional level of objectivity to species
delimitation. We believe that this strategy makes a potentially im-
portant contribution to any rigorous framework for judgements on

species boundaries.
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