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Ecological studies that enhance our understanding of the structure and function
of the natural world rely heavily on accurate species identification. With rapid
sample accumulation and declining taxonomic expertise, cladistics, phylogenetics and
coalescent-based analyses have become key tools for identification or discrimination of
species. These tools differ in effectiveness and interpretation depending on researcher
perspective and the unique evolutionary histories of the taxa. Given the cost and
time required for taxonomic assessment of ambiguous species groups, we advocate
a pragmatic approach to clarify species assignment. We carried out a case-study
on species from the diverse ophiuroid genus Ophiacantha common in shelf habitats
around the Southern Ocean. Although several of the species are formally described with
clear and distinctive morphological characters and reproductive strategies (O. vivipara,
O. pentactis, O. densispina, O. antarctica, and O. wolfarntzi), recent molecular data
has highlighted issues with these morphospecies, the characters that formally define
them and their evolutionary histories. Here we provide evidence that key morphological
features of species can be deceptive and show that six-armed O. vivipara, for example,
is not a widely distributed Southern Ocean species as currently accepted, rather, three
disparate clades. Ophiacantha pentactis, described as having five arms, frequently has
six arms and the six-armed form is mistakenly classified as O. vivipara. All six-armed
specimens collected from the Antarctic continental shelf fall into the O. pentactis species
clade. Molecular tools designed for species delimitation appear to fail to reflect the
“true” species composition. Rather than rely on a single tool for species recognition,
we advocate an integrated approach using traditional detailed taxonomic morphology,
summary statistics of molecular sequence data from populations, robust phylogenies,
sufficient geographical sampling and local biological knowledge to ensure that species
hypotheses can be built on mutually supporting lines of evidence.

Keywords: marine management, conservation, cryptic species, Ophiuroidea, primary species hypothesis,
Southern Ocean, taxonomy, unrecognized diversity
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INTRODUCTION

The field of molecular systematics exists to place taxonomy into
an evolutionary context, from which inferences can then be made
regarding relationships, timing of divergences, biogeographic
phenomena and diversity. Of all the taxonomic ranks used to help
make some sense in ordering life, only one has real biological
meaning and has been generally adopted as the base unit for
measuring diversity and richness, and that is the “species.” Given
the importance of the species unit, particularly in key areas
such as conservation management, food security, or pathogen
identification, it is clearly beneficial to be able to obtain accurate
and consistent species identifications (Packer et al., 2018).

Obtaining  accurate  species identifications is not
straightforward. At the outset it has been estimated that 86%
of species are yet to be described from across all of the Earths
habitats (Mora et al., 2011), and this proportion is very uneven
across the higher level taxonomic groups. Of those that have been
described perhaps as many as 30% (Coddington et al., 2009) have
only been collected and identified once (Lim et al., 2012). Many
apparently common and widespread described species are now
being identified as complexes of cryptic or unrecognized species
(Bickford et al., 2007; Janosik and Halanych, 2010). The existence
of cryptic or unrecognized species is important not least as
it results in underestimation of diversity and overestimation
of species ranges and niche requirements. To compound the
problem with species identifications, the process of identifying a
species differs between the morphological taxonomic specialists
in any specific group—where each character of each individual
is rigorously checked against the original description—and the
non-specialists who use the group in their research, where general
information and shape is the principle means of identification
(Lourenco, 2016).

Reliable species identifications rely heavily on good species
descriptions. Providing accurate species descriptions has also
been a challenge, particularly prior to affordable DNA-related
assays and integrative taxonomy (Dayrat, 2005; Will et al,
2005). Describing a species without sufficient sampling to
encompass the range of possible phenotypes, and without
accounting for sexual dimorphism or ontogeny can lead to
incomplete or ambiguous descriptions (Wolf and Markiw, 1984;
Johnson et al., 2009).

There are philosophical issues that further complicate the
definition and identification of species. That, generally, we as
biologists can all refer to a species without confusion suggests
that we do share a common ideology regarding the existence of
the species unit (Hey, 2006). However there is no universally
accepted species definition, rather there are many (22 according
to Mayden, 1997) species concepts (De Queiroz, 2007). The
morphological or typological species concept embraced by
taxonomists introduces ambiguity in the presence of potential
cryptic species (e.g., Martin-Ledo et al., 2013). The biological
species concept (Mayr, 1942) that until very recently was the
most widely accepted in zoological circles is only applicable to
the very limited number of species where sexual reproduction
occurs. Even within these species, this concept is used primarily
based on phenotype as testing reproductive compatibility is rarely

possible between extant populations and impossible with extinct
populations (Sokal and Crovello, 1970). The various forms of
the phylogenetic species concept, in theory at least, are easy to
test and widely applicable, as they require the basic criterion of
monophyly. However, they are confounded on the one hand by
incomplete lineage sorting (or retained ancestral polymorphism),
which is relatively common between species (Bulgin et al., 2003;
Suh et al, 2015; Yasuda et al, 2015; Alexander et al., 2016;
Scornavacca and Galtier, 2016; Zhou et al., 2016) and, on the
other hand, by deeply divergent lineages that may or may not
constitute cryptic species (Wilson et al., 2009; Cicconardi et al.,
2010; Bull et al.,, 2013; Faurby and Barber, 2015). De Queiroz
(2007) discussed the difficulties in species delimitation based
on species concepts constructed on various, often conflicting,
assumptions and suggested the unified species concept. This
concept embraces the common acceptance of biologists that
a species is an evolving metapopulation unit, and relies on
justifying the assignment of specific units as species based
on whichever species concept criterion or assumption is most
relevant (secondary species criteria).

In efforts to sidestep the problems posed by the “species,”
other units have been devised such as evolutionary significant
units (Ryder, 1986), management units (Moritz, 1995) and
operational taxonomic units (e.g., Blaxter et al., 2005) to
produce easily definable groupings of diversity with which to
inform management decisions. However, although definable,
and in some ways comparable, these methods fail to take into
account the inequality of an arbitrarily set percentage nucleotide
difference among taxa that are evolving at different rates
along different evolutionary trajectories. The development of
species delimitation methods—computational techniques based
on coalescent theory and evolutionary expectations (Fujisawa
and Barraclough, 2013; Zhang et al., 2013; Kapli et al., 2016)—
attempts to circumvent these failings and can rapidly sort
large datasets into objective, repeatable groupings that may
help define species boundaries. The fundamental concept of a
species has persisted in ecological, biodiversity and management
related studies, and so a pragmatic solution is required when
dealing with species level data in the case where species
identification is uncertain.

In light of these issues, it is prudent to treat species as
hypotheses, which can be tested over time by a range of available
techniques, also known as an integrated approach (Dayrat, 2005;
Will et al., 2005; Wheeler, 2018). This applies not just to the
taxonomic classification itself, but also to the samples collected
for a specific study allocated to that classification. Pante et al.
(2015b) provide some guidelines to account for the possibility
of error in assuming a species-level classification, suggesting
some reasonable background research is required into the biology
of the organisms, and familiarization with the taxonomy of
the wider group such that variation within the target group
can be compared to the variation among all related groups.
Sufficient sampling effort should be made to encompass the
realistic spatial and ecological range of the target and closely
related species so the full spectrum of variation is available to
be assessed, and variation should be assessed using multiple
independent characters.
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With these challenges in mind we turn to the widespread
and speciose brittle star genus Ophiacantha Miller and
Troschel, 1842, as a model where some confusion exists
over species identifications and distributions. The World
Ophiuroid Database (Stor et al., 2017) lists 131 extant
species belonging to this genus, several of which occur in
or adjacent to the Southern Ocean (Martin-Ledo and Lopez-
Gonzalez, 2013; Sands et al., 2013). There are four species
in particular that are common in the Southern Ocean and,
according to current distribution descriptions on the relevant
public databases (e.g., GBIF, SCAR-MarBIn, WORMS etc.)
they co-occur on the Antarctic continental shelf: Ophiacantha
antarctica Koehler, 1900, Ophiacantha vivipara Ljungman,
1871, Ophiacantha pentactis Mortensen, 1936, and Ophiacantha
densispina Mortensen, 1936. While O. antarctica is relatively
easy to distinguish from other ophiacanthids, O. densispina,
O. vivipara, and O. pentactis are remarkably similar. The five-
armed species O. densispina and O. pentactis are both more
robust in appearance compared with O. vivipara. Ophiacantha
densispina has long slender disc spines and characteristic
diamond shaped arm plates compared to oval shaped in
O. vivipara and O. pentactis, and a more simple arrangement
of jaw papillae, but as O. densispina is generally found north
of the Antarctic Polar Front and O. pentactis is generally found
south of the polar front it has been assumed there is little
chance of confusion.

The primary diagnostic character separating O. vivipara and
O. pentactis is the number of arms (O. vivipara six to eight but
usually six, O. pentactis defined as having five). Mortensen (1936)
observed that the five-armed form of what was then the single
species O. vivipara, was found mostly in the southern parts of
the Southern Ocean (i.e., the Antarctic continental shelf) and
rarely in the north. He noted that the five-armed form had a
proportion of male individuals (O. vivipara are female, probably
parthenogenetic), and did not have the typical two to three
juveniles in the bursae that are common in O. vivipara, indicating
a differing reproductive strategy. He used these characters to
assign the five-armed form to its own variety distinct from the
six-, seven-, and eight- armed forms, and suggested it to be a
separate species. Interestingly, although Mortensen discusses the
six armed O. vivipara occurring in sympatry with O. pentactis on
the Antarctic continental shelf, none of the specimens he lists in
his description were collected from Antarctica (rather, most were
from around the Patagonian shelf near Falkland Islands, sub-
Antarctic Marion Island and the shelf around South Georgia).

With the application of DNA sequencing, complications in
these taxonomic generalizations have arisen that Mortensen
and peers could not have foreseen. These have introduced
some confusion in the recent literature, particularly between
O. vivipara and O. pentactis, their distributions, and their
primary morphological identification. In the description of a new
ophiacanthid species, O. wolfarntzii Martin-Ledo et al., 2013,
from Shag Rocks, a shelf area to the west of South Georgia
(Martin-Ledo et al., 2013), the authors used partial mitochondrial
cytochrome ¢ oxidase subunit 1 sequences to demonstrate the
magnitude of difference between the new species being described
and the other morphologically similar ophiacanthids from the

Southern Ocean. They also demonstrated that there was variation
within the newly described species that could amount to a second
co-occurring cryptic species. As both O. vivipara and O. pentactis
also occur at Shag Rocks it was important to demonstrate that
the new species was genetically as well as morphologically distinct
from these superficially similar species. With these new sequences
publicly available it became clear that there was some confusion
with existing collection identifications, particularly those of
O. vivipara and O. pentactis from the Antarctic continental shelf.

A study of biodiversity patterns along and across the Antarctic
Peninsula attempted to use O. vivipara and O. pentactis to
identify different biogeographic regions (Ambroso et al., 2016).
The authors noted that the difficulties in morphologically
distinguishing between the two species were such that they were
forced to recognize a pool of morphotypes. Previously, O’Hara
et al. (2013, 2014) examined the phylogeographic patterns of
selected ophiuroids across broad geographic scales. One taxon
they focused on in both studies was O. vivipara, with collections
available spanning the entire Southern Ocean as far north as
the Patagonian shelf, New Zealand shelf and southern Australian
shelf. They described a phylogeographic structure consisting of
a southern (Antarctic) clade (Clade A) and two more northerly
clades (Clades B and C). As Clade B was sampled from the
assumed type locality (Falkland Islands/Malvinas, Patagonian
Shelf) it is assumed to be O. vivipara sensu stricto. Large average
pairwise distances between clades indicated that the other two
clades should be treated as cryptic species. In a revision of
ophiuroid records from Argentinian waters, Brogger and O'Hara
(2015) examined the various published clades of O. vivipara and
noted that the Antarctic Clade A of O’Hara et al. (2014) that
consisted of both five- and six-armed individuals equated to the
O. pentactis clade of Martin-Ledo et al. (2013).

Having a good understanding of species identity and
distribution clearly impacts studies and is essential for good
conservation management. In light of the difficulties described
in identifying species and of the current confusion regarding
species identification and distribution of ophiacanthids across
the Southern Ocean, in this study we have used the available
morphological and molecular data in order to objectively assess
the species status of Southern Ocean ophiacanthids, specifically
focusing on O. vivipara and O. pentactis. We have used a variety
of approaches including traditional morphological taxonomy,
phylogenetics and some rarely used associated diagnostic tools, as
well as modern species delimitation techniques. We demonstrate
that, even with sophisticated software analyses, a pragmatic
approach, similar to that suggested by De Queiroz (2007), based
on all available evidence, is perhaps the best way to clarify species
identity in these taxa, at least as proposed hypotheses (Pante et al.,
2015b) allowing for further clarification as time and resources
become available.

MATERIALS AND METHODS

Sampling took place on various Southern Ocean expeditions on
board the RRS James Clark Ross (JR144, JR179, JR230, JR262,
JR275) and the FV Polarstern (PS77, PS82). Brittle star samples
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were collected using Agassiz trawls (1 cm mesh net) from stations
around the Antarctic continental shelf, as well as shelf areas of the
Scotia Arc, Bouvetgya, and Patagonia. Individuals were sorted to
morphotype on board and stored in cold (—20°C) 96% ethanol
for transportation to United Kingdom. Individuals were sorted
to species level with notes on morphological deviations from
taxonomic descriptions (Martin-Ledo et al., 2013; Sands et al,,
2013). Individuals were sequenced for the bar-coding region
(CO1 or COXI1) by the Canadian Centre for DNA Barcoding
(CCDB). Further sequence data were obtained from BOLD
systems v4 and NCBI GenBank, which allowed comparison with
other collections and between different regions. Figure 1 provides
information regarding the locations of the specimens. All data
used in this study are publicly available. A full list of specimens
used including collection information and raw sequences are
available from BOLD DataCite: (dx.doi.org/10.5883/DS-306223).
All NCBI GenBank sequences and metadata are available as
GenBank Flat Files in supplementary information.

Sequence trace files from CCDB were downloaded from
BOLD (Ratnasingham and Hebert, 2007) and imported into
CodonCode Aligner v5 where they were base called, trimmed
and aligned into contigs for each individual. Contig sequences
were then checked by eye and associated with the morpho-
taxonomically derived name for the individual the sequence was
derived from. Each consensus sequence was trimmed of primer
sequence and translated into amino acids to ensure an open
reading frame. Cleaned consensus sequences of species belonging
to the genera Ophiacantha and Ophiocamax were aligned using
MUSCLE (Edgar, 2004). Ophiocamax gigas Koehler (1900) is
from a family within the Ophiacanthina suborder but outside
of the family Ophiacanthidae, and is used in the phylogenetic
reconstructions as outgroup to orientate the relationships within
the Ophiacanthidae individuals sampled. To test for departure
from base compositional homogeneity sequences were imported
to SeqVis (Ho et al., 2006), first as a whole dataset, then as subsets
to examine the extent of base composition heterogeneity within
and between groupings of sequences based on morphotype
identification and then on groupings based on phylogenetic
identifications (total evidence).

Summary statistics for “species” based on morphological
identifications and our primary species hypotheses were
calculated in DNAsp v5 (Librado and Rozas, 2009). Within
and between clade distances were estimated in MEGA v5.2.2
(Tamura et al., 2011).

Phylogenetic inference was conducted using Maximum
Parsimony, Maximum Likelihood and Bayesian frameworks.
Attempts were made to account for base compositional
heterogeneity—a key assumption in phylogenetics—using
PHASE 3. A phylogeny was constructed using a mixed model in
the module “mcmcphase”: the first codon position was modeled
on a three state matrix (A,G,Y), the second position used the
TN93 model and at the third codon position a two state model
(R)Y) was implemented. As the simpler models implemented
in the first and third position effectively negate the effects of
base compositional heterogeneity, the resulting conservative
phylogeny can be used to compare with, and better scrutinize,
the more familiar phylogenetic reconstructions. Maximum

Parsimony analysis was conducted in PAUP* 4b10 (Swofford,
2002) using a heuristic search with support gained through
1,000 bootstrap pseudoreplicates. Maximum likelihood tree
estimation was conducted in RAXML v8 (Stamatakis, 2014)
with 10 replicate runs and 1,000 bootstrap pseudo replicates
using the “thorough” option to estimate node support. We
used JModeltest v2 (Darriba et al., 2012) to determine the most
appropriate model (GTR + I 4+ G). Due to strong correlation
between “I” (proportion of invariant sites) and “G” (gamma
distribution) we used the simplified GTR + G substitution
model in our analyses. Bayesian tree estimation was produced
by MrBayes v3.2 (Huelsenbeck and Ronquist, 2001; Ronquist
and Huelsenbeck, 2003; Ronquist et al., 2012). The dataset was
partitioned into codons to better account for substitution rates
across sites and lineages. Each partition was set to estimate all
parameters (nst = 6) effectively allowing for a GTR model with
a gamma distribution (rates = gamma). Four replicates, each
with four heated chains, were run over 5 x 10 generations
with a 25% burnin that ensured trees were sampled only once
split frequencies fell below 0.001. To ensure that the runs
converged, TRACER v1.6 (Rambaut and Drummond, 2007;
Rambaut et al., 2014) was used to diagnose the runs sampling
characteristics. Tree editing was conducted in FigTree v1.4
(Rambaut, 2009) and final cosmetic touch-ups in GRAPHIC
v3.1 (Audiodesk).

Species delimitation was explored using the General Mixed
Yule Coalescent (GMYC—single and multiple threshold) and
multi rate Poisson tree process (mPTP) (Kapli etal., 2016), amore
sophisticated upgrade of the original PTP (Zhang et al.,, 2013)
that allows for the possibility of different levels of intraspecific
divergence among clades similar to the multiple threshold
allowance of GMYC. mPTP requires a phylogenetic tree as input
and uses “relative evolutionary placement” (Zhang et al., 2013)
of lineages to determine the likelihood of lineage diversification
being intra- or inter- specific. We ran mPTP on both our ML
and Bayesian trees using the mPTP package downloaded from
https://github.com/Pas-Kapli/mptp. The Bayesian consensus tree
was converted to a bifurcating tree using the package APE in the R
statistical programming environment. As this process inserts very
small non-zero branches in polytomies a correction was added to
the mPTP analyses by first running the command -minbr_auto
to determine the minimum branch length. Both the Bayesian (-
mecmc) and likelihood (-ml) versions of the process were run
on both Mr. Bayes and RAXML estimated trees. GMYC requires
an ultrametric tree as input so the dataset was analyzed in the
package BEAST v1.8.1 (Drummond and Rambaut, 2007) using
the GTR model and an uncorrelated relaxed molecular clock.
Several runs were conducted using 5 x 107 generations, including
one run without data, to test and tweak the performance of the
priors and to ensure the priors were not swamping the signal
in the data. The results were checked for mixing, convergence
and the behavior of priors in TRACER v1.6. Tree files were
combined in LogCombiner to produce a consensus tree, which
was then annotated in TreeAnnotator (both part of the BEAST
v1.8.1 package). The resulting ultrametric tree was used by the
R package SPLITS which performed both single and multiple
threshold GMYC analyses.
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RESULTS

Fourteen described species of Ophiacantha were included in this
study, as well as five previously identified morphotypes (O. sp.
TAS, O. sp. MoV 4532, O. sp. MoV 4536, O. sp. MoV 4537, and
O. cf wolfarntzi sp.1, which has been identified but not formally
described Martin-Ledo et al. (2013). Sequences of samples of
these species, undescribed morphotypes and outgroups were
included in the molecular dataset comprised of an alignment
of 354 individual CO1 sequences, 658 bp long (the standard
“bar coding” region). Summary statistics were calculated for the
described species based on both morphotype and mitochondrial
clade (Table 1). Both showed some deviations from neutral
expectations, particularly Tajimas D, Fus S and Ramos Onsin
and Roza’s R%. Tajimas D and Fu’s S were both significantly
negative for O. densispina, O. pentactis and O. vivipara, indicating
purifying selection or population expansion. Fus S is more
sensitive to population expansion and in this case the very
negative values suggest expansion is more likely than selection.
Significant Ramos Onsin and Rozas R?, itself an indication
of population size change, adds more weight to population
expansion over purifying selection, although it is probable that
both forces play a part.

When all samples identified as O. vivipara based solely
on morphology are considered (n = 95), Hp is quite high

(0.939) and m is extremely high (0.07—expected to be less
than 0.006 £ 0003 to fit the model presented in Goodall-
Copestake et al, 2012) indicating that there is likely to be a
mix of divergent lineages—possibly cryptic species—pooled into
the morphologically accepted taxon. Further investigation of the
relationship between sequences indicates that there are distinct
haplotype groups that more or less match geographically distinct
regions (1. Southern Australia + New Zealand + Macquarie
Ridge; 2. Patagonian Shelf 4 South Georgia shelf + Macquarie
Ridge; 3. Antarctic Shelf + South Georgia + Macquarie Ridge).
When the analysis is repeated on the three corresponding clades
(O. vivipara sp. TAS, O. vivipara sensu stricto, and six-armed
O. pentactis) the corresponding HD vs. 7t values are brought back
to expectations under the model. This is despite the O. pentactis
clade including individuals that have the principal character (six
arms) of O. vivipara, suggesting that arm number is not a good
indicator of this species. Similarly, when the two morphologically
indistinguishable clades of O. wolfarntzi and O. cf. wolfarntzi sp. 1
are pooled (n = 33), 1 again is high (0.0248). However, in this case
it has already been noted that there are likely to be two different
species involved. Ophiacantha sp. MoV4532 (n = 5) also had
higher than expected 7 (0.011). Close scrutiny of the individual
sequences in this case found two samples from Macquarie Ridge
had consistent variation (grouped together), separating them
from the three from south of Tasmania. This statistic is strongly
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TABLE 1 | Summary statistics of CO1 sequences generated from morphologically grouped specimens and clade grouped specimens.

Species or group n Prob No. haplotypes Hp S T Dy Fs Ry max. K
Ophiacantha antarctica 45 0.957 21 0.915 24 0.009 —0.6 —7.423* 0.09 1Al
Ophiacantha bidentata 8 0.778 7 0.964 14 0.009 0.128 —1.673 0.161 10
Ophiacantha brachygnatha 4 0.6 4 1 14 N/A N/A N/A N/A N/A
Ophiacantha densispina 30 0.935 30 1 50 0.009 —2.032** —34.427 0.0383*** 12
Ophiacantha frigida 4 0.6 4 1 74 N/A N/A N/A N/A N/A
Ophiacantha opulenta 6 0.714 2 0.333 4 0.002 —1.295 2.139 0.373 4
Ophiacantha paramedea 1 NA 1 N/A N/A N/A N/A N/A N/A N/A
Ophiacantha pentactis 100 0.98 66 0.97 7 0.00825 —2.069"* —76.72"* 0.311" 12
Ophiacantha rosea 4 0.6 4 1 6 N/A N/A N/A N/A N/A
Ophiacantha spectabilis 3 0.5 3 1 14 N/A N/A N/A N/A N/A
Ophiacantha vepratica 5 0.667 4 0.9 4 0.003 —0.41 —1.195 0.213 3
Ophiacantha vivipara 95 0.979 33 0.939 113 0.07143 3.0"* 10.143* 0.186"* 74
Ophiacantha wolfarntzii 33 0.914 18 0.934 55 0.0248 0.747 0.534 0.142 40
Ophiacantha yaldwyni 1 N/A 1 N/A N/A N/A N/A N/A N/A N/A
Summary statistics based on clade

Ophiacantha antarctica 45 0.957 21 0.915 24 0.009 —0.6 —7.423* 0.09 ihl
Ophiacantha bidentata 8 0.778 7 0.964 14 0.009 0.128 —1.673 0.161 10
Ophiacantha brachygnatha 4 0.6 4 1 14 N/A N/A N/A N/A N/A
Ophiacantha densispina 30 0.935 30 1 50 0.009 —2.032** —34.427 0.0383*** 12
Ophiacantha frigida 4 0.6 4 1 74 N/A N/A N/A N/A N/A
Ophiacantha opulenta 6 0.714 2 0.333 4 0.002 —1.295 2.139 0.373 4
Ophiacantha paramedea 1 NA 1 N/A N/A N/A N/A N/A N/A N/A
Ophiacantha pentactis 110 0.982 60 0.961 70 0.008 —2.091** —64.318"* 0.03** 14
Ophiacantha rosea 4 0.6 4 1 6 N/A N/A N/A N/A N/A
Ophiacantha spectabilis 3 0.5 3 1 14 N/A N/A N/A N/A N/A
Ophiacantha vepratica 5 0.667 4 0.9 4 0.003 —0.41 —1.195 0.213 3
Ophiacantha vivipara 34 0.943 15 0.914 21 0.004 -1.5 —6.225* 0.062* 9
Ophiacantha vivipara sp. TAS 46 0.957 15 0.875 17 0.006 —1.427* —7.013* 0.059* 74
Ophiacantha wolfarntzii 24 0.92 14 0.906 19 0.004 —-1.67* —7.527** 0.057** 7
Ophiacantha wolfarntzii sp.1 9 0.8 4 0.75 50 0.003 2.032** 1.068 0.272 5
Ophiacantha sp. TAS 1 1 NA 1 N/A N/A N/A N/A N/A N/A N/A
Ophiacantha sp. TAS.2 1 NA 1 N/A N/A N/A N/A N/A N/A N/A
Ophiacantha sp. MoV4532 5 0.667 5 1 13 0.011 0.186 —0.964 0.152 10
Ophiacantha sp. MoV/4536 2 0.333 1 N/A N/A N/A N/A N/A N/A N/A
Ophiacantha sp. MoV/4537 2 0.333 2 N/A N/A N/A N/A N/A N/A N/A

0 < 0.05, *p < 0.01, **p < 0.001.

n, Number of individuals; Prob, Probablility of having captured the deepest coalescent event; No. haplotypes, Number of haplotypes; Hp, Haplotype diversity; S, Number
of segregating sites; n, Nucleotide diversity; Dr, Tajima’s D; Fs, Fu’s Fs statistic, Ro, RamosOnsins and Rozas’ R2 statistic; Max K, Maximum number of nucleotide

differences between any two sequences within the population.

influenced by small sample size and it is likely that more sampling
of this morphotype, even a single non-unique sequence, would
result in 7 being within expectations.

Significant base compositional heterogeneity was identified
within the dataset: Match paired tests found > 55% of
the pairwise combinations significantly deviated from null
expectations (P < 0.05) and 49% of the pairwise combinations
showed highly significant deviations (P < 0.0001). The third
codon position was largely responsible for the differing evolution
of base composition, with some contribution from the first codon
position (graphically depicted in Supplementary Figure 1).
Although there was considerable variation in base composition,
two general clusters were identified indicating two differing
compositional biases. These two clusters equate to two major
clades identified in the phylogenetic reconstructions. Although
it is possible that base composition bias can affect phylogenetic
reconstruction, it is likely that, despite the violation of
homogeneity, the topology of the phylogenies are reasonable

estimates as base composition bias is lineage-specific. The
phylogeny produced using the conservative mixed models in
PHASE to better account for base composition heterogeneity was
very similar in topology to those produced by Mr. Bayes and
RAxML (Figure 2 and Supplementary Figure 2), indicating that
the base compositional heterogeneity was contributing to the
genuine phylogenetic signal rather than driving a false topological
signal. There were some minor topological differences between
Maximum Parsimony and the three model-based analyses
(Supplementary Figures 2, 3), demonstrating that although the
model-based analyses were all computationally different, the use
of amodel, despite the way it is implemented, leads to a consistent
result compared with pure parsimony.

Both Bayesian and Maximum Likelihood reconstruction
resulted in well resolved phylogenies with the only conflict
being the placement of O. bachygnatha (Figure 2). When base
compositional heterogeneity is accounted for (two and three state
models using Phase 3.0, Supplementary Figure 2), O. paramedea
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tree, and bootstrap pseudo-replicates.
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O. bidentata =
| o O. sp. MoV 4532
L O. frigida Maximum Likelihood
o. |

FIGURE 2 | Phylogenetic trees estimated using Bayesian and Maximum Likelihood methods. Node confidence is given by posterior probabilities for the Bayesian

and O. spectabilis are more closely allied with the outgroup
Ophiocamax gigas. There are clear, well-supported phylogenetic
clades that unambiguously resolve most of the described species.
The exception was morphotype O. vivipara that was spread across
three clades, one of which included all the five-armed O. pentactis.

Multi rate Poisson tree process (mPTP) was run using both -
ml and -mcmc methods on both ML (RAxML) and Bayesian
(Mr. Bayes) trees. The two different methods of running mPTP
(-ml and -memc) produced similar results, although the results
differed depending on the input tree. Using the Bayesian tree, 20
“species” (including the outgroup) were identified, whereas 26
were identified in the ML tree. The difference was largely due
to the handling of O. cf. wolfarntzi spl which was identified as a
separate “species” with the Bayesian tree input, but as six different
“species” with the RAXML tree input. Running the command -
minbr_auto on the RAXML tree and using the returned minimum
branch length did not change the result. The ML version also
combined O. opulenta (from the Antarctic continental shelf), O.
sp. MoV4536 (southern Tasmania) and one of the O. sp. TAS (also
southern Tasmania) individuals into a single “species” grouping.

Both single and multiple threshold GMYC analyses produced
a much larger number of nominal “species” [single: 68 clusters
(CI 65-75), 82 entities (CI 77-90); multiple: 62 clusters (61-69),
75 entities (CI 70-86)]. Both GMYC methods identified sufficient
variation within O. antarctica, O. densispina, O. pentactis,
O. vivipara, and O. wolfarntzi to break them each into
several clusters and entities (multiple threshold: 9, 8, 21, 7,
and 7, respectively). The multiple threshold analysis grouped
O. paramedia with the outgroup Ophiocamax gigas as a single
“species” cluster.

To link individuals used in this study to morphological
identifications, clade and species delimitation methods, a
phylogram and table is provided as Supplementary Material.

DISCUSSION

Our data highlight a number of issues with the “true” identity
of current species records of Ophiacantha species in the
Southern Ocean, in particular O. vivipara (Patagonian Shelf),
O. vivipara (southern Australia/New Zealand) and six-armed
specimens of O. pentactis. In order to help resolve these issues,
we use the available data and a common sense approach to
provide species hypotheses that can be further tested using
more sophisticated methods including careful morphological re-
evaluation in the future.

The presence of cryptic species in the morphotype
“O. vivipara” appears clear, as there is unambiguous genetic
divergence between the Patagonian and the Australian samples.
If a phylogeny consisting solely of O. vivipara is considered
(see Figure 2B in O’Hara et al., 2014) there are three distinct
clades, but whether these clades are equivalent to three species
is difficult to judge without context. Summary statistics,
particularly the relationship between haplotype diversity and
nucleotide diversity, give a strong indication that, when pooled
into morphotype, these three clades are not consistent with an
accepted model of within-species genetic diversity (Goodall-
Copestake et al., 2012). The relationship between haplotype
diversity (Hp) and nucleotide diversity () is a much neglected
summary statistic particularly useful in flagging excess diversity
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in a group of haplotypes assumed to be a species. The model was
generated from Hp and = values from 127 population samples
that indicated a close relationship between Hp and 7 (see
Figure 2 in Goodall-Copestake et al. (2012). As Hp approached
1, 7 approached 0.01. Under this model outlier species (or
populations)—usually with higher than expected m—should be
viewed with suspicion regarding species composition.

When considered in a phylogenetic perspective, and in
context of other morphospecies, the three clades that make up
morphospecies O. vivipara (O. vivipara, O. vivipara TAS/NZ, and
six-armed O. pentactis) in Figure 2, do not form a monophyletic
group, and rather are more divergent from each other than
each is to other well characterized morphospecies. In the case of
O. pentactis this species description includes only a five-armed
morphotype (Mortensen, 1936), however, our data make it clear
that genetically very similar (identical in many cases) six-armed
specimens also fall within this species and have therefore been
misidentified historically as O. vivipara in existing Antarctic
collections. Different geographic ranges, although with some
overlap, also helps reconcile these clades to different species
groups, particularly where discrete genetic groups are present in
regions of sympatry (e.g., Patagonia version of O. vivipara and
O. pentactis are both found around South Georgia, see Sands et al.
(2013), and all three versions can be found on Macquarie Ridge).

The holotype of Ophiacantha vivipara sensu stricto, housed
at the Naturhistoriska Riksmuseet, Sweden, was described from
the Pacific coast of Mexico. This has since been considered an
error by taxonomists (Brogger and O'Hara, 2015) and is recorded
as such on the type specimen documentation. The Patagonian
Shelf is considered the true locality of the specimen. Type
specimens are essential as the primary reference for a species
name and comparisons should be made with the holotype and
its description. In this case, as pointed out by Mortensen (1936),
the primary difference between Ljungman’s description of his
holotype and Mortensen’s description of his variation pentactis
lies in arm number and possibly reproductive strategy. With
taxonomy, as any other science discipline, species descriptions
should be treated as hypotheses that are falsifiable. When
subsequent complementary evidence indicates that the primary
character distinguishing species is inappropriate, reappraisal
of the species definition using all available information—the
integrative approach (Dayrat, 2005; Will et al., 2005)—is required.
Patagonian Shelf (Falkland Islands/Malvinas) specimens have
been sequenced using mtDNA CO1 sequence by Martin-Ledo
et al. (2013), and as O. vivipara Clade B by O’Hara et al.
(2013, 2014). Based on our analyses here any material currently
identified as O. vivipara from the Antarctic continental shelf is
likely to be O. pentactis, despite having more than five arms.
Around South Georgia there is a strong skew toward six-armed
individuals being O. pentactis (4:30 O. vivipara:O. pentactis).
The morphotype similar to O. vivipara sampled from southern
Tasmania and New Zealand waters is genetically distinct
from O. vivipara sensu stricto and deserves more detailed
taxonomic appraisal.

The specific status of O. c¢f wolfarntzi sp.1 remains unclear.
As mentioned in the original study (Martin-Ledo et al., 2013),
the distribution of both clades identified within the nominate

species is limited to Shag Rocks, an isolated shelf region west of
the South Georgia shelf (ongoing sorting of material collected
from around South Georgia supports this limited distribution;
Sands and Giles unpublished data). Individuals from both clades
have been collected in a single trawl, indicating sympatry, and
there are substantial between-clade genetic differences (5.4%
uncorrected P, see Martin-Ledo et al, 2013) but as yet no
identifiable morphological characters differentiate the two clades.
Codominant genetic markers are required to better understand
the species evolution of these two clades. We could suggest
considering them different in the context of conservation
management units (Moritz, 1999) or evolutionary significant
units (Ryder, 1986), but these are rarely used in practical
conservation management. The mPTP species delimitation
technique identifies the two clades as separate species groups
and, as the combined CO1 dataset also does not fit the
haplotype/nucleotide diversity species model, we propose that
they should be regarded as two distinct hypothetical species.

Thorough taxonomic reinvestigation of these species groups
(and others where cryptic species are inferred, such as
Sands et al, 2015; Jossart et al, 2019) is likely to have
significant lag time as investment in taxonomic expertise is
declining in general (Wigele et al., 2011). Expert (taxonomic)
species identification is essential in studies of biodiversity
and ecology (Bortolus, 2008) as identification failures due to
crypsis and unappreciated errors in identification may result
in poor management decisions, erroneous interpretations of
experimental results and inaccurate species distributions in large
databases. However, universally accepted species identifications
are difficult to achieve, particularly when species descriptions are
inaccurate or incomplete (Packer et al., 2018). DNA taxonomy
has been posed as an alternative to traditional taxonomy (Tautz
et al.,, 2002; Blaxter, 2004; Hebert and Gregory, 2005). In the
current study focussing on Antarctic Ophiacantha species the use
of DNA taxonomic approaches could be viewed as successful in
that, in most cases, discrete clades identify either geographically
distinct or morphologically distinct groups.

DNA taxonomy through vouchered “bar codes” is increasingly
regarded as an excellent tool for the conservation biologist and
is relatively cost effective (approximately £5 per individual at
current value). However, given the unequal depth of variation
among species, the inefficiencies of lineage sorting (resulting in
retained ancestral polymorphisms) and the length of time over
which one would expect speciation to occur, DNA taxonomy
is not always sufficient to confirm species from a radiating
complex. As a result there has been a growing reliance on
DNA-based species delimitation methods (Fujita et al., 2012;
Carstens et al., 2013; Pante et al., 2015a; Yang and Rannala,
2017; Dellicour and Flot, 2018; Luo et al., 2018). These require
careful consideration of the assumptions underlying the basis of
the delimitation. For example, monophyly is assumed in some
single locus species delimitation even though monophyly is not
essential for the speciation process (Weber et al., 2019), or a
minimum threshold is required a priori to determine the level
of genetic distance between clades that is acceptable as indicating
speciation. Multi locus delimitation techniques that are likely to
be more robust in species delimitation (Yang and Rannala, 2010;
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Carstens et al., 2013), but require substantial budgets and specific
bioinformatic expertise often beyond the skills available to
conservation biologists and managers.

Notwithstanding such issues and uncertainties, a range of
analytical methods dedicated to species delimitation are available
and considerable confidence is placed in the accuracy of these
methods. Of these methods GMYC and mPTP have strong
theoretical bases taking into account coalescent processes (Reid
and Carstens, 2012; Fujisawa and Barraclough, 2013; Zhang et al,,
2013; Kapli et al,, 2016). In the current study both methods—
particularly GMYC—have overestimated the number of “real” or
pragmatic species. For example, the species status of O. antarctica
and O. densispina are not in doubt: they are morphologically
well characterized with little chance of misidentification by
specialist researchers, they each form a monophyletic clade with a
moderate degree of within clade variation (0.01 and 0.008 average
divergence within O. antarctica and O. densispina, respectively).
There is no biological or ecological reason to assume either of
these are harboring cryptic species, and yet GMYC has broken
O. antarctica into 7 different species groups. These methods are
useful and may often capture true species groups, however, they
should be treated as another source of information that together
captures the likely species diversity rather than a plug and play
device that produces incontrovertible results.

The use of multi-locus co-dominant genotypes to infer species
is a more robust method, as linkage disequilibrium (LD) and
allele fixation occurs relatively quickly compared to lineage
sorting to monophyly, and the greater the replication (number of
loci) the more likely the signals of LD and cluster specific alleles
will be detected. However, the traditional population genetic
methods used to generate multi-locus datasets (microsatellites,
single nucleotide polymorphisms such as Restriction Associated
DNA -RAD) become less effective with greater divergence
rendering them generally unsuitable for detecting speciation.
Target enrichment of exons or ultra-conserved elements is
the technique of choice as these techniques are effective
across taxonomic groups, yet sensitive enough to detect allelic
variation within individuals (Eytan et al., 2015; Hugall et al.,
2015). Unfortunately, the budget required for robust multi-
locus studies using target enrichment is as yet beyond most
taxonomy/conservation biology laboratories.

For this reason we highlight the need for pragmatism in
species delimitation, taking into account easily available data
(morphology, mtDNA, distributions, ecological factors) and
methodology, taking careful consideration of assumptions before
interpreting results, and then proposing species hypotheses to
be further tested by taxonomic specialists and/or multi-locus
codominant molecular studies.

Having clear means of species assignment is an important
prerequisite for many working in all areas of biological
sciences, and in the wider fields of conservation, environmental
management and policy. Increasingly scarce specialist taxonomic
expertise combined with the chronic challenges imposed by
funding requirements have resulted in an over-reliance and lack
of ability to challenge historical species descriptions. Where the
increasing use of molecular studies challenges existing taxonomic
understanding, a pragmatic solution based on maximizing the

value of the available evidence is required, underpinning future
redescription or further testing of primary species hypotheses.
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