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Life history plays a critical role in governing microevolutionary processes such as gene flow and adaptation,
as well as macroevolutionary processes such speciation. Here, we use multilocus phylogeographic analyses to
examine a speciation event involving spectacular life-history differences between sister species of sea stars.
Cryprasterina hystera has evolved a suite of derived life-history traits (including internal self-fertilization
and brood protection) that differ from its sister species Cryprasterina pentagona, a gonochoric broadcast
spawner. We show that these species have only been reproductively isolated for approximately 6000 years
(95% highest posterior density of 905—22 628), and that this life-history change may be responsible for dra-
matic genetic consequences, including low nucleotide diversity, zero heterozygosity and no gene flow. The
rapid divergence of these species rules out some mechanisms of isolation such as adaptation to microhabitats
in sympatry, or slow divergence by genetic drift during prolonged isolation. We hypothesize that the large
phenotypic differences between species relative to the short divergence time suggests that the life-
history differences observed may be direct responses to disruptive selection between populations. We
speculate that local environmental or demographic differences at the southern range margin are possible
mechanisms of selection driving one of the fastest known marine speciation events.
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1. INTRODUCTION

Disruptive selection that favours the evolution of pheno-
typic differences among organisms within different
habitats can lead to the evolution of reproductive isolation
and speciation [1-7], as in adaptive radiations of plant
and animal communities of islands or lakes. Such ‘eco-
logical speciation’ events are increasingly acknowledged
as an important source of biological diversity at the
species level [8—13]. However, in the absence of exper-
imental evidence [14,15] for some specific ecological
selective agent(s), there can be uncertainty about the con-
tribution of other factors to divergence and speciation
[16,17]. In particular, ecological differences between
broadly distributed species that diverged long ago could
have arisen in many places at any time after their diver-
gence, and could be a consequence (e.g. of character
displacement; [18]) rather than a cause of a speciation
process driven by other factors. These include demo-
graphic processes of colonization and localized extinction
of populations, isolation of populations by geological
barriers to dispersal, the strength of sexual selection
within populations and the extent of ongoing gene flow
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between them, plus selection against hybridization between
members of diverging populations (regardless of the
original cause of their divergence) [5,6,10].

Specific examples of adaptive evolution at spatial and
temporal extremes can help us to clarify the role of these var-
ious processes in speciation. Life-history traits related to
reproduction are a crucial element to understanding
speciation this way, because disruptive selection acting
specifically on such traits can lead directly to reproduc-
tive isolation [15]. Examples of spatial extremes include
selection for reduced dispersal of pollen, sperm, seeds or
larvae on small geographical scales at range limits [19,20];
temporal extremes include rapid and recent changes in
mating system traits such as the evolution of asexuality
[21,22]. Population genetic analyses of these spatial and
temporal extremes can help us to focus attention on the
time and place in which species divergence arose [23],
and on the potential selective agents operating in those
times and places that favoured divergent phenotypes [18].

Here, we use new population genetic and phylogeo-
graphic analyses to investigate an extraordinary example
of both geographically localized and geologically instan-
taneous evolution of some previously described and
spectacular life-history differences between sister species
of Australian sea stars. We show that a large suite of
highly derived life-history traits in Cryprasterina hystera
evolved at the southern margin of the geographical

This journal is © 2012 The Royal Society
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range of Cryprasterina about 6000 years ago (and perhaps
as recently as 1000 years). We argue that the fast, loca-
lized evolution of hermaphroditism, self-fertilization and
live-bearing in C. hystera is consistent with paleoecologi-
cal and comparative evidence for disruptive selection for
this highly derived mode of reproduction, and we sum-
marize additional evidence needed to test this ecological
speciation hypothesis.

Asterinidae or cushion stars include the broadest
range of life-history strategies known among closely related
marine animals [24]. Some species retain a suite of ances-
tral traits shared in common with other sea star families
and other classes of echinoderms, including large-bodied
gonochoric adults, planktonic spawning of sperm and fer-
tilization of eggs, prolonged planktonic larval development
(with high dispersal potential) and dramatic metamorpho-
sis during the ecological transition from planktonic larva to
benthic juvenile sea star. The most highly derived life
histories include miniaturized adults that are simultaneous
hermaphrodites, with internal fertilization, and brood
protection of offspring that develop inside the gonad of
the parent. This live-bearing life history has evolved at
least four times in parallel, including three lineages of
Parvulastra and Cryprasterina species in which live-bearing
is obligate and some live-borne offspring grow via sibl-
ing brood cannibalism, plus a fourth species (Asterina
phylactica) with facultative live-bearing [24—30].

Among these four cases, the most striking contrast
involves the live-bearer C. hystera and its sister
species Cryptasterina pentagona [24,27—29], which is a
gonochoric broadcast spawner but so similar in other
morphological and ecological respects that the two
species were recently recognized as distinct taxa only on
the basis of their life-history differences. Eggs of the two
species are of similar size and buoyancy, and C. hystera
broods fully functional larvae like those of C. pentagona
that, if surgically excised from the gonad, can swim,
settle, attach, and complete metamorphosis to the juven-
ile stage outside the maternal environment. Individuals of
C. hystera are assumed to self-fertilize (and our genetic
data are consistent with the expected effects of selfing
on genetic diversity). Lacking specialized anatomical
structures for sperm transfer or storage, and possessing
fully functional larvae, the transition to live-bearing in
C. hystera may represent the minimal level of modification
for the evolution of live-bearing [24,25,29], i.e. the evol-
ution of internal self-fertilization and the loss of female
spawning behaviour.

These two species have adjacent geographical ranges:
C. pentagona is found from Central Queensland,
Australia, to further north in the Indo-Pacific; C. hystera
is found to the south of this range, on a few beaches
near Yeppoon in central Queensland and on One Tree
Island off the Great Barrier Reef [27]. This latitudinal
difference mirrors the geography of live-bearing in other
asterinid lineages, in which viviparous species (especially
Cryptasterina  pacifica, Parvulastra vivipara, Asterina
phylactica) have short geographical ranges at high lati-
tudes on the margin of the distributions of their non-
viviparous sister taxa in the same genera [24,25,30,31].
Our phylogeographic analyses were designed to investi-
gate the history of this geographical distribution and
its potential role in the phenotypic and reproductive
divergence of the two species.
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2. MATERIAL AND METHODS

(a) Molecular analyses

We collected tissue samples from 197 individuals of
C. pentagona and 194 individuals of C. hystera from six popu-
lations per species (see electronic supplementary material,
table S1 and figure 1). DNA extraction, PCR amplification,
sequencing and genotyping all followed the protocols in
Keever er al. [32,33]. All individuals were genotyped at five
microsatellite loci (including three shared between species):
al08, b202, b227, b231 and c219 were used in C. pentagona;
loci a102, b202, b227, c219 and d8 were used for C. hystera.
For about 20 individuals per population, two parts of the
mitochondrial genome (mtDNA) and two nuclear DNA
(nDNA) introns were sequenced. The tRNA/COI fragment
was 689 bp for C. pentagona and 690 for C. hystera. The
putative control region of the mitochondrion was amplified
with primers modified from Waters er al. [34] and was 499
and 500 bp in each species, respectively. For most analyses,
both mtDNA sequences were concatenated into a single
mtDNA locus. The intron in Glucose-6-Phosphate Isomerase
(GPI) was 324 bp long in each species, and sequenced in both
the forward and reverse direction. The allelic state of heterozy-
gotes were inferred by matching multiple peak chromatograms
to alleles recovered from homozygous individuals, and this
approach has been confirmed using next-gen sequencing
[35]. All singleton alleles were confirmed by a second amplifi-
cation and sequencing. The intron in the TaTa Box Protein was
amplified with primers from Jarman ez al. [36], and was 474 bp
in C. pentagona and 471bp in C. hystera. Heterozygotes
were inferred identically to GPI. All sequence data were
edited and aligned in GENEIOUS v. 5.4 [37]. All sequence data
are available in GenBank accession numbers JX217037—
JX217643, JX221071-]JX221431, JX221441-JX221555,
JX227734-]X227847.

(b) Molecular diversity indices

Heterozygosity, gene diversity and number of average pair-
wise differences were calculated in ARLEQUIN 3.5 [38].
Microsatellite rarefied allelic richness was calculated in
FSTAT [39].

(¢) Phylogenetic analysis

Phylogenetic networks were constructed using the median
joining and mp algorithms of NETWORK [40,41] with
default parameters. All samples were used.

(d) Population genetic analyses

All global and pairwise measures of population structure
were calculated in GENODIVE [42,43]. Isolation by dis-
tance was examined via Mantel tests using Spearman’s r.

(e) Bayesian clustering

The program TESS [44,45] estimated genetic clusters from
microsatellite genotypes and geographical locations of indi-
viduals using a 100 000 step burn-in and 1 000 000 sweeps
of the CAR model with spatial interaction optimization
using mean distance.

(f) Coalescent analyses

Only sequence loci were used for coalescence analyses in
IMa2 [46]. The microsatellite data did not conform to a
stepwise mutation model, preventing us from accurately
coding allele sizes as number of repeats, and the programme
requires repeat sizes instead of allele sizes. MCMCMC ana-
lyses were run for burn-in until flat trend lines appeared, and
afterward 300 000 genealogies per locus were saved. Using
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Figure 1. Geographic distribution of mtDNA sequence variation of Cryprasterina pentagona (blue) and Cryptasterina hystera
(red). Map units are in longitude and latitude. The haplotype network represents all the unique concatenated mtDNA
sequences. Each sequence is represented by a circle with the size proportional to the frequency in all populations and
colour-coded to match the sampling locations. Each line represents one mutational change between sequences. Hash marks
are used when there is more than one mutational step between sequences. Site codes are as follows: BB, Bingil Bay; TV,
Rowes Bay; BO, Bowen Beach; DB, Dingo Beach; AB, Airlie Beach; OTI, One Tree Island; SB, Statue Bay; SY, Yeppon.
Full site names, and latitude and longitudes can be found in electronic supplementary material, Table S1.

multiple pairwise comparisons limits, the number of par-
ameters that are simultaneously estimated, helping to
ensure convergence within each analysis, and this method
has been shown to recover the same patterns seen in analyses
of three or more populations [47]. Therefore, we employed a
multiple pairwise population framework to calculate effective
population size, migration rates and divergence times
between the species pairs [46,47]. Six different coalescent
analyses were run, one with each C. pentagona population
and the same representative C. hystera population (OTI).
Only one C. hystera population was used because of the extre-
mely high levels of similarity of all populations at the
sequence level such that all population comparisons give
the same result (see table 1 and the electronic supplementary
material, S1). We used a conservative mutation rate estimate
for the concatenated mtDNA loci of 9.0156 x 10°
mutations per year. This rate is based on the 4.57 per cent
COI divergence seen in ‘geminate’ echinoderm specie pairs
separated by the Isthmus of Panama [48], which, assuming
3 million years of isolation, gives a rate of 7.6 x 10™°
mutations per site per year. Because the concatenated
mtDNA sequences in our study include the faster evolving
control region of the mitochondrion [49], this rate is
especially conservative.

Proc. R. Soc. B

3. RESULTS

(a) Molecular diversity

There is a striking difference in levels of genetic diversity
between species (see table 1 and the electronic supplemen-
tary material, S1). C. pentagona has relatively modest levels
of genetic diversity when compared with other asterinid
sea stars with planktonic development [32,50]; however,
C. hystera shows a dramatic reduction in nucleotide diver-
sity, allelic diversity and most notably heterozygosity (see
electronic supplementary material, table S1). Only one
microsatellite locus is polymorphic across the entire
known range of this species, and this locus is completely
fixed within populations. Every other nuclear locus is
completely monomorphic, giving an overall estimate of
zero heterozygosity for C. hystera across seven different
nuclear loci. Nucleotide diversity and haplotype diversity
are also low for the mitochondrial locus, suggesting that
C. hystera has experienced a severe population bottle-
neck. C. hystera may also be self-fertile [29], and while
the lack of heterozygosity is consistent with selfing, it also
precludes direct detection of selfing by paternity analysis
of broodmates. We suspect that some level of selfing does
occur; however, selfing alone would not account for the
low levels of genetic diversity at the mtDNA locus.
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Table 1. Species-level allelic diversity. The number of
microsatellite alleles was averaged across loci.

species microsatellites mtDNA TBP GPI

total number of alleles or haplotypes per locus

Cryprasterina 7.2 41 19 9
pentagona

Cryptasterina 1.4 4 1 1
hystera

(b) Geographic distribution of genetic diversity

We used median-joining networks to depict the spatial
structure of genetic diversity revealed by the sequen-
ced mitochondrial and nuclear loci. C. pentagona and
C. hystera show less than 1 per cent divergence at all of
these loci, but no haplotypes or alleles are shared between
species. At the concatenated mtDNA locus (figure 1),
C. pentagona and C. hystera exhibit complete lineage sorting
between species; however, this is not the case for either
nDNA locus (see figure 2 and the electronic supplementary
material, figure S1): C. hystera is fixed for one allele at each
nDNA locus, and this C. hystera allele is found in the
middle of both of the C. pentagona nDNA networks. Con-
sidering that nDNA loci tend to have slower mutation rates
and much larger effective populations sizes, this result is
consistent with expectations for the effects of genetic drift
following a recent reproductive isolation [49].

For C. pentagona, the mtDNA network has a ‘star-
shaped’ pattern with most haplotypic diversity produced
by singleton haplotypes that differ by only one mutation
from a more common haplotype. In the nDNA networks,
most alleles are not singletons and tend to be several
mutational steps away from each other, indicating a poss-
ible population contraction before the expansion shown in
the mtDNA network [49]. In both the mtDNA locus and
the TBP locus (figures 1 and 2), C. pentagona genetic
diversity seems to be slightly partitioned between northern
and southern populations, with common haplotypes or
alleles often showing a northern or southern polarity.
This pattern is largely absent from the GPI locus (see elec-
tronic supplementary material, figure S1); however, this
may be due to low levels of genetic diversity in that marker.

(¢) Dating the origin of Cryptasterina hystera
Using a multiple pairwise population coalescence analy-
sis, we found a clear geographic pattern to the estimates
of divergence times between pairs of C. pentagona and
C. hystera populations (figure 3). The two most southern
populations of C. pentagona are more recently diverged
from C. hystera compared with other populations. For
the southernmost C. pentagona population (AB1), diver-
gence from C. hystera is estimated at 6159 years before
present (ybp) with more narrow confidence limits (95%
HPD of 905-22628) compared with more northern
C. pentagona populations. This coalescent pattern
strongly suggests that AB1 (or AB2) is the population of
origin for C. hystera and that the two species began to
diverge at the C. pentagona southern range margin
around 6000 ybp. These recent divergence times are con-
sistent with the low molecular diversity within C. hystera
populations and the small numbers of mutational steps
separating them from some C. pentagona alleles in the
coalescent gene trees.

Proc. R. Soc. B
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Figure 2. Allelic network for locus TBP. The median-joining
allele network represents all the unique TBP sequences. Each
sequence is represented by a circle with the size proportional
to the frequency in all populations and colour-coded to
match the sampling locations or species. Each line represents
one mutational change between sequences. Hash marks are
used when there is more than one mutational step between
sequences.

Other demographic parameters estimated for the same
population pairs were consistent with a scenario of recent
divergence at the southern end of the C. pentagona range.
All migration rates, in either coalescent direction, are esti-
mated at zero, consistent with complete reproductive
isolation of these two species. In general, all C. pentagona
and C. hystera population sizes were smaller than the
estimated ancestral population size, but the effect was
stronger in C. hystera with effective population size of
the order of tens to hundreds of individuals, one to two
orders of magnitude smaller than C. pentagona (see elec-
tronic supplementary material, figure S2). Populations
AB1 and AB2 also have smaller estimated effective popu-
lation size compared with other C. pentagona populations
(see electronic supplementary material, figure S3), as
would be expected for peripheral populations at the
range margin [49].

(d) Spatial Bayesian clustering and population
genetic structure

Our analyses of differentiation within each of these two
species were all consistent with our coalescent isolation-
with-migration analyses of divergence between them,
and showed (i) spatial clustering of C. pentagona popu-
lations with strong genetic differentiation among them,
plus (ii) striking loss of genetic diversity and fixation of
differences among C. hystera populations (following the
speciation event).

Geographical locations of individuals and micro-
satellite genotypes were used to infer significant clusters
of individuals over genetic and physical space in
C. pentagona [44,45]. Four significant clusters were
found (figure 4) and they largely correlate with geographi-
cal distance, suggesting that contemporary gene flow in
this species is restricted to only local levels. Global and
pairwise Fgt values were calculated for both species
using all polymorphic microsatellite loci, and the concate-
nated mtDNA locus and the TBP locus were also used for
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Figure 3. Estimates of divergence times between C. hystera and each C. pentagona population. Divergence times were estimated
from six different IMa2 coalescent analyses, one with each C. pentagona population and the same representative C. hystera

population (OTI1).
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C. pentagona [42,43]. Locus GPI had very little within
species polymorphism, and was subsequently omitted
from within species genetic structure analyses for both
species. Both species showed high levels of global genetic
structure: For C. hystera, global Fgr=1.0 (p < 0.001)
and for C. pentagona, F'st values range from 0.22 to
0.40 across loci (table 2).

In C. hystera, this global F gt is driven by the seemingly
haphazard fixation of populations for a single micro-
satellite allele, with values alternating between 0 and 1
(figure 5). Sites OTI1 and OTI4 are separated by less
than 250 m from each other yet are fixed for alternate

Proc. R. Soc. B

Table 2. Global genetic structure of Cryprasterina pentagona.

loci Fr p-value
mtDNA 0.37 <0.001
TBP 0.22 <0.001
microsatellite 0.40 <0.001

allelic states. On the other hand, populations OTI2,
OTI4 and SY are all fixed for the same allele, despite
SY being almost 200 km away from OTI. This lack of
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Figure 5. Cryptasterina hystera pairwise Fgst values using
microsatellite loci. For all non-zero values, p < 0.001.

correlation between geographical and genetic distance at
any scale suggests that gene flow is extremely limited
among all populations.

The global genetic structure of C. pentagona, in contrast,
appears to be largely driven by an isolation-by-distance
pattern. In both the mtDNA and TBP loci, the high-
est pairwise Fgr values are associated with the two
most geographically isolated populations, BB and TV
(figures 1 and 6). Mantel tests confirm that there is a
significant relationship between genetic isolation and geo-
graphical distance (mtDNA: R’= 0.5025, p < 0.0459;
TBP: R? = 0.5435, p < 0.0495). However, there is no cor-
relation between geographical distance and estimates of
genetic structure using the microsatellite loci (R? = 0.02,
p = 0.25). Instead, almost all population pairs have signifi-
cant pairwise Fgr values with the two populations at
the end of the sampling range having the highest levels of
genetic isolation from all other populations (see electronic
supplementary material, figure S4). The microsatellite
pairwise F gt values are more consistent with a pattern
of local/regional genetic isolation in C. penragona that
matches well with the genetic and spatial clustering results.
On the other hand, these populations may also not fully
be in migration-drift equilibrium, and the larger effective
population size of microsatellite loci, compared with the
mtDNA marker, and the higher chance of homoplasy
compared with the nDNA sequence marker, may reduce
the power to detect an emergent isolation-by-distance
population structure. Considering all three datasets,
the genetic connectivity of C. pentagona most likely follows
an isolation-by-distance pattern, but not all loci, especially
those with larger effective population sizes, are in
migration-drift equilibrium.

4. DISCUSSION

Our coalescent analyses of Australian Cryprasterina sea
stars date their speciation at approximately 6000 ybp and
suggest that C. hystera originated from the southernmost
population(s) of C. pentagona. The origin, spread, and fix-
ation of the derived C. hysrera life history was completed in
at most about 22 000 years (the upper confidence limit on
the divergence time from C. pentagona), and perhaps as

Proc. R. Soc. B

little as about 1000 years (the lower confidence limit).
Even the oldest of these times is long after other significant
biogeographic events in the history of the Australian fauna
(such as the colonization of the continent by one primate
species), and represents exceedingly rapid life-history
evolution on ecological time scales in comparison with
similar traits in other organisms (e.g. the single ancient
origin and evolutionary conservatism of live-bearing in
eutherian mammals).

The timing of these evolutionary changes is critically
important for testing and rejecting some alternative
hypotheses for speciation in Crypasterina. In particular,
our results are not consistent with the slow, gradual loss
of shared alleles (and of reproductive compatibility) via
genetic drift in allopatry (classic geographical speciation),
or with divergent adaptation to broadly sympatric microha-
bitat differences such as different intertidal heights [13,51].
Instead, the geographically localized evolution of simul-
taneous hermaphrodites with internal self-fertilization,
brood protection and live birth was extraordinarily rapid
and implies selection on ancestral C. hystera populations
that favoured this life history as an adaptive response to
some environmental variable. Other alternative hypoth-
eses, such as the evolution of these life-history traits as
adaptations after divergence, or as correlated responses to
selection on other traits, are not entirely consistent with
our data. For example, there is no evidence that these
species were ever sympatric, and all available evidence
points to peripatric divergence. Given the low levels of
genetic connectivity observed in both species, a range
disjunction of 375 km represents a significant barrier to dis-
persal; therefore, the more parsimonious inference is that
this speciation is the result of an extreme dispersal event,
followed by geographical and reproductive isolation in con-
junction with rapid adaptation to a new environment.
However, additional genetic and experimental work
would be needed to rule out alternatives and confirm this
speciation hypothesis.

Our results suggest that disruptive selection for different
life-history phenotypes between sea stars in different
habitats may be a short pathway to rapid evolutionary
divergence and speciation. The location of larval develop-
ment (benthic versus planktonic) has been argued to
determine the tempo and mode of evolution in marine
species: such life-history differences may facilitate or limit
opportunities for geographical speciation in allopatry
[52,53] by isolating populations with self-recruitment (in
species with benthic development of embryos) or by pro-
moting gene flow and limiting genetic drift (in species
with planktonic development). However, such arguments
do not address the selective causes of the origin of live-
bearing and other forms of benthic reproduction without
larval dispersal in specific lineages. Viviparity, despite its
association with limited dispersal ability, has evolved
several times across many different types of marine invert-
ebrate taxa, including multiple lineages of Asterinidae
[24,29,30,52,54,55], and it is consistently associated with
species in colder water temperatures and higher latitudes
[53,56,57]. For example, in cowries, the loss of planktonic
development seems to be directly tied to environmental
factors specifically associated with temperature and pro-
ductivity [45], suggesting that environmental selection
may be playing a key role in the evolutionary changes in
life-history traits and associated speciation.
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Unfortunately, the available evidence does not identify
a specific ecological factor that selected for live-bearing at
high-latitude range margins in cushion stars. Here, we
speculate about the nature of two such factors. The first
is environmental changes in water temperature associated
with post-Pleistocene climate variation. The geographical
range disjunction between the two Cryprasterina species in
Australia is about 375 km and approximately coincides
with the location where colder eastern Pacific waters
mix with warmer tropical waters transported by the
East Australian Current (EAC) [58]. Our estimate of
6000 ypb for the speciation event is much more recent
than the last glacial maximum (LGM), but it coincides
with other significant Holocene oceanographic events.
During the LGM, the current cold water boundary
between the Coral Sea and the Tasman Sea (the Tasman
Front), located around 34°S, was shifted northward to
about 23-26°S [59], and this change would have most
likely extirpated populations of warm-adapted C. pentagona
from the majority of its present-day range in Australia.
Around 11000 ybp, the geographical distribution of
warmer and cooler sea surface temperatures returned to
patterns similar to present-day temperatures [59], which
may have allowed C. pentagona to recolonize the southern
portion of its contemporary range at that time. This con-
traction and expansion of C. pentagona populations is
consistent with both the coalescent estimates of effec-
tive and ancestral population sizes and patterns seen in
the phylogenetic networks. Finally, around 5000 ybp, the
EAC became reestablished [59] and may have provided a
potential warm water pathway for C. pentagona larvae to
colonize habitats further south. This speculative scenario
is consistent with the geographical and temporal origins
of live-bearing in Australian Cryprasterina, and with the
evolution of live-bearing at high-latitude range margins
in other asterinids [24,29,30,52,54,55] and other organ-
isms [28-29], and again highlights the potential role of
disruptive selection in facilitating rapid evolutionary
change and speciation.

A second potential factor is small effective population
size. Our population genetic analyses all indicate a signifi-
cant population bottleneck associated with the speciation
event, especially in southern C. penragona populations
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and most pronounced in C. hystera. An associated Allee
effect—scarcity of mates—may have strongly selected for
self-fertilization as a form of reproductive assurance
[60,61]. The associated inbreeding depression may be
slight if populations are already highly inbred, e.g. owing
to a population bottleneck before the evolution of selfing
[30]. Under some models, selfing and small population
size can facilitate adaptive molecular and phenotypic
divergence [61,62].

We hypothesize that a small number of C. pentagona
individuals or larvae were able to colonize the present-
day range of C. hystera, and that this habitat [58] provided
a divergent selective regime that led to the loss of plank-
tonic development and other associated life-history
changes, with reproductive isolation and speciation as a
consequence. The speed of this speciation event suggests
that it occurred via selection upon preexisting genetic
variation on an ecological time scale, because it is unlikely
that a complex suite of derived life-history characters
including hermaphroditism, selfing and live-bearing
could so quickly evolve via drift- and mutation-driven
processes [9,63,64]. The specific genetic targets of this
selection are usually poorly known [65], but the evolution
of the same suite of life-history traits in a northern tem-
perate Cryprasterina species (and in other asterinid
genera) suggests that the genetic variation needed for
this adaptation may be widespread among cushion stars
[25,31]. It is not known whether these similarities rep-
resent convergences (based on responses to selection at
the same selected loci) or parallelisms (at different loci).

Testing this hypothesis will require several types of new
evidence, especially reciprocal transplants or common
garden experiments that reveal fitness differences between
Cryprasterina species associated with specific environmental
differences between their habitats [15], and hybridiza-
tion experiments that reveal whether pre- or post-zygotic
reproductive incompatibility is associated with the recent
localized evolution of life-history differences. Evidence for
differential fitness in common gardens or in the field, and
of gamete compatibility and hybrid viability, would bolster
our argument for life-history traits as the targets of selection
(and ecological speciation) in the origin of Cryptasterina
and other asterinid species.
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