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Population genetics
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We document an extreme example of reproductive trait evolution that affects

population genetic structure in sister species of Parvulastra cushion stars

from Australia. Self-fertilization by hermaphroditic adults and brood protec-

tion of benthic larvae causes strong inbreeding and range-wide genetic

poverty. Most samples were fixed for a single allele at nearly all nuclear

loci; heterozygotes were extremely rare (0.18%); mitochondrial DNA

sequences were more variable, but few populations shared haplotypes in

common. Isolation-with-migration models suggest that these patterns are

caused by population bottlenecks (relative to ancestral population size)

and low gene flow. Loss of genetic diversity and low potential for dispersal

between high-intertidal habitats may have dire consequences for extinction

risk and potential for future adaptive evolution in response to climate and

other selective agents.
1. Introduction
An important discovery of empirical population genetics is the strong correlation

between geographical genetic variation and a few key life-history variables [1].

Small demes or pools of mates (the effective population size, Ne) and limited

dispersal of propagules among demes (the migration rate, m) can reduce

within-population genetic diversity and increase among-population genetic

differences. Evolutionary biologists have long recognized [2–4] the emergence

of these effects on long time scales in comparative studies of species-specific

differences in mating-system traits (especially the evolution of self-fertilization)

and dispersal traits (especially the dispersive properties of gametes, pollen,

seeds or larvae). Conservation biologists working on shorter time scales have

more recently recognized [5] similar effects of small population size (e.g. from over-

harvesting) on increased local inbreeding among fewer mates (and smaller Ne)

or of habitat fragmentation on demographic connectivity (and lower m). On

both time scales, these correlations have important implications for population

dynamics, local adaptive evolution and extinction [6,7].

Life-history traits [8,9] that can shape population genetic patterns [10,11]

have repeatedly evolved among closely related and ecologically similar

marine invertebrate species [12,13]. These make useful case studies, because

population genetic patterns among such species can reasonably be ascribed
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Parvulastra parvivipara

Parvulastra vivipara

Eaglehawk Neck

Ceduna
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Fortescue Bay

Figure 1. Geographical distribution of seven Parvulastra populations (filled circles) in South Australia (P. parvivipara) and Tasmania (P. vivipara); two open circles
show state capitals (Adelaide and Hobart). Inset: a hermaphroditic P. vivipara parent and its brood of three live-borne offspring. (Online version in colour.)
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to their specific life-history traits. In the sea star family Aster-

inidae (cushion stars), four lineages in three genera have

evolved self-fertilization, internal brood protection of larvae

and live birth of benthic juveniles (figure 1) [14]. We

showed that extreme inbreeding and loss of genetic diversity

in a live-bearing self-fertile hermaphrodite (Cryptasterina
hystera) has evolved on a time scale of a few thousand

years (since its divergence from Cryptasterina pentagona), simi-

lar to the temporal scale associated with ecological variables

in conservation genetics studies [15]. Here, we extend this

comparison [16] to two additional species of self-fertile live-

bearing asterinids: the sister species Parvulastra parvivipara
and Parvulastra vivipara. Both species are restricted to high-

intertidal pools on the western Eyre Peninsula (P. parvivipara)

and eastern Tasmania (P. vivipara, which is listed as ‘vulner-

able’ [17]; figure 1). Adults (less than or equal to 1 cm

diameter) and clutches (less than 100 offspring) are small,

and larvae metamorphose into juvenile sea stars in the

gonad followed by birth of non-dispersing benthic offspring

[14]. This life history probably arose in the common ancestor

of these two species in the Pleistocene [18] after their diver-

gence from Parvulastra exigua, in which adults have external

fertilization, a mix of selfing and outcrossing, and no brood

care [10,19,20]. We found nearly complete loss of genetic

diversity in all populations of both live-bearing Parvulastra
species (similar to C. hystera), with small population sizes

and zero gene flow. Both species face a high risk of extinction

and have limited potential for local adaptive evolution

(owing to lack of genetic diversity) or population replacement

(after local extirpation) in response to climate change and

other threats to coastal habitats.
2. Material and methods
We sampled tube feet of 241 adults from seven populations (19–51

per population) that span most of the range of P. parvivipara (approx.

120 km) and part of the range of P. vivipara (approx. 25 km) (table 1).

We characterized allele-size variation at seven microsatellite loci

[19,21], and nucleotide sequence variation in a nuclear intron

(glucose-6-phosphate isomerase or GPI) [15,21] (GenBank acces-

sions no. KC866341-42) and two parts of the mitochondrial

genome concatenated together as a single locus (several transfer

RNA genes plus the control region) [21,22] (KC876801-859).

All nine loci are highly variable in other asterinids, including

P. exigua [10,19,20]. We used some of the same microsatellite

markers to genotype offspring and brooding females from four

populations (The Granites, Smooth Pools, Eaglehawk Neck,

The Blowhole; table 1) to look for evidence of sexual reproduction

and outcrossing.

We used standard frequency-based population genetic

methods to characterize diversity within populations and differ-

entiation between pairs of populations for each species [15,21].

We fitted isolation-with-migration models to data from poly-

morphic loci for pairs of populations in each species (table 1)

using IMa [23] (see the electronic supplementary material).
3. Results
Genetic diversity within all populations was extremely low.

For seven population samples, each genotyped at seven

microsatellite loci, 34 of 49 cases were fixed for a single

microsatellite allele (table 1); in 10 cases (locus c114 in

P. parvivipara; loci c104 and c113 in P. vivipara), no alleles

were observed (these populations appear to be fixed for



Table 1. Counts of alleles and haplotypes for nine loci sampled from seven Parvulastra populations. Microsatellite alleles are labelled by size (bp); GPI and
mtDNA haplotypes are labelled by letter (A-B, A-N). Blank entries indicate probable microsatellite null alleles. Italicized values indicate data used in isolation-
with-migration analyses for two population pairs.

P. parvivipara P. vivipara

Ceduna
Point
Brown

The
Granites

Smooth
Pools

Eaglehawk
Neck

The
Blowhole

Fortescue
Bay

S328888812.30 S328888832.00 S328888852.80 S328888855.30 S43888880.50 S43888881.80 S43888888.30

E1338888844.30 E1338888851.80 E134888885.00 E134888884.60 E1478888855.90 E14788888560 E1478888858.10

a110 214 0 0 0 0 38 56 74

228 40 102 100 58 0 0 0

232 0 0 0 14 0 0 0

b202 198 40 102 100 72 38 56 74

c104 226 40 102 100 72

c113 248 40 102 100 72

c114 263 38 56 74

c212 265 40 96 88 0 0 0 0

267 0 0 0 0 38 56 72

268 0 6 12 72 0 0 0

c219 178 40 102 100 72 0 0 0

203 0 0 0 0 34 56 58

206 0 0 0 0 4 0 16

GPI A 40 82 96 70 0 0 0

B 0 0 0 0 30 26 34

mtDNA A 0 0 0 0 0 20 0

B 0 0 0 0 0 0 2

C 0 0 0 0 15 0 0

D 0 0 0 0 0 0 17

E 0 0 0 0 0 0 1

F 21 17 0 7 0 0 0

G 0 0 0 9 0 0 0

H 0 0 0 1 0 0 0

I 0 0 3 0 0 0 0

J 0 0 0 1 0 0 0

K 0 0 0 1 0 0 0

L 0 0 16 0 0 0 0

M 0 0 1 0 0 0 0

N 0 0 1 0 0 0 0
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null alleles) [19]; and in only five cases were polymorphisms

segregating within a population. Alleles differed in size by a

maximum of only one microsatellite repeat (for the trinucleo-

tide loci c212 and c219) or two repeats (for the dinucleotide

locus a110) within either species. We found one heterozygous

genotype (a110228/232) in three individuals from Smooth

Pools. This was also the only population with a fixation

index less than 1.0 ( f ¼ 0.83). Standardized allelic richness

and observed heterozygosity averaged across loci were corre-

spondingly very low for all seven populations (Rs� 1.20,

Ho� 0.01). We found no intraspecific polymorphism in our

large sample of GPI intron sequences from either species,

which were each fixed for a single (different) haplotype.
We found some evidence of outcrossing in one species.

Among 20 P. vivipara parents brooding 74 offspring, we

found only homozygous parental genotypes at three loci

(b202, c212 and c219; table 1) and only maternal alleles

among all offspring. However, among 42 P. parvivipara
parents brooding 181 offspring genotyped at two loci (a110

and c212), we found two parents that were a110232/232 homo-

zygotes brooding both a110232/232 homozygous offspring as

well as one or two offspring that were a110228/232 heterozy-

gotes. We conclude that these three offspring were sired by

a male with the more common a110228 allele (table 1). The

result is also surprising evidence for sperm transfer between

individual hermaphroditic sea stars that lack obvious
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Figure 2. Posterior probability distributions for population demographic parameters (Ne, m) from isolation-with-migration model fits to genetic data (a) for two
P. parvivipara populations and (b) for two Parvulastra vivipara populations.
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morphological or behavioural adaptations for copulation

and sperm storage.

We observed seven mtDNA haplotypes from P. parvivipara
populations and five from P. vivipara (table 1); within both

species, haplotypes differed by 4 or fewer substitutions or

insertion–deletions. Four of seven populations were fixed for

a single haplotype, and only at Smooth Pools did we find

more than one relatively common haplotype (F, G).

Population differentiation varied across population pairs

and loci (some fixed for the same allele; others fixed for different

alleles). For example, microsatellite pairwise FST was less than or

equal to 0.06 and not significantly different from zero among the

three northernmost populations from Ceduna, Point Brown and

The Granites, and all three of these were strongly differentiated

from Smooth Pools (FST� 0.79). By contrast, analyses based

on mtDNA showed that the Smooth Pools population was not

differentiated from Point Brown (FST¼ 0), with strong differen-

tiation among some northern population pairs (e.g. FST ¼ 0.73

for the more highly variable control region sequences from

Point Brown and The Granites).

Isolation-with-migration model fits are shown in figure 2

for the least depauperate population pair from each species.

In both cases, the two historical population parameters (ances-

tral Ne; divergence time) were estimated with low probabilities

and poorly defined posterior distributions (see the electronic

supplementary material). For P. parvivipara, the two population

sizes were similar to each other (Ne� 10 000). Although the

poorly defined posterior probability distribution for the

ancestral population size limits our ability to compare it quan-

titatively with the two population size estimates, in both cases,

the point estimate of ancestral population size (NeA. 1 000 000)

and its lower confidence limit were much greater than the upper

confidence limit on each of the population size estimates. For P.
vivipara, population size for Eaglehawk Neck was very small
(Ne� 300), but much larger for Fortescue Bay (Ne� 30 000,

and similar to the maximum-likelihood estimate of ancestral

population size). These results are provisional, and do not

capture the possible effects of older metapopulation dynamics

on the coalescent pattern [24], but both analyses tend to

suggest an historical population size reduction that has been

especially acute in some populations such as Eaglehawk Neck.

Gene flow into both P. vivipara populations was m ¼ 2.0–

14.8 � 10– 6 generation21, and the likelihood ratio test (LRT)

of nested population models in IMa suggested that both

rates were not significantly different from zero ( p ¼ 0.204

with 2 d.f.). Immigration into P. parvivipara populations was

also low, and the LRT suggested that neither of those single

rates significantly differed from zero ( p ¼ 0.083–0.917,

d.f. ¼ 1); however, a third test rejected the hypothesis that

both are zero (p� 0:001, d.f. ¼ 2). The shapes of the posterior

distributions (figure 2) suggest that nonzero gene flow might

be more likely into The Granites, but the magnitude of that

gene flow must be low (m � 0.9 � 1026).
4. Discussion
This study documents unusually extreme inbreeding across the

geographical ranges of two species of self-fertile, non-disper-

sing sea stars. Although our analysis of offspring genotypes

shows that outcrossing does occur in at least some broods of

one species, selfing is likely to occur as well and both selfing

and loss of gene flow probably contribute to strong genetic

drift within populations and the fixation of different alleles

between populations at many loci. The additional contri-

butions of selection and hitchhiking [3] to this process are

not known in Parvulastra but could be significant. Comparable

effects of selfing are well known among plants, in which mixed
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mating systems are more common [3] and variation in selfing

rates has been attributed to selection on components of fitness

such as reproductive assurance [4].

Hermaphroditism and benthic brood protection have

evolved in parallel as a suite of life-history traits among

multiple asterinid lineages [14], in physiologically extreme

high-intertidal habitats and in association with low genetic

diversity and strong population differentiation [15]. The

apparent ease with which many asterinid lineages can

evolve benthic brood protection and self-fertility [20] raises

the question of why such lineages have not replaced asteri-

nids with gonochoric outcrossing adults and planktonic

larvae? One hypothesis involves the associated high risk of

local extirpation and extinction. All known asterinids with

internal or external brood protection have small geographical

ranges (less than 300 km) and have recently diverged from

close relatives with other life histories [14,15,18,25].

Are viviparous sea stars doomed to extinction in the high-

intertidal zone [26]? Our studies of Parvulastra and Cryptasterina
suggest that live-bearing asterinid populations are unlikely to

harbour the additive genetic variation necessary for rapid

adaptive evolution in response to strong selection on physio-

logical tolerance or other traits associated with climate change

[27] or to expand their geographical ranges via dispersal into

new habitats in response to changing climate patterns [28].

The fate of such specialized, isolated and genetically depaupe-

rate populations seems at best uncertain, but if past is prologue

[6], then such species seem to be marked for extinction in the

shallow end of the high-intertidal gene pool.
Acknowledgement. Thanks to Alan Dartnall, Kiran Liversage, Bay
Mengesha, Geoff Prestedge and Lana Roediger for help and advice.

Funding statement. This work was supported by a US National Science
Foundation grant (OCE-0623678), the Natural Sciences and Engineer-
ing Research Council (Canada) and the Australian Research Council.
This is contribution no. 1562 from the Hawai’i Institute of Marine
Biology, no. 8977 from the School of Ocean and Earth Sciences and
Technology and no. 101 from the Sydney Institute of Marine Science.
References
1. Hart MW, Marko PB. 2010 It’s about time:
divergence, demography, and the evolution of
developmental mode in marine invertebrates. Integr.
Comp. Biol. 50, 643 – 661. (doi:10.1093/icb/icq068)

2. Berger EM. 1973 Gene-enzyme variation in three
sympatric species of Littorina. Biol. Bull. 145,
83 – 90. (doi:10.2307/1540349)

3. Charlesworth D. 2006 Evolution of plant breeding
systems. Curr. Biol. 18, R726 – R735. (doi:10.1016/j.
cub.2006.07.068)

4. Goodwillie C, Kalisz S, Eckert CG. 2005 The evolutionary
enigma of mixed mating systems in plants: occurrence,
theoretical explanations, and empirical evidence. Annu.
Rev. Ecol. Evol. Syst. 36, 47 – 79. (doi:10.1146/annurev.
ecolsys.36.091704.175539)

5. Manel S, Schwartz M, Luikart G, Taberlet P. 2003
Landscape genetics: combining landscape ecology
and population genetics. Trends Ecol. Evol. 18,
189 – 197. (doi:10.1016/S0169-5347(03)00008-9)

6. Jablonski D. 1986 Larval ecology and macroevolution
in marine invertebrates. Bull. Mar. Sci. 39, 565 – 587.

7. Marshall DJ, Krug PJ, Kupriyanova EK, Byrne M, Emlet
RB. 2012 The biogeography of marine invertebrate
life histories. Annu. Rev. Ecol. Evol. Syst. 43, 97– 114.
(doi:10.1146/annurev-ecolsys-102710-145004)

8. Thorson G. 1950 Reproductive and larval ecology of
marine bottom invertebrates. Biol. Rev. 25, 1 – 45.
(doi:10.1111/j.1469-185X.1950.tb00585.x)

9. Strathmann RR. 1987 Feeding and nonfeeding larval
development and life-history evolution in marine
invertebrates. Annu. Rev. Ecol. Syst. 16, 339 – 361.
(doi:10.1146/annurev.es.16.110185.002011)

10. Ayre DJ, Minchinton TE, Perrin C. 2009 Does life
history predict past and current connectivity for
rocky intertidal invertebrates across a marine
biogeographic barrier? Mol. Ecol. 18, 1887 – 1903.
(doi:10.1111/j.1365-294X.2009.04127.x)

11. Hellberg ME. 2009 Gene flow and isolation among
populations of marine animals. Annu. Rev. Ecol.
Evol. Syst. 40, 291 – 310. (doi:10.1146/annurev.
ecolsys.110308.120223)

12. Kyle CJ, Boulding EG. 2000 Comparative population
genetic structure of marine gastropods (Littorina spp.)
with and without pelagic larval dispersal. Mar. Biol.
137, 835 – 845. (doi:10.1007/s002270000412)

13. Collin R. 2001 The effects of mode of development
on phylogeography and population structure of
North Atlantic Crepidula (Gastropoda:
Calyptraeidae). Mol. Ecol. 10, 2249 – 2262. (doi:10.
1046/j.1365-294X.2001.01372.x)

14. Byrne M. 2006 Life history diversity and evolution in
the Asterinidae. Integr. Comp. Biol. 46, 243 – 254.
(doi:10.1093/icb/icj033)

15. Puritz JB, Keever CC, Addison JA, Byrne M, Hart
MW, Grosberg RK, Toonen RJ. 2012 Extraordinarily
rapid life-history divergence between Cryptasterina
sea star species. Proc. R. Soc. B 279, 3914 – 3922.
(doi:10.1098/rspb.2012.1343)

16. Garland Jr T, Adolph SC. 1994 Why not to do two-
species comparative studies: limitations on inferring
adaptation. Physiol. Zool. 67, 797 – 828.

17. Commonwealth of Australia. 2009 Inclusion of
species in the list of threatened species under
section 178 of the Environment Protection and
Biodiversity Conservation Act 1999 (80). Federal
Register of Legislative Instruments F2009L02541.

18. Hart MW, Byrne M, Smith MJ. 1997 Molecular
phylogenetic analysis of life-history evolution in
asterinid starfish. Evolution 51, 1848 – 1861. (doi:10.
2307/2411007)

19. Keever CC, Sunday J, Wood C, Byrne M, Hart MW.
2008 Discovery and cross-amplification of
microsatellite polymorphisms in asterinid sea
stars. Biol. Bull. 215, 164 – 172. (doi:10.2307/
25470697)

20. Barbosa SS, Klanten OS, Puritz JB, Toonen RJ, Byrne
M. 2013 Very fine-scale population genetic structure
of sympatric asterinid sea stars with benthic and
pelagic larvae: influence of mating system and
dispersal potential. Biol. J. Linn. Soc. 108,
821 – 833. (doi:10.1111/bij.12006)

21. Keever CC, Sunday J, Puritz JB, Addison JA, Toonen
RJ, Grosberg RK, Hart MW. 2009 Discordant
distribution of populations and genetic variation in a
sea star with high dispersal potential. Evolution 63,
3214 – 3227. (doi:10.1111/j.1558-5646.2009.00801.x)

22. Waters JM, Roy MS. 2004 Phylogeography of a
high-dispersal New Zealand sea star: does
upwelling block gene flow? Mol. Ecol. 13, 2797 –
2806. (doi:10.1111/j.1365-294X.2004.02282.x)

23. Hey J, Nielsen R. 2007 Integration within the
Felsenstein equation for improved Markov chain
Monte Carlo methods in population genetics. Proc.
Natl Acad. Sci. USA 104, 2785 – 2790. (doi:10.1073/
pnas.0611164104)

24. Wakely J. 2004 Metapopulations and coalescent
theory. In Ecology, genetics, and evolution of
metapopulations (eds IA Hanski, OE Gaggiotti), pp.
175 – 198. New York, NY: Academic Press.

25. Roediger LM, Bolton TF. 2008 Abundance and
distribution of South Australia’s endemic sea star,
Parvulastra parvivipara (Asteroidea: Asterinidae). Mar.
Freshwater Res. 25, 205 – 213. (doi:10.1071/MF07084)

26. Somero GN. 2012 The physiology of global change:
linking patterns to mechanisms. Ann. Rev. Mar. Sci.
4, 39 – 61. (doi:10.1146/annurev-marine-120710-
100935)

27. Sunday JM, Crim RN, Harley CDG, Hart MW. 2011
Quantifying rates of evolutionary adaptation in
response to ocean acidification. PLoS ONE 6, e22881.
(doi:10.1371/journal.pone.0022881)

28. Byrne M, Selvakumaraswamy P, Ho MA, Woolsey E,
Nguyen HD. 2011 Sea urchin development in a
global change hotspot, potential for southerly
migration of thermotolerant propagules. Deep-Sea
Res. II Top. Stud. Oceanogr. 58, 712 – 719. (doi:10.
1016/j.dsr2.2010.06.010)

http://dx.doi.org/10.1093/icb/icq068
http://dx.doi.org/10.2307/1540349
http://dx.doi.org/10.1016/j.cub.2006.07.068
http://dx.doi.org/10.1016/j.cub.2006.07.068
http://dx.doi.org/10.1146/annurev.ecolsys.36.091704.175539
http://dx.doi.org/10.1146/annurev.ecolsys.36.091704.175539
http://dx.doi.org/10.1016/S0169-5347(03)00008-9
http://dx.doi.org/10.1146/annurev-ecolsys-102710-145004
http://dx.doi.org/10.1111/j.1469-185X.1950.tb00585.x
http://dx.doi.org/10.1146/annurev.es.16.110185.002011
http://dx.doi.org/10.1111/j.1365-294X.2009.04127.x
http://dx.doi.org/10.1146/annurev.ecolsys.110308.120223
http://dx.doi.org/10.1146/annurev.ecolsys.110308.120223
http://dx.doi.org/10.1007/s002270000412
http://dx.doi.org/10.1046/j.1365-294X.2001.01372.x
http://dx.doi.org/10.1046/j.1365-294X.2001.01372.x
http://dx.doi.org/10.1093/icb/icj033
http://dx.doi.org/10.1098/rspb.2012.1343
http://dx.doi.org/10.2307/2411007
http://dx.doi.org/10.2307/2411007
http://dx.doi.org/10.2307/25470697
http://dx.doi.org/10.2307/25470697
http://dx.doi.org/10.1111/bij.12006
http://dx.doi.org/10.1111/j.1558-5646.2009.00801.x
http://dx.doi.org/10.1111/j.1365-294X.2004.02282.x
http://dx.doi.org/10.1073/pnas.0611164104
http://dx.doi.org/10.1073/pnas.0611164104
http://dx.doi.org/10.1071/MF07084
http://dx.doi.org/10.1146/annurev-marine-120710-100935
http://dx.doi.org/10.1146/annurev-marine-120710-100935
http://dx.doi.org/10.1371/journal.pone.0022881
http://dx.doi.org/10.1016/j.dsr2.2010.06.010
http://dx.doi.org/10.1016/j.dsr2.2010.06.010

	Shallow gene pools in the high intertidal: extreme loss of genetic diversity in viviparous sea stars (Parvulastra)
	Introduction
	Material and methods
	Results
	Discussion
	Acknowledgement
	Funding statement
	References




