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Abstract 

The mode of development was ascertained for 14 of the 16 
species of sea stars known to occur in shallow waters of 
McMurdo Sound, Antarctica (77°51'S; 166°40'E). The spe- 
cies were collected between September 1984 and December 
1985. Females of three species, Odontaster validus, O. meri- 
dionalis and Porania antarctica, spawn small to moderate 
eggs (0.17 to 0.55 mm), have a high fecundity, and produce 
feeding larvae. Females of an undescribed Porania species 
spawn a few eggs (150 to 310) that are 0.55 mm in diameter 
and develop into demersal non-feeding larvae. Females of 
Diplasterias brucei and Notasterias armata produce a few 
(<300) large eggs (2.8 to 3.5 mm) and brood their young. 
Females of the remaining eight species have moderate fecun- 
dity and produce pelagic non-feeding larvae, as determined 
from egg type (buoyant, 0.54 to 1.28 mm diam) and direct 
observations of spawning and development. The high inci- 
dence (11 out of 14 species; 79%) of non-feeding develop- 
ment is consistent with predictions that environmental con- 
ditions in high-latitude regions are unfavorable for plank- 
totrophic development. Nonetheless, most of the species 
surveyed (11 out of 14) had pelagic larvae, which contradicts 
inferences of unusual selection for benthic development in 
the Antarctic. 

Introduction 

Marine benthic invertebrates exhibit a spectrum of develop- 
mental types which includes pelagic or non-pelagic embryos 
and larvae and planktotrophic (particulate feeding) or 
lecithotrophic (non-feeding) modes of nutrition (Milei- 
kovsky 1971, Chia 1974). Large-scale latitudinal shifts in the 
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relative proportion of these developmental types were first 
detailed by Thorson (1936, 1950), who reported a trend 
toward brooded or protected lecithotrophic development 
with increasing latitude. Thorson's conclusions were based 
primarily on studies of prosobranch gastropods in the 
eastern North Atlantic. His observations have been substan- 
tiated by studies of reproductive patterns in bivalves from 
the northern hemisphere (Ocklemann 1965) and are consis- 
tent with predictions of theoretical models of life-history 
evolution in the seas (Vance 1973, Christiansen and Fenchel 
1979, Roughgarden 1989). In addition, available informa- 
tion suggests that the majority of benthic invertebrates from 
Antarctic regions also develop non-pelagically. For exam- 
ple, more than 80% of sponge species whose development is 
known exhibit brood protection (Arnaud 1974). The inci- 
dence of protected development is high in antarctic bivalves 
(Dell 1972, Richardson 1977), gastropods (Simpson 1977, 
1982), some marine parasites (Rohde 1985), and other taxa 
(Arnaud 1974, Picken 1980). The notion that pelagic and 
planktotrophic types of larval development are suppressed 
with increasing latitude is firmly established and is referred 
to as "Thorson's rule" (Mileikovsky 1971). 

The Asteroidea of the Southern Ocean is another group 
presumed to have an unusually high proportion of species 
that brood their young (Arnaud 1974, White 1984). This 
notion is based primarily on the finding of a few brooders in 
general faunal collections (Fisher 1940, Clark 1962, Clark 
1963, Arnaud 1974). Long-term observations and sampling 
in the Antarctic are lacking, particularly along the more 
southern regions of the continental shore. Because individu- 
als carrying young are easily recognized, these records over- 
estimate the incidence of brooding. The reproduction of 
only 35 of 132 species of sea stars in the Antarctic has been 
reported (MacBride and Simpson 1908, Simpson 1982, Em- 
let et al. 1987), and it remains to be shown that brooding is 
the predominant mode of reproduction in this fauna. 

The present paper describes the mode of reproduction of 
14 of the 16 species of sea stars known from shallow waters 
in McMurdo Sound, Antarctica (77°51'S; 166°40'E). 
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Table 1. Systemic account of sea stars (sensu Blake 1987) collected 
from shallow waters (<33 m) of McMurdo Sound during this 
study, their bathymetric range, and list of stations where collections 
were made. All species except Porania sp. have a circumantarctic 
distribution, with some extending into the sub-Antarctic. Distribu- 
tional data compiled from Fisher (1940), Clark (1962), Clark (1963), 
Fell and Dawsey (1969) and this study. ECA: East Cape Armitage; 
McM: McMurdo Station; CE: Cape Evans; NH: New Harbor 

Species Depth (m) Station 

45' 45' 

78000 7 8 0 0 0  • 

1630 1640 1650 1660 !670 1680 

Fig. 1. McMurdo Sound, Antarctica, showing location of our four 
primary study sites ( x ) and of five additional sites (e) where survey 
dives were made. Benthic environment at each of our primary sites 
(East Cape Armitage, McMurdo Station, Cape Evans and New 
Harbor) has been described by McClintock et al. (1988), Dayton et 
al. (1974), Pearse (1965) and Dayton and Oliver (1977), respectively 

Materials and methods 

Sea stars were collected over a 15 mo per iod (September 
1984 to December 1985) from four sites in shallow waters of  
M c M u r d o  Sound: East Cape Armitage,  M c M u r d o  Stat ion 
and Cape Evans on the eastern shore of  M c M u r d o  Sound, 
and Explorers Cove, New Harbor ,  on the western shore of  
M c M u r d o  Sound (Fig. 1). In addit ion,  survey dives were 
made during the austral  summers of  1984 and 1985 at five 
other sites within M c M u r d o  Sound. 

Collections and observations were made using SCUBA 
diving to a maximum depth of  approximate ly  33 m. Sea 
stars were t ranspor ted  to M c M u r d o  Stat ion and kept  for 
extended periods of  time in aquar ia  with running seawater 
( -  1.5 °C). At tempts  to induce spawning were init iated within 
48 h of  collection by injecting 1-methyladenine (1-MA) at 
10 -3_  10-6 M in seawater into the coelom. In some cases, 
excised ovaries were placed in seawater with 1-MA. Ova 
obtained by these methods were immediately washed in 
5 #m-filtered seawater and inseminated with sperm collected 
from spawning or dissected males. In cases where spawning 
was not  induced by 1-MA, unspawned individuals (1 to 10) 
were dissected and the excised gonads were examined. The 
diameters of  20 to 25 spawned ova or 10 to 20 of  the largest 
oocytes from dissected females were measured using a com- 
pound  microscope with an ocular micrometer.  Quali tat ive 
observations of  buoyancy were made by placing ova or 
oocytes in ambient  seawater. 

Embryos  and larvae were reared in stirred or unst irred 
4-liter culture vessels at -1 .8  ° to -1 .0  °C, generally following 
the methods of  St ra thmann (1971) as modif ied by Pearse 
and Bosch (1986). Non-feeding larvae were reared in 5 #m- 
filtered seawater that  was changed every 4 d. Development  
to hatching was moni tored  every 8 h, and subsequent devel- 

Valvatida 
Odontasteridae 

Odontaster validus 0 -  914 ECA, McM, CE, NH 
Odontaster meridionalis 0 -  519 ECA, MeM, CE, NH 
Acodontaster capitatus 15- 647 McM, NH 
Acodontaster conspicuus 25- 274 McM, CE, NH 
Acodontaster elongatus 15 600 McM 
Acodontaster hodgsoni 15 549 ECA, McM, CE, NH 

Poraniidae 
Porania antarctica 4 3 200 McM, CE, NH 
Porania sp. 15 ? ECA, McM, CE, NH 

Paxillosida 
Astropectinidae 

Bathybiaster loripes 78-1 266 NH 
Psilaster chareoti 15-3 900 NH 
Maeroptychaster 15- 640" ECA, McM, NH 

accrescens 

Velatida 
Solasteridae 

Lophaster gaini 15- 578 ~ NH 
Cuenotaster involutus 15- 578 NH 

Spinulosiuda 
Echinasteridae 

Perknasterfuscus 3 -  362 a ECA, McM, CE, NH 

Forcipulatida 
Asteriidae 

Diplasterias brucei 0 -  752 ECA, McM, CE, NH 
Coscinasteriniae 

Notasterias armata 15- 752 NH 

" New shallow-depth record 

opment  was moni tored  every other day. Competent  larvae 
were induced to settle and metamorphose  with substrates 
(e.g. sediment, shell debris) collected from adult  habitats  or  
by placing glass slides covered with bacterial-algal  films in 
the culture vessels (Hinegardner  and Tuzzi 1981). The di- 
ameter of  newly metamorphosed  juveniles was measured 
with a dissecting microscope using an ocular micrometer.  

Results 

Individuals of  7 families and 16 species of  sea stars were 
collected from shallow waters of  M c M u r d o  Sound (Table 1). 
An  unrepor ted species was placed in the genus Porania 
(H. E. S. Clark personal  communicat ion);  it is referred to as 
Porania sp. Reproduct ive mode was determined for 14 of  the 
16 species directly by observing spawning and development,  
or indirectly by regularly moni tor ing ovarian characteristics 
(Table 2). 
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Table 2. Developmental characteristics and occurrence of ripe fe- 
males of sea stars collected between September 1984 and December 
1985 in shallow waters of McMurdo Sound. Unless otherwise stat- 
ed, data are based on observations of females induced to spawn in 
the laboratory with 1-methyladenine. Mean diameter of brooded 
early-stage embryos, spawned ova, and maximum oocyte diameter 
are provided for brooders, broadcasters, and probable broadcast- 
ers, respectively. Sample size ranged from 10 to 30. -: no ripe 
females collected 

Species Egg Ripe females 
diam 
(mm) 

Broadcasters with feeding larvae 
Odontaster validus 
Odontaster meridionalis 
Porania antarctica 

0.17 July to mid October 
0.19 July to late October 
0.55 September to Novem- 

ber 
Broadcasters with non-feeding 
larvae 

Bathybiaster loripes 0.93 November to January 
Psilaster charcoti 0.95 Late October 
Acodontaster conspicuus ~ 0.70 Early December 
Acodontaster elongatus a 0.54 Mid September 
Acodontaster hodgsoni 0.55 Late September 
Porania sp. 0.55 Year-round 
Lophaster gaini ~ 1.28 Early February 

Probable broadcasters with non- 
feeding larvae b 

Macroptychaster accrescens 1.28 - 
Perknaster fuscus * 1.20 - 

Brooders c 
Diplasterias brucei 2.80 Year-round 
Notasterias armata 3.50 August to February 

a Spawned spontaneously in the laboratory 
b Determined from observations of dissected ovaries 
c Determined from field observations of females carrying broods 
* Added at proof: 1 female P. fuscus collected from McMurdo 

Sound broadcast spawned eggs when injected with 1-MA on 27 
September 1989 

Table 3. Egg size, development mode, minimal days to juvenile 
stage and juvenile size of five species of sea stars from shallow 
waters of McMurdo Sound. P: planktotroph; PL: pelagic lecitho- 
troph; DL: demersal lecithotroph; BL: brooded lecithotroph 

Species Egg Devel. Days to Juvenile 
size mode juvenile size 
(mm) stage (mm) 

Odontaster validus 0.17 P 167 0.6 
Porania antarctica 0.55 P 65 0.8 
Porania sp. 0.55 DL 78 0.6 
Acodontaster hodgsoni 0.55 PL 106 0.6 
Diplasterias brucei 2.80 BL 165 a 3.0 

" Determined from field observations; the length of the brooding 
period may be underestimated 

Table 4. Acodontaster hodgsoni. Chronology of lecithotrophic de- 
velopment at - 1.5 ° to - 1.0 °C. Sizes represent diameter of eggs 
and blastulae and total length of larvae. Times are based on obser- 
vations of four cultures initiated from three females and a single 
male 

Developmental stage Days to first Size 
appearance (mm) 

Eggs fertilized 0 0.55 
Second cleavage 3 0.55 
64-cell embryo 5 0.58 
Ciliated blastula 13 0.60 
Hatched blastula 15 0.60 
Bilobed larva 33 1.30 
Modified brachiolaria 80 1.85 
Well developed rudiment 98 1.85 
Metamorphosis 106 0.59 

65 d after fertilization. This is the shortest per iod of  develop- 
ment  to a juvenile stage recorded for the species surveyed 
(Table 3). 

Broadcasters  with feeding larvae 

Female  Odontaster validus and O. meridionalis broadcast -  
spawn large numbers of  small oocytes (0.17 to 0.19 mm) that  
undergo germinal  vesicle breakdown at  the time of  fertiliza- 
t ion and develop into feeding bipinnar ia  and brachiolar ia  
larvae. The development  to metamorphos is  of  O. validus 
was described by Pearse and Bosch (1986). The rate of  em- 
bryonic and larval development  of  O. validus and O. meri- 
dionalis was extremely slow: at -1 .5°C ,  the shortest time 
from fertil ization to an early and late b ipinnar ia  stage was 
approximate ly  38 and 93 d, respectively. Time of  develop- 
ment  to metamorphos is  was 165 d for O. validus (Table 3). 

The reproduct ion of  Porania antarctica is intermediate  
between p lankto t rophic  and leci thotrophic types (Bosch 
1989). The eggs produced  were large (0 .55ram diam), 
opaque and of  yellowish color. Development  proceeded 
through bipinnar ia  and brachiolar ia  larval stages that  were 
yolky and ingested small suspended particles, such as 
bacteria (Rivkin et al. 1986). Metamorphos is  first occurred 

Broadcasters  with non-feeding larvae 

Large (0.54 to 1.28 mm diam) yolky eggs were free-spawned 
by females from 7 of  the 11 remaining species. 

Embryos  of  Acodontaster hodgsoni obtained from in- 
duced spawnings of  individuals held in l abora tory  sea-tables 
were reared through metamorphosis  (Table 4). The larvae of  
A. hodgsoni are large and buoyant;  they have well-developed 
anterior  and poster ior  lobes, but  lack feeding structures and 
distinct ciliated bands. Competent  larvae at tached to the 
substrate by a modified brachiolar ian complex 106 d after 
fertilization and metamorphosed.  

Bathybiaster loripes and Psilaster charcoti were induced 
to spawn in the laboratory.  Embryos  of  both  species hatched 
as large (0.9 to 1.0 mm diam), buoyant ,  ciliated blastulae, 
passed through a modif ied gastrula stage and developed into 
non-feeding larvae. B. loripes were reared to an advanced 
larval stage. After  52 d in culture, the fully grown larva 
(2.5 m m  length) had well-developed anterior  and poster ior  
lobes, the lat ter  containing a prominent  rudiment.  They 
lacked distinct ciliated bands and a brachiolar ian  complex. 
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Eggs (0.55 mm diam) obtained from induced spawnings 
of Porania sp. were inseminated with sperm obtained from 
dissected males. The resulting embryos were negatively 
buoyant and immediately settled on the bottom of culture 
vessels. Embryogenesis was followed by the formation of a 
pear-shaped demersal larva that had no feeding structures 
or distinct ciliated bands. Development proceeded through 
a modified, non-feeding brachiolaria which attained a max- 
imum length of 1.1 mm near the time of settlement, 78 d 
after fertilization (Bosch 1989). 

Acodontaster conspicuus, A. elongatus and Lophaster 
gaini did not respond to treatment with I-MA. At least one 
female of each species spawned spontaneously in the labora- 
tory. The eggs released (ca. 3 to 5 x 103 per female) were 
positively buoyant and measured 0.70, 0.54, and 1.28 mm in 
diameter for A. conspicuus, A. elongatus, and L. gaini, re- 
spectively. 

Probable broadcasters with non-feeding larvae 

Individuals of Macroptychaster accrescens and Perknaster 
fuscus were collected from populations at East Cape Ar- 
mitage and McMurdo Station every two to three months 
throughout our 15 mo study period. Neither species re- 
sponded to I-MA. Two or three size-classes of oocytes were 
always present in the ovaries of dissected females. Vitel- 
logenic oocytes were buoyant and had a maximum diameter 
of 1.28 mm in M. accrescens and 1.2 mm in P. fuscus. 

Brooders 

The development of Diplasterias brucei to an advanced juve- 
nile stage takes place within a suboral maternal brood cham- 
ber. Only a few offspring are produced (<300), judging 
from brood size in six females carrying early stage embryos. 
The period of incubation was estimated by following brood 
development of two females during subsequent sampling 
dives. Large (long radius, R=3.0+_0.6mm, n=105 for 
1 female) juveniles were released after brooding periods of 
5.5 and 6.2 too. Because the actual spawning dates of the 
two females were unknown, these times represent a mini- 
mum brooding period. Brooding activity showed no marked 
seasonality at East Cape Armitage over a 12 mo study peri- 
od, with ca. 10% of all adults (n = 199) carrying broods on 
each of five sampling dates. 

Individuals of Notasterias armata occurred in low num- 
bers at New Harbor and only five brooding females were 
examined. Fecundity is low (ca. 50 eggs), as indicated by 
brood size in two females. The eggs are large (up to 3.5 mm 
diam) and develop to a juvenile stage within a suboral brood 
chamber. 

Discussion 

Thirty seven species of sea stars have been reported from the 
Ross Sea region of the Antarctic, with 11 ranging into shal- 

low-water areas (<  100 m) of McMurdo Sound (Clark 1963, 
Dearborn 1965). Five species (Acodontaster capitatus, A. 
elongatus, Bathybiaster loripes, Lophaster gaini, and the un- 
described poraniid Porania sp.) are added here. Of the 14 
species studied, two brood their embryos and have no lar- 
vae, one has demersal non-feeding larvae, three have plank- 
tonic feeding larvae (including one with a previously unde- 
scribed yolk-rich feeding larva) and eight have pelagic non- 
feeding larvae. The mode of spawning and development was 
not observed directly for Macroptychaster accrescens and 
Perknasterfuscus. However, the maximum egg sizes of these 
two species are well within the range reported by Emlet et al. 
(1987) for sea stars with non-feeding pelagic larvae. More- 
over, their individual female fecundity and reproductive ef- 
fort (see McClintock and Pearse 1986, 1987) are intermedi- 
ate between planktotrophic and brooding sea stars. This 
evidence supports the conclusion that M. aecressens and 
P.fuscus are broadcasters with non-feeding larvae. 

Fisher (1940) and Clark (1962) listed 132 species of sea 
stars from Antarctic and sub-Antarctic biogeographical 
provinces. The mode of reproduction is known for 48 of 
these. Most (33 out of 48; 69%) brood their young to a 
juvenile stage (Fisher 1940, Clarke 1962, Clarke 1963, Ar- 
naud 1974, Simpson 1982, this study). This apparent wide- 
spread curtailment of a pelagic larval phase may be a result 
of sampling biases, or it may be a consequence of the fauna 
studied. For example, among the known brooders, most 
species (20 out of 33; 61%) are of three forcipulate genera 
(Anasterias, Diplasterias and Lysasterias) that have no 
known non-brooding representatives. Moreover, their dis- 
tribution is limited predominately to shallow waters of iso- 
lated Antarctic and sub-Antarctic islands. The preponder- 
ance of brooding among these genera may be a consequence 
of phylogenetic history, or it may be an adaptation that 
avoids the loss of larvae from favorable shallow-water is- 
land habitats (Jablonski and Lutz 1980) rather than a re- 
sponse to ongoing selection in the Antarctic environment 
per se. 

The shallow-water sea star fauna of McMurdo Sound 
has no apparent phylogenetic or distributional biases that 
might influence patterns of development (Fisher 1940, I ty- 
man 1955, Clark 1963; see present Table 1). The high inci- 
dence of lecithotrophic development among these species 
lends credence to Thorson's (1950) hypothesis that environ- 
mental conditions in high latitudes are unfavorable for 
planktotrophic larvae. Thorson (1950), Vance (1973), and 
others (e.g. Christiansen and Fenchel 1979, Roughgarden 
1989) further predicted that polar species would tend to 
develop non-pelagically, avoiding the high risk of predation 
associated with a slow-growing pelagic larval stage. Our 
finding that non-pelagic development is not prevalent 
among shallow-water sea stars in McMurdo Sound is there- 
fore unexpected on the basis of both predicted and observed 
patterns of development in Antarctic and sub-Antarctic re- 
gions (Picken 1980, White 1984). There does appear to be a 
genuine predominance of non-pelagic development in some 
Antarctic benthic invertebrates. In particular, the data for 
Antarctic prosobranch gastropods, which are both empiri- 
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cal and comprehensive, indicate that most  species produce 
embryos that develop to a juvenile stage within benthic egg 
masses or capsules (Dell 1972, Simpson 1977, Picken 1979, 
1980). This is to be anticipated on the basis of  developmen- 
tal trends in Arctic prosobranchs (Thorson 1936, 1965). 
Such a marked disparity in patterns of  development between 
representative sea star and gastropod faunas subject to com- 
parable physical and biotic conditions suggests that phylo- 
genetic history may have a considerable influence on the 
evolution of  reproductive mode (Radwin and Chamberlin 
1973, Strathmann 1978). Although generalities can be made 
(e.g., planktotrophy tends to be suppressed in high-latitude 
benthic marine invertebrate faunas), the underlying adap- 
tive significance of  a particular reproductive trait must be 
understood within the context of  each taxon. 

Our observation that pelagic non-feeding larval develop- 
ment is common among sea stars in McMurdo  Sound is 
paralleled by observations of  developmental types in deep- 
sea sea stars. Females of  most (9 out of  11; 82%) species 
collected from the Rockall Trough (2 200 m) in the north- 
east Atlantic produce relatively small numbers of  moderate- 
ly sized (0.85 to 1.10 ram) yolky eggs that probably develop 
into dispersive non-feeding larvae (Pain et al. 1982, Tyler 
etal. 1982). Studies by Einarsson (1948) on Icelandic 
echinoderms suggest that a similar developmental tendency 
may exist in asteroids of  Arctic regions. Of  the 21 species 
surveyed, 47% had non-feeding, dispersive larvae and 14% 
had planktotrophic larvae. These observations stand in 
sharp contrast to the predominance ofplanktotrophic  devel- 
opment in temperate and tropical shallow-water asteroid 
faunas (Emlet et al. 1987). 

Deep-sea and shallow-water polar environments have 
many important  physical and biotic similarities (Lipps and 
Hickman 1982). It is not  surprising to find similar reproduc- 
tive adaptations in comparable deep-sea and polar sea stars. 
The trend toward non-feeding development in these faunas 
is probably related to low food levels for larvae, although 
larval growth in at least one Antarctic species, the sea star 
Odontaster validus, is not limited by food supply (Olson 
et al. 1987). The adaptive causes and consequences of  pelag- 
ic and non-pelagic lecithotrophic development are not un- 
derstood. Deep-sea and polar benthos are physically stable 
and the turnover of  populations in these communities are 
extremely slow (Grassle and Sanders 1973, Dayton  et al. 
1974, White 1984). Under such conditions, the advantages 
of  a dispersive larval stage may be minimized relative to 
reproductive adaptations that enhance competitive capabili- 
ties, as might be expected of  the more robust, early-stage 
juveniles typically produced by species with protected devel- 
opment. On the other hand, adaptations that enhance the 
dispersal of  offspring can be advantageous in stable habitats 
(Hamilton and May /977). The relative costs and advan- 
tages of  pelagic and non-pelagic development need further 
consideration, particularly in the context of  polar and deep- 
sea environments where planktotrophic types of  develop- 
ment tend to be suppressed and a diversity of  lecithotrophic 
developmental types co-exist. 
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