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INTRODUCTION

Only in aquatic and marine environments do we find
both males and females broadcasting gametes for
external fertilization (Strathmann 1990). One potential
problem ensuing from this mode of reproduction is the
dilution of gametes in the water column, which may
prevent or lower rates of successful fertilization (Denny
1989, Yund 2000). Many tactics may be adaptive for
this challenge in marine environments (Levitan &
Petersen 1995). For example, egg size increase may
improve fertilization rate; whereas both sperm speed
and duration of activity can enhance the probability of
encountering an egg (Levitan 1993, 2000). Since the
extent of spatial separation may determine the fertil-
ization rates of benthic organisms (Downing et al.
1993), aggregative behavior of adults is expected in
many mobile species during the reproductive season
(e.g. Pennington 1985, Shepherd 1986). The most obvi-
ous tactic for sessile organisms, however, may be the
synchronized release of gametes that occurs in many
species (e.g. Harrison et al. 1984).

Synchronization of spawning may involve physical
and biological cues from the environment (e.g. Him-
melman 1980, Starr et al. 1990, Hastie & Young 2003).

Endogenous mechanisms of biological clocks may also
be involved (e.g. Fong 1993). One problem these uni-
versal cues present in the environment is that other
species may exploit them, too. Thus, mechanisms to
avoid out-crossing may be necessary. Moreover, syn-
chronized release of gametes can effectively increase
the fertilization rate only if spawning individuals are
close by (Downing et al. 1993). If local densities of the
population are low and there is no aggregation of
organisms before spawning, simple synchronization
may not be enough to bring gametes together from dis-
tant individuals (Levitan 2004). Inductive mechanisms
involving detection of spawns of other individuals,
especially those of the opposite sex of the same spe-
cies, may evolve under such selective pressures (e.g.
Beach et al. 1975, Zeeck et al. 1988, Painter 1992,
Hardege et al. 1996). Gametes may be released only
when those of others are around.

Under the sperm limitation situation, we are more
likely to find eggs released first and sperm released
later. If sperm were released first, their concentration
could be too low to fertilize the eggs when they are
released. Under this circumstance, the most practical
mechanism to evolve would be for males to be induced
to spawn by females.
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An alternative possibility is when sperm competition
imposes stronger selection, forcing males to compete
with one another to reach unmated females. In this
case, the sperm has to compete for unfertilized eggs
(see Yund & McCartney 1994, Yund 1998). Late sperm
would encounter eggs that have been fertilized. Ear-
lier release of male than female gametes would be
expected in this situation; thus, the induction mecha-
nism would more likely be male releasate inducing
females to spawn.

Evidence can be obtained from at least 2 kinds of
approaches to distinguish whether sperm limitation or
sperm competition imposes stronger selection on the
life-history evolution of a species. The first is to
observe the timing of gamete release between males
and females of a species. The second is to determine
the direction of induction, if there is one. The advan-
tage of the first approach is that the timing difference
between males and females is likely to evolve before
induction direction. The advantage of the second
approach is that it can be tested in laboratories, result-
ing in less uncertainty and ambiguity than characteris-
tics observed in the field.

To investigate the above hypotheses, we studied
several species of marine invertebrates. It is obvious
that not all broadcasting species are suitable for this
purpose. For example, the candidate species must be
gonochoristic so that any difference in the timing of
gamete release can be easily observed and will not be
attributed to other constraints. A reasonably long
spawning season is required so that multiple observa-
tions are possible. Easy handling and culturing in the
laboratory are additional requirements for the test
organisms. After preliminary tests on small abalones
Haliotis diversicolor, giant oysters Crassostrea gigas,
clams Meretrix lusoria, and the sea urchin Tripneustis
gratilla, we found 2 brittle stars (Ophiocoma dentata
and Ophiocoma scolopendrina) with unambiguous
patterns.

MATERIALS AND METHODS

Two congeneric species of broadcast-spawning
brittle stars, Ophiocoma scolopendrina (Lamarck) and
O. dentata (Müller and Troshel), are abundant on the
reef flats of southern Taiwan. O. scolopendrina in-
habits crevices in the intertidal zone. It extends its
arms to the water surface at low tide. O. dentata is
more cryptic, but is common under rocks at 1 to 5 m
depth (Applegate 1984). Both species have intermedi-
ate disc sizes for brittle stars. They tend to stay quietly
in plastic cups. The genders of mature individuals can
be assessed by checking the slits between arms; males
have white spermaries, whereas females have red

ovaries. These species have a reproductive period from
April to July in southern Taiwan (Chang 1999).

Intraspecific induction. Male and female individuals
of both species were collected from May to July in 1997
and 1998 during the spawning period at the reef flats
of southern Taiwan (22° 00’ N, 120° 42’ E). Each indi-
vidual was kept in a 300 ml cup with 100 ml of sea-
water. Ovaries and testes were dissected from 5 indi-
viduals of each sex and homogenized separately after
tearing off the mesenteries and stirring in seawater.
The stock solution had a concentration of 1% (1 g wet
weight of gonad in 100 ml of seawater). Three treat-
ments were used: ovary homogenate, testis homog-
enate, and seawater as control. At least 10 individuals
of each sex of each species with fully developed
gonads were used in each of the 3 treatments above. A
positive response usually occurred within 5 s of the
addition of the test solution. Clouds of gametes were
ejected from the genital slits following strong pumping
action of the discs. If no immediate response was
observed, the specimens were kept in the individual
beakers and the murkiness of seawater was checked
regularly for signs of gamete release. In 1998, after this
primary test, individuals without response to the testis
treatment and those in the control group were treated
with ovary homogenate.

Interspecific induction. Mature male Ophiocoma
dentata were kept in individual containers with seawa-
ter. At least 10 individuals were used in each treat-
ment, with each receiving 1 ml ovary stock solution of
either O. dentata or O. scolopendrina. This experiment
was repeated with O. scolopendrina as the subject.

Induction by different body parts. Five female
Ophiocoma dentata were dissected into ovaries, arms,
and discs. Homogenates of each body compartment
(1 g wet wt 100 ml–1 seawater) were prepared. Ten O.
dentata were used in each treatment following the
same procedures as described previously. This experi-
ment was repeated using O. scolopendrina.

Repeated spawning of male Ophiocoma dentata. Sev-
enty male O. dentata, collected during the reproductive
season and kept separated in individual containers with
seawater, were treated with 1 ml ovary homogenate.
Those that spawned were kept in aquaria for 24 h before
repeating the assays. The process was repeated for the
third time after another 24 h. This test was only done
with O. dentata since it was more abundant.

Threshold dosage in Ophiocoma dentata. Forty com-
petent male O. dentata were selected by testing for
spawning with a 1 ml ovary homogenate the previous
day. Seven concentrations of ovary homogenates (from
10–4 to 10–10 g ml–1) were prepared by diluting the stock
solution with filtered seawater. Five individuals were
tested in each concentration with blank seawater as an
extra control. This test was only done with O. dentata.
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RESULTS

Intraspecific induction

In this investigation, 12 of the 33 male Ophiocoma
dentata (Table 1) and 10 of the 35 male O. scolopen-
drina (Table 2) were induced to spawn by the ovary
homogenate. None of the males spawned in the
seawater control (n = 30) or under the testis homo-
genate (n = 30). Of those treated with testis homo-
genate and the seawater control, 16 of the 40 males of
O. dentata and 12 of the 40 males of O. scolopendrina

that did not spawn were later induced to spawn by
ovary homogenate (Tables 1 & 2). This indicated that
the frequency of competent male brittle stars in each
treatment was not different (p > 0.05, chi-square tests)
and that ovary homogenate contained the effective
substance to induce male spawning. In both species,
responding males always spawned within 10 s after the
addition of ovary homogenate. The response was im-
mediate if the brittle stars were close to the surface.

Only 1 of the 30 female Ophiocoma dentata and
none of the 30 female O. scolopendrina spawned when
treated with testis homogenate. None of the females

spawned in the ovary homogenate
treatment or the seawater control.

Interspecific induction of spawning

A total of 6 of the 10 male Ophiocoma
dentata and 3 of the 10 male
O. scolopendrina spawned when trea-
ted with intraspecific ovary homog-
enate. None spawned when treated
with interspecific ovary homogenate
(Table 3). After the primary test, 5 of the
O. dentata and 4 of the O. scolopen-
drina that did not spawn in the primary
tests using interspecific homogenate
spawned after adding intraspecific
ovary homogenate (Table 3).

Induction by different body parts

A total of 5 of the 10 male Ophiocoma
scolopendrina and 2 of the 10 male O.
dentata spawned when treated with
ovary homogenate. None spawned
when treated with arm or disc
homogenates. The difference in O.
scolopendrina was statistically signifi-
cant (p < 0.01, chi-square test), but not
in O. dentate (p = 0.12, chi-square test).
After the primary test, 1 to 3 of the
individuals that did not respond to disc
or arm spawned after adding ovary
homogenates (Table 4).

Repeated spawning by male
Ophiocoma dentata

Of the 70 male Ophiocoma dentata,
44 (63%) spawned after the first expo-
sure to ovary homogenate in the labora-
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Test Response Treatment p (χ2-test)
time (released Seawater Testis Ovary

sperm) (control) homogenate homogenate

July 1997 No 10 15 13 00.17
Yes 0 0 2

May 1998 No 10 (1) 10 (6) 7 00.04
Yes 0 0 3

June 1998 No 10 (4) 10 (1) 5 <0.01
Yes 0 0 5

Table 2. Ophiocoma scolopendrina. Number of males responding to gonad 
homogenates; none of 90 individuals released eggs in similar tests with females
in the same period. Numbers in parentheses indicate individuals responding 

to ovary homogenate after the primary test

Test Response Treatment p (χ2-test )
time (released Seawater Testis Ovary

sperm) (control) homogenate homogenate

July 1997 No 10 11 9 00.02
Yes 0 0 4

May 1998 No 10 (5) 10 (7) 4 <0.01
Yes 0 0 6

June 1998 No 10 (1) 10 (3) 8 00.12
Yes 0 0 2

Table 1. Ophiocoma dentata. Number of males responding to gonad homo-
genates; only 1 individual released eggs in similar tests with females in the
same periods (total n = 90). Numbers in parentheses indicate individuals

responding to ovary homogenate after the primary test

Species Response Ovary homogenate of p (χ2-test)
(released O. scolopendrina O. dentata
sperm)

Male No 7 10 (4) 00.06
O. scolopendrina Yes 3 0
Male No 10 (5) 4 <0.01
O. dentata Yes 0 6

Table 3. Ophiocoma scolopendrina, O. dentata. Number of males responding
to ovary homogenate of different species. Numbers in parentheses indicate
individuals responding to ovary homogenate of its own species after the 

primary test
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tory. Of these, 40 (91%) spawned when exposed a
second time to ovary homogenate, 24 h later, and 16
(40%) spawned when exposed to the ovary homo-
genate a third time, 48 h after the first exposure.

Threshold dosage in Ophiocoma dentata

Induction of spawning was dosage-related. All indi-
viduals spawned at concentrations of ovary homo-
genates ≥10–5 g ml–1. No males responded at concen-
tration <10–8 g ml–1 (Fig. 1). By intrapolation, a dosage
of ca. 7.8 × 10–7 g ml–1 can induce 50% males to spawn.

DISCUSSION

Some unidentified substances in ovaries of the 2
brittle stars Ophiocoma dentata and O. scolopendrina
were shown to be able to induce males of their own
species to spawn in this investigation. Presumably, the
substances were released in water along with eggs

when spawning, and they act as
pheromones to ‘notify’ males of arriving
eggs. The unidirectional induction, i.e.
ovary homogenate inducing males to
spawn, but not the other way around, of
the 2 brittle stars was the most notice-
able result of this study. In organisms
with relatively simple behavioral pat-
terns, exact timing of spawning may be
based on relatively little information
from conspecifics. The sex to release
gametes first may be cued by environ-
mental factors, not information from the

other sex. In the 2 species of brittle stars, we observed
that males and females were close together during the
spawning season. O. scolopendrina often had high
local densities, but O. dentatum aggregates in patches
of 2 to 3 individuals. During the relatively long periods
of association between individuals, there may have
been many opportunities to investigate the reproduc-
tive status of their neighbors. Cryptic behavior, espe-
cially that of O. dentatum, hindered detailed observa-
tion of their spawning behavior in nature. The lack of
chemical cues to females in the spawns of males, as
indicated in this study, did not exclude the possibility
of other signals, such as contact. In polychaetes, which
have complicated pre-spawning behavior patterns,
both males and females were found to cue the other
sex at different stages of the courtship during their
brief encounter in the water column (see Watson et al.
2003). Either sex could be fine-tuned by the presence
of mature individuals of the other gender in the final
spawning of gametes.

Besides the sperm-limitation hypothesis, there are
other hypotheses to explain how only males evolved
the ability to sense the other sex or only females to pro-
duce pheromones. Anisogamy, i.e. differentiation of
gamete sizes, may be driven by selection for motility of
small gametes and selection for pheromone production
of large gametes (see Dusenbery 2000). Thus, females
may be expected to produce pheromones rather than
males. The chemotaxis of sperm in response to egg
products works at a much smaller spatial scale to bring
eggs and sperm together (e.g. Miller 1985, Yoshida et
al. 2002) than synchronization of spawning. The former
is a response at the cellular level, whereas the latter
involves the whole organism. These 2 mechanisms
have the same function of increasing fertilization rate.
Since both testes and ovaries are about the same size
in these brittle stars (authors’ pers. obs.), we suggest
that the size-constraint hypothesis of which gender
produces pheromones does not apply here.

The discovery of species specificity of spawning
induction in brittle stars (Table 3) raises the possibility
that prevention of out-crossing may be the principal
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Species Response Homogenate of p (χ2-test)
(released Ovary Disk Arm
sperm)

O. scolopendrina No 5 10 (1) 10 (1) <0.01
Yes 5 0 0

O. dentata N 8 10 (1) 10 (3) 00.12
Yes 2 0 0

Table 4. Ophiocoma scolopendrina, O. dentata. Number of males responding 
to homogenates of different body parts of conspecific females, in June 1998.
Numbers in parentheses indicate individuals responding to ovary homogenate

after the primary test
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selective force behind the evolution of the induction
mechanisms. We suggest, however, that the evolution
of induction appears to come before the evolution of
specificity. Although these 2 species of brittle stars are
sympatric, their habitats are different. As the intertidal
Ophiocoma scolopendrina may have little opportunity
to encounter a subtidal and cryptic O. dentatum, any
selective pressure against outbreeding may be low. In
other words, the induction mechanisms here require
an explanation other than species recognition.

The order of gamete release between males and
females, selected either for sperm limitation or sperm
competition, may set the stage for the evolution of
induction. The evolution of the inductive mechanism
should be obvious once females are selected to spawn
ahead of males. Any males able to detect the presence
of eggs in the surrounding water will enjoy higher fer-
tilization rates than males who spawn without such
cues. The reason females spawn ahead of males is
because the selective pressure from sperm dilution is
much harsher than that from sperm competition.

In other marine invertebrates, the direction of
spawning induction is not as straightforward as in our
brittle stars. For example, in the starfish Asterias
rubens induction is bidirectional, gametes of either sex
can induce spawning in the other sex (Gemmill 1914).
In polychaetes, the subjects of most studies concerning
marine spawning and pheromones, the pheromones
may be released by males and/or females, depending
on species (Bartels-Hardege et al. 1996, Muller et al.
1999, Ram et al. 1999, Rohl et al. 1999). In the oyster
Crassostrea virginica, an intrinsic membrane protein in
sperm-triggered spawning is found in both sexes (Rice
et al. 2002). Conspecific eggs of this oyster, along with
a wide range of chemicals and eggs of other species,
can induce males to spawn (Galtsoff 1940).

The roles of pheromones are apparently related to
other behavioral characteristics (Watson et al. 2003).
Pairing of a male and a female, for example, may
reduce the chance of male–male competition after the
association is formed, and one is more likely to find
females releasing gametes first. On the other hand,
aggregation of large numbers of individuals during
spawning (see Hagman & Vize 2003) may increase the
pressure of male–male competition, and at the same
time alleviate the risk of sperm dilution for females.
Males are expected to spawn earlier than females
under this circumstance. In comparison, an interesting
aspect of our study lies in the absence of sex phero-
mones in the semen of male brittle stars. We suspect
this may be due to the small size of the aggregation of
brittle stars during spawning. Two-way induction is
beneficial when reproductive aggregations are large.

The minimum concentration of the pheromone re-
quired for 100% induction of brittle stars of our study

was about 10–5 g of ovary ml–1 of seawater in the labo-
ratory (Fig. 1). Since it only took a few seconds for
males to respond, an average mature female (gonad
weight ≈ 0.3 g in Ophiocoma dentatum) could induce a
male response even after dilution in 30 l of seawater. A
female should have little problem inducing neighbor-
ing males, since they usually hide in the same crevices,
with limited water exchange.

For species inhabiting a more open space, e.g. reef
corals, dilution of sperm, as well as possible phero-
mones, may be a more severe problem. Large colony or
aggregation sizes may be a solution for these immobile
benthic organisms (Soong 1993), which may also evolve
inductive spawning mechanisms (see Twan et al. 2003).
It remains to be tested whether individuals in large
aggregations enjoy a disproportionately high fitness.

One phenomenon observed in our experiments was
the relatively low frequencies of males responding to
ovary homogenate. One possible explanation is that
some individuals may have spawned before being cap-
tured for the experiment. Although some tested males
were able to spawn for 3 consecutive evenings in the
laboratory, the frequencies did become progressively
lower. It is also possible that some pre-spawning prim-
ing, e.g. a certain period of association with a female, is
necessary before males become inducible. Since any
pheromone released with eggs is likely to exist and be
detectable regardless of whether these eggs have been
fertilized or not, a male may be selected to set a
requirement before being inducible. On the female
side, it remains to be investigated how they make sure
that their neighboring males are in a responsive status.
It would be a great loss for a female to spawn in the
presence of only non-inducible males.

If sperm limitation is indeed the mechanism for the
directional induction of spawning in the brittle stars of
this study, instead of dividing sperm among consecu-
tive opportunities (see ‘Results’), why do males not
release all their sperm upon induction? There are 2
explanations. First, it may be a bet-hedging strategy.
The chemical cue does not tell the males about the
amount of eggs available, since the pheromone con-
centration is determined by both ovary size and dis-
tance from the males. More importantly, as discussed
previously, the arriving eggs may have been fertilized.
Second, the inductive mechanism may be sufficient to
fertilize eggs effectively, making release of all sperm
unnecessary.

Spawning of echinoderms in nature has been the
focus of many investigations, although the timing dif-
ference between males and females was not necessar-
ily reported (Ormond et al. 1973, Pennington 1985,
Giese & Kanatani 1987, Minchin 1987, Pearse et al.
1988, Hamel & Mercier 1995). Both sexes have been
observed to release gametes first, although more spe-
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cies were reported to show male-first spawning in the
phylum (echinoids: Fox 1924, ophiuroids: Thorson
1950, holothurians: McEuen 1988, Hendler 1991,
crinoids: Holland 1991, asteroids: Hamel & Mercier
1995). Does the prevalence of male-first cases indicate
the relative importance of sexual selection in echi-
noderms? We suggest that observation bias may also
have played a role here. According to the sperm-
limitation hypothesis, spawning time difference should
be small, i.e. males should follow females closely.
Thus, difference in spawning time between sexes may
be more difficult to distinguish when sperm limitation
is at work. According to the sperm-competition
hypothesis, on the other hand, the competition to
spawn earlier than other males may inadvertently
result in a wider gap in spawning time between the
sexes. Thus, male-first release may be easier to
observe. Behavioral differences between the sexes
during spawning (see Hagman & Vize 2003) may be an
additional factor that renders one of the sexes more
conspicuous than the other.
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