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free-spawned sperm fertilize retained eggs?

J. D. D. Bishop
Marine Biological Association of the UK, Citadel Hill, Plymouth, Devon PL1 2PB, UK (jbis@mba.ac.uk)

In broadcast-spawning marine animals, rapid dilution and short lifespan of sperm following release may
impose severely localized patterns of mating. Partial or total failure of external fertilization due to sperm
limitation appears commonplace. However, it is not clear to what extent the restrictive kinetics of fertiliza-
tion in water also constrain mating in animals that release sperm but retain their eggs for fertilization.

The compound ascidian Diplosoma listerianum liberates sperm that are dispersed to other colonies and
taken in prior to internal cross-fertilization. The fertile lifespan of sperm was found to be long (half-life
ca. 8 hours), and a substantial number of fertilizations occurred with 24-hour-old sperm. Fertilizations
were obtained from sperm concentrations that would typically produce little or no external fertilization.
In a separate experiment, a very small piece of D. listerianum (dry weight less than 2mg) sired abundant
progeny throughout a 3840 l tank. Paternity of progeny in these experiments was con¢rmed by molecular
markers. The same markers were used to extend, to over seven weeks, the known maximum period of
storage of exogenous sperm prior to fertilization in this species.

The production of only a few thousand sperm at a time by each zooid, poor synchronization of release
between zooids, and the existence of many well-spaced exhalant openings in large colonies suggest that D.
listerianum is incapable of generating a dense plume of sperm, even close to the source. It is suggested that,
unlike external fertilization, successful internal cross-fertilization in D. listerianum is not dependent upon
the interception of a dense cloud of gametes just released by a near neighbour. It seems instead that
dilute, long-lived sperm can be extracted e¤ciently from seawater by this suspension feeder, potentially
over a period of time. This capability, and other features of the life history, make it unlikely that sperm
limitation is an acute problem in this species and comparable taxa, a conclusion with potential signi¢cance
for expected patterns of mating, sex allocation and gamete attributes in sessile aquatic invertebrates.
Variance in reproductive success between individuals due to di¡erences in fertilization rate may be much
lower than in broadcast spawners exhibiting external fertilization.
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1. INTRODUCTION

Restricted longevity of sperm after release, and rapid dilu-
tion in turbulent £ow, may severely limit mating distances
in marine invertebrates that release their gametes,
promoting behaviour such as aggregated or synchronized
spawning (Pennington 1985; Denny 1988; Denny &
Shibata 1989; Yund 1990; Havenhand 1991; Levitan 1991,
1995; Brazeau & Lasker 1992; Levitan et al. 1992; Petersen
et al. 1992; Andrë & Lindegarth 1995; Levitan & Young
1995; Lasker et al. 1996; Coma & Lasker 1997). Unless
water £ows are unusually weak, sperm dilution imposes
more severe constraints on fertilization success than
sperm longevity (Pennington 1985; Denny & Shibata
1989; Levitan et al. 1991; Benzie & Dixon 1994; Andrë &
Lindegarth 1995; Levitan & Young 1995). Rates of fertili-
zation commonly vary between 0 and 100% within single
species that release both sets of gametes for external ferti-
lization (Levitan 1995; Levitan & Petersen 1995).
Fertilization success depends on the proximity of potential

mates and on whether dispersing clouds of eggs and sperm
happen to intersect during a critical interval, possibly
lasting only a matter of seconds (Denny & Shibata 1989),
immediately following spawning. Sperm limitation may
have important consequences for patterns of reproductive
behaviour and investment, sexual dimorphism, gamete
attributes, and development (Levitan 1993, 1996a,b;
Craig et al. 1997).
Although external fertilization of spawned eggs is

common in the sea, it is by no means universal. A wide
variety of sessile marine animals retain their eggs and
release only sperm into the surrounding water. Sperm are
then taken up for fertilization, and embryos are often
brooded. Amongst sessile modular invertebrates, retention
of eggs is seen in many sponges and cnidarians, and in
almost all bryozoans and colonial ascidians. This repro-
ductive pattern is also found in certain unitary sessile
forms, including some bivalve molluscs and tubicolous
polychaetes. Spa« rck (1927) proposed that fertilization
would present particular problems for species that release
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sperm but restrict access to their eggs by retaining them
for fertilization. However, recently it has been suggested
that the brooding of eggs might facilitate cross-fertilization
when combined with active accumulation, and in some
cases storage, of sperm from dilute suspensions (Denny &
Shibata 1989; Bishop & Ryland 1991; Ryland & Bishop
1993; Miller 1994; Levitan & Petersen 1995; Yund 1995;
Temkin 1996; McCartney 1997). In either case, movement
of sperm prior to fertilization may contribute signi¢cantly
to the limited gene £ow experienced by sessile species that
brood embryos and release short-lived larvae (Grosberg
1991; Yund 1990, 1995).
The didemnid ascidian Diplosoma listerianum (Milne

Edwards) grows by asexual budding into a colony of
small (ca. 1.5mm) zooids. Sperm released by the individual
zooids leave the colony in the exhalant current and rapidly
disperse into the surrounding water (Bishop & Ryland
1991). Entering another colony, sperm move up the fertili-
zation canal (oviduct) of a zooid into the lumen of the
ovary (Burighel et al. 1986; Burighel & Martinucci 1994a;
Bishop & Sommerfeldt 1996), where they may be stored
(Bishop & Ryland 1991; Burighel & Martinucci 1994a;
Bishop & Sommerfeldt 1996). True internal fertilization
occurs around the time of ovulation of the fully-grown
oocyte directly into the colonial tunic (Burighel & Marti-
nucci 1994b), where brooding occurs. D. listerianum zooids
are hermaphroditic, but sel¢ng is prevented by the
blocking and phagocytic destruction of self sperm in the
oviduct (Bishop 1996; Bishop et al. 1996). Developing
oocytes and brooded embryos can be observed directly in
live specimens cultured on glass.

This study aims to elucidate further the process of
mating in D. listerianum, by investigating the longevity of
sperm after release and the ability of the species to obtain
outcrossed fertilizations from dilute sperm suspensions.
Molecular paternity markers were used to con¢rm
outcrossing in these investigations, and to estimate the
maximum duration of storage of exogenous sperm.

2. MATERIALS AND METHODS

Laboratory clones of D. listerianum each originated from a
single larva released by a di¡erent colony from Queen's Dock,
Swansea, Wales, as described by Bishop et al. (1996) for these
and other clones. The clones were cultured in reproductive isola-
tion, and divided into independent pieces (ramets) for
experimental purposes, as described by Ryland & Bishop
(1990). Crosses were achieved by placing ramets of two compa-
tible clones in the same tank for a period, or by exposing ramets
to water containing compatible released sperm.

(a) Experiment 1A: sperm longevity
To assess sperm longevity, fertilization was assayed by the

number of late-stage embryos produced following exposure to
sperm of di¡ering ages. Clone A was used in the female role to
receive sperm from clone B.

Twenty-two virgin ramets of clone A with 55�3 zooids were
each allowed to attach to a di¡erent glass microscope slide. Clone
A does not routinely self in reproductive isolation, although small
numbers of irregular early embryos are occasionally produced
and aborted from the tunic (cf. Bishop & Ryland1991). Numerous
ramets of clone B were maintained at 16.5 8C in seven small,
stirred tanks (ca. 830ml volume). The water in these tanks was

changed for aged, UV-sterilized natural seawater and left for 1h.
It was then collected into a single large polyethylene beaker and
stirred gently on a magnetic stirrer, with suitable insulation to
avoid heating of the water by the stirrer. Two 50ml samples of
this water were removed at predetermined intervals and each
placed in a small plastic dish with a ramet of clone A for 1h,
without stirring. Each ramet of cloneAwas then given two 5-min
rinses in 50ml of UV-sterile seawater, in new containers, and
transferred to stirred holding tanks in standard culture conditions.
The times of sampling, starting at the completion of collection of
water from the clone B tanks, were 0min, 16min, 35 min, 1h, 2 h,
4 h, 8 h,15 h, 24 h, 36 h, and 48 h. Ramets of cloneAwere allocated
to times at random. Once all ramets had been exposed they were
randomly reallocated to ¢ve standard culture tanks, each tank
therefore containing four or ¢ve ramets, and maintained until
scoring took place.The number of tailed (i.e. late-stage) embryos
brooded within the tunic was noted 24 d and again 35 d after
exposure. Larvae remain in the tunic for ca. 6 d after the appear-
ance of a segmented tail (Ryland & Bishop 1990), so the two
counts of tailed larvae were completely non-overlapping, and
were summed.

(b) Experiment 1B: sperm longevity
Experiment 1A was repeated using di¡erent virgin ramets of

the same clones. The experimental protocol was identical to that
of experiment 1A, but an additional exposure of cloneA ramets to
water from clone B tanks was made 72 h after the collection of
water. In addition, an attempt was made to count the sperm in
suspension. At each sampling time, two 35ml samples of water
from the beaker were collected in a disposable syringe and
¢ltered through a 25mm diameter, 0.45 mm pore-size cellulose
nitrate membrane ¢lter (Whatman, Maidstone, UK). Two extra
water samples were taken and ¢ltered at the end of this part of
the experiment (72 h) after the water remaining in the beaker
had been stirred vigorously. Filters were frozen immediately for
subsequent counting of sperm (see below).

Once all 24 ramets of clone A had been exposed, they were
allocated at random to eight culture tanks, three ramets to a
tank. The number of tailed embryos brooded within the tunic
was noted 24 d, and again 32 d, after exposure.

(i) Sperm counting
Each ¢lter was placed on a glass microscope slide, treated with

one drop of 0.1mgml71 Hoechst 33342 stain (bis-benzimide
trihydrochloride; Sigma, Gillingham, Dorset, UK) in distilled
water, and covered with a coverslip. The preparation was sealed
around the edges with nail varnish and illuminated with incident
350^460 nm wavelength UV light from a Leitz Ploemopak illu-
minator (¢lter block G) on a Leitz Dialux 20 EB microscope in a
darkened room. The distinctive needle-shaped sperm heads (ca.
1�14 mm; described byTuzet et al. 1972; Burighel et al. 1985) £uor-
esced bright green, and the narrower tails were also discernible.
Sperm were counted at �400 magni¢cation in four complete
transects passing close to the centre of each ¢lter, two vertical
and two horizontal, the width of the transect (0.273mm) being
delimited by an eyepiece graticule.

(c) Experiment 2: sperm uptake in a large tank
A 3.66�1.22m tank was ¢lled with natural seawater to a

depth of 0.86m (volume of water�3.84�103 l), with no
through-£ow but with gentle aeration in the middle of the tank
at two points. The tank was housed in a building without
temperature control.The water was left for 4 d to allow naturally
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occurring D. listerianum sperm to die. Several litres of two
di¡erent microalgal cultures were added to provide food.
Twenty microscope slides, each bearing a virgin ramet of clone
F with 60�5 zooids were allocated at random to four arrays of
¢ve slides suspended vertically in mid-water at horizontal
distances of 0mm, 228mm, 913mm, and 3.65m from one end
of the tank. A single ramet of clone E, also on a glass microscope
slide, was included in the 0 mm array as the third slide in from
one end. This clone E ramet had 101 zooids, of which 58 had
discernible testes, the remaining zooids being immature. The
ramets were left for 3 d, during which time the water temperature
rose from 18.5 to 19.5 8C. The clone F ramets were then removed
and allocated in random pairs to ten standard (830ml), stirred
culture tanks, subjected to two rapid water changes, and main-
tained at 16.5 8C. The number of tailed embryos brooded by
each clone F ramet was recorded 15, 22 and 29 d after removal
from the large tank, and the separate counts were summed.

For comparison, similar manipulations were carried out in a
much smaller volume of water in the standard, stirred, culture
tanks. Ten new virgin ramets of clone F, each with 60�5 zooids,
were placed in each of two tanks containing a ramet of clone E
with 29 mature zooids (i.e. possessing productive testes) and
768ml of seawater. After 3 d at a temperature of 16.5 8C, ten
clone F ramets, ¢ve from each original tank, were allocated in
random pairs to ¢ve new culture tanks. They were subjected to
two rapid water changes, and maintained at 16.5 8C. The
number of tailed embryos was counted at the same intervals
after separation from the sperm source as in the large tank trial.
(The remaining ten clone F ramets were discarded because of
restricted culture space.) Note that the ratio of clone E testes to
clone F zooids during the 3 d mating period was the same as in
the large tank, but the total volume of water was 2500 times
smaller.

(d) Experiment 3: observations on sperm production
Glass Pasteur pipettes were coated with Sigmacote, followed

by a dilute solution of 10 k molecular weight polyethylene glycol
(both Sigma). Occasional, discrete emissions of sperm from indi-
vidual zooids (cf. Bishop & Ryland 1991) were drawn into a
pipette as they left the colony via the exhalant opening, and
each was dispersed into 10 ml of ¢ltered seawater in a disposable
syringe. Sperm were ¢ltered onto a 13mm diameter, black
gridded, 0.45 mm pore-size mixed cellulose ester ¢lter (Millipore,
Watford, UK), stained with one drop of 100 mgml71 DAPI (4',6-
diamidino-2-phenylindole; Sigma), sealed under a coverslip and
counted under the £uorescent microscope as described for
experiment 1B above.

(e) Experiment 4: maximum duration of sperm
storage

To investigate the maximum duration of sperm storage, ramets
of clones B and C were placed in the same tank and allowed to
cross for 7 d, and progeny released by the clone C ramets were
collected daily after the termination of crossing (i.e. after return
to separate tanks). The last ¢ve progeny to be produced were
subjected to genetic analysis using RAPD markers to con¢rm
clone B paternity; these ¢ve were released within a week of each
other.

(f) Paternity analysis to con¢rm outcrossing
For paternity analysis, progeny were taken as larvae or as

newly-metamorphosed (two-zooid) colonies and frozen in 8 ml
of 0.1M EDTA, pH 7.9. DNA was extracted, and paternity

inferred by genetic analysis using RAPD (random ampli¢ed
polymorphic DNA) markers as reported by Bishop et al. (1996).

Progeny were not collected from experiments 1A and 1B for the
genetic con¢rmation of outcrossing from aged sperm. Subse-
quently, once molecular paternity markers had been developed,
ramets of a di¡erent clone, clone C, were exposed to water 24 h
after collection from clone B tanks. Numerous progeny of clone
C were produced, and 34 of these were collected and analysed
for the presence of a 705 bp fragment in ampli¢cation products
from decamer primer OPF-10 (Operon Technologies, Inc.,
Alameda, CA, USA). This marker band was not possessed by
clone C, but was transmitted to 100% of clone B progeny in
controlled trial matings, i.e. behaved in this context as a homo-
zygous marker for clone B paternity. For experiment 4, ¢ve
progeny were analysed using the same marker (OPF-10, 705 bp).

For experiment 2, 18 progeny from two ramets of clone F held
for 3 d at a distance of 3.65m from the source of sperm were
analysed. The marker used was a 500 bp fragment from primer
OPR-13, homozygous in clone E but absent in clone F.

3. RESULTS

(a) Experiment 1: sperm longevity
Production of tailed embryos declined following expo-

sure to sperm of increasing age (¢gure 1). Approximately
2.8 times more progeny in total were produced in experi-
ment 1A than in experiment 1B. Nevertheless, the decline
in production followed a similar course in the two experi-
ments, and was approximately linear when plotted against
a logarithmic time-scale (cf. Havenhand 1991). Linear,
least-squares regressions against log-transformed sperm
age for experiments 1A and 1B had r2 values of 0.67 and
0.78, and estimated sperm half-lives (times at which 50%
of the initial number of embryos would be produced) of
8.2 and 7.4 hours, respectively. Several fertilizations took
place with 24-hour-old sperm, and one fertilization, in
experiment 1B, with 48-hour-old sperm.

Sperm counts from ¢ltered samples of water in experi-
ment 1B are shown in ¢gure 2. Despite considerable noise
in the data, a general progressive decline in numbers of
sperm in suspension is evident. The initial sperm count
was equivalent to a sperm concentration at the start of
ageing of 9.3 (�1.8 s.e.) spermml71. Vigorous stirring of
the beaker at the end of the experiment resuspended
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Figure 1. Production of embryos by Diplosoma listerianum
exposed to sperm of various ages (minimum time since release;
note logarithmic time-scale). Squares, experiment 1A (105
progeny in total); crosses, experiment 1B (38 progeny).



debris that was then retained on the ¢lter, and the sperm
count was restored to a relatively high value equivalent to
6.6 (�2.1 s.e.) spermml71, although all sperm in these last
samples were considered to be dead, showing signs of
damage or deterioration, and in many cases having
adherent bacteria.
RAPD analysis (cf. Bishop et al. 1996) revealed the

705 bp marker band in ampli¢ed DNA of all 34 progeny
resulting from the exposure of clone C ramets to 24-hour-
old clone B sperm, con¢rming the occurrence of
outcrossed fertilization from aged sperm.

(b) Experiment 2: sperm uptake in a large tank
Numerous fertilizations occurred at all distances from

the sperm source in the 3840 l tank (¢gure 3), with no
signi¢cant overall e¡ect of distance (Kruskal^Wallis test,
p�0.271 after correction for ties). Surprisingly, the mean
number of embryos per ramet increased monotonically
with distance from the sperm source, and this trend was
almost signi¢cant (Kendall's test for ranked categories,
p�0.086 in two-tailed test). Three of the six most produc-
tive ramets were at the far end of the tank.
The RAPD marker band for clone E paternity was

present in all 18 progeny analysed from clone F ramets at
the far end of the large tank.

The clone F ramets in the small tank trials produced
almost exactly twice as many larvae as did those in the
large tank (mean number of embryos per ramet: large
tank, 25.2�3.1 s.e.; small tank, 51.8�3.3 s.e.; t-test for
di¡erence between means, p50.0005).

(c) Experiment 3: sperm production
Estimated numbers of sperm in discrete emissions from

single zooids ranged from 834 to 3415 (mean 2124�262
s.e., n�10). DAPI was found to be somewhat preferable as
a stain to Hoechst 33342, since fading due to photo-
bleaching was less pronounced.

(d) Experiment 4: maximum duration of sperm
storage

Progeny were released by the clone C ramets from the
25th to the 68th day after separation from clone B
following a seven day mating period. The 705 bp RAPD
marker band was present in each of the last ¢ve progeny

produced, con¢rming outcrossing from stored clone B
sperm. Fertilization in D. listerianum occurs around the
time of ovulation (Burighel & Martinucci 1994b). Given
a period of embryonic incubation, between ovulation and
larval release, of 13 days at the culture temperature
(Ryland & Bishop 1990), the last larva resulted from a
period of sperm storage prior to fertilization of ca. 55 days.

4. DISCUSSION

Brief fertile lifespans of several seconds to a few hours
have been reported for diluted sperm of various marine
animal taxa (Lillie 1915; Vogel et al. 1982; Pennington
1985; Grosberg 1987; Yund 1990; Petersen et al. 1992;
Levitan 1993; Suquet et al. 1994; Trippel & Morgan 1994;
Andrë & Lindegarth 1995; Lasker et al. 1996). The lifespan
ofDiplosoma listerianum sperm reported here is considerably
longer (half-life ca. 8 hours), and a substantial number of
fertilizations still occurred with 24-hour-old sperm, while
one larva was produced after 48 hours. Spermatozoa
contain ¢nite energy stores, and a trade-o¡ may exist
between longevity and level of activity, as suggested by
Levitan (1993) for three species of echinoid. It is possible
that energy resources ofD. listerianum sperm are conserved
by quiescence or intermittent swimming during its rela-
tively protracted fertile lifespan. Sperm of broadcast-
spawning solitary ascidians may remain quiescent upon
dilution in pure seawater, being activated by substances
emanating from eggs (Minganti 1951; Miller 1982;
Yoshida et al. 1993; Morisawa 1994). Bolton & Havenhand
(1996) report that sperm longevity is considerably reduced
in activated sperm. In the absence of egg substances,
extended periods of survival of a substantial proportion of
sperm, comparable to that reported here for D. listerianum,
have been documented in two solitary ascidian species
(Harumi et al. 1990; Havenhand 1991). This longevity is
in contrast to the brief (less than 5 minute) fertile lifespan
of sperm reported in the compound ascidian Botryllus
schlosseri (Grosberg 1987). Intermittent swimming of
released sperm of internally fertilizing pelagic tunicates
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Figure 2. Number of Diplosoma listerianum sperm in suspension
in stock beaker as function of sperm age (minimum time since
release) during experiment 1B (mean counts�1 s.e.).
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(salps) has been reported, and postulated to increase
sperm longevity; after uptake, sperm swim continuously
in aggregations around the female gonopore (Miller
1994, 1996). Similarly, spermatozeugmata of the bryozoan
Membranipora membranacea become quiescent after an initial
swimming phase following release, but are re-activated
when drawn into a lophophore (Temkin 1991).

The decline in sperm counts from water ¢ltered during
experiment 1B (¢gure 2) could have resulted exclusively
from the natural death and sinking of sperm: a substantial
number of sperm, all of which were considered to be dead,
were resuspended by vigorous stirring after 72 hours.
However, the decline could also have re£ected the
removal of live sperm from suspension by adhesion to the
walls and bottom of the vessel or by entanglement in debris
near the bottom. If attachment to solid surfaces did
remove some live sperm from the water, the decline in
fertilizations recorded would have been partly artefactual,
and sperm longevity will have been underestimated.There
is considerable unexplained variation in the counts of
sperm during the period of ageing in experiment 1B. This
variation has been less apparent in subsequent use of the
method, particularly when mean counts are higher. A
similar ¢ltration technique for enumerating dilute sperm
has been used by Coma & Lasker (1997).

In experiment 2 (¢gure 3), fertilizations did not
decrease with increasing distance from the single small
source of sperm in the 3840 l tank. Emissions of sperm by
individual zooids of D. listerianum disperse almost instantly
into individual gametes as they leave the colony, and
release of sperm is at best poorly synchronized between
zooids (Bishop & Ryland 1991; J. D. D. Bishop, present
observations). In all but the smallest colonies, sperm will
exit through several or many well-spaced exhalant open-
ings rather than from a single point. Coupled with the
production of only a few thousand sperm at a time by
each zooid (experiment 3), these observations suggest that
colonies of D. listerianum are incapable of generating a
dense cloud of sperm, even close to the source. It is thus
apparent from the results of experiments 2 and 3 that ferti-
lization is not dependent upon the interception of a
concentrated plume by near neighbours of the source
colony. Abundant fertilizations can result from the uptake
of sperm after it has undergone considerable transport and
dilution. As has been suggested before (Denny & Shibata
1989; Ryland & Bishop 1993; Miller 1994; Temkin 1996),
the particle capture systems of suspension-feeding sessile
invertebrates may e¤ciently gather sperm, as well as
food. The route of entry of sperm to the site of fertilization
in larviparous ascidians appears problematical (Bishop &
Ryland 1993; Ryland & Bishop 1993) and remains to be
elucidated. However, Miller (1994, 1996) reports passage
of sperm through the mucous-feeding mesh in pelagic
tunicates, allowing access to the atrial cavity where the
female gonopore is situated. It seems highly probable that
fertilizing sperm also enter D. listerianum colonies with the
inhalant current, and may thus be actively gathered.

An inferred 2500-fold decrease in sperm dilution in the
small tank trial compared with the large tank trial
resulted in only a two-fold increase in the number of
progeny produced. These ratios suggest that the curve of
embryo production versus sperm concentration was level-
ling o¡ such that clone F ramets in the small tanks were at,

or very close to, their maximum reproductive potential,
while reproductive output in the large tank was about
50% down because of mild sperm limitation.

Previous investigations of storage of exogenous sperm by
D. listerianum have documented intervals between sperm
uptake and fertilization of up to one month (Bishop &
Ryland 1991; Bishop & Sommerfeldt 1996; Bishop 1996),
or have not included a time-scale (Burighel & Martinucci
1994a). The results of experiment 4 considerably extend
the known maximum period of storage, with the last few
embryos to be produced representing storage intervals of
over seven weeks.

Models of fertilization success as a function of gamete
dilution by turbulent di¡usion (Denny 1988; Denny &
Shibata 1989; Denny et al. 1992; Babcock et al. 1994;
Levitan & Young1995), incorporating equations for fertili-
zation kinetics involving rates of gamete encounter
(Rothschild & Swann 1951; Vogel et al. 1982; Levitan et al.
1991; Levitan 1993), have generated a considerable under-
standing of the problems of external fertilization in
broadcast-spawning species. It is becoming apparent that
conclusions from these models must be heavily modi¢ed
when applied to brooding, suspension-feeding species.
Mechanisms of internal fertilization, bringing male and
female gametes into prolonged proximity, may substan-
tially reduce the number of sperm per egg necessary to
ensure a high level of fertilization. The potential to collect
sperm over a period of time may render exact synchroni-
zation of gamete maturation/spawning relatively
unimportant. A pumped inhalant current may draw
sperm in from a large surrounding volume, having an
e¡ect super¢cially analogous to a chemical sperm attrac-
tant, but potentially functioning over a much larger area.
In experiment 1, one hour exposures to sperm concentra-
tions with an initial value of approximately 10 spermml71

produced an appreciable number of fertilizations in D.
listerianum. Fertilization was negligible at similar concen-
trations in several studies of external fertilization, many
of which involved longer exposure periods in (i) sea
urchins (Lillie 1915; Rothschild & Swann 1951; Vogel et al.
1982; Pennington 1985; Levitan et al. 1991; Levitan 1993;
Levitan & Young 1995; Mead & Denny 1995); and (ii)
other invertebrates (Brown & Knouse 1973; Oliver &
Babcock 1992; Andrë & Lindegarth 1995; Coma &
Lasker 1997). However, Benzie & Dixon (1994) reported
fertilization success close to 100% at 50 spermml71 in the
star¢sh Acanthaster planci, given fresh sperm early in the
breeding season and a high sperm/egg ratio; the kinetics
of external fertilization in the star¢sh evidently di¡ered
substantially from those documented in sea urchins.

In broadcast-spawning species, large body size, with the
concomitant production of very large quantities of sperm,
may reduce the e¡ects of dilution and enable fertilization
at relatively great distances from the source male (Babcock
& Mundy 1992; Babcock et al. 1994). A small ramet of
D. listerianum like that used in experiment 2 has a dry
weight of under 2mg, and the number of sperm produced
must be relatively small.The ability of the ascidian to mate
at considerable distances suggests that the importance of
direct dilution e¡ects may be reduced in active suspension
feeders with fertilization of retained eggs. Nevertheless,
body size (in the context of D. listerianum, the number of
mature zooids), and thus sperm output, could be
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important in relation to competition for fertilizations with
other sperm sources (Yund & McCartney 1994; Yund
1995; McCartney 1997). In addition to the direct e¡ects
of progressive dilution of sperm with distance, fair ra¥e-
type competition from more locally derived, and thus
more abundant, sperm may reduce further the rate of
fertilization by distant mates (Yund & McCartney 1994;
Yund 1995). However, as argued by Yund (1995), this
pattern of attenuation could be partially o¡set in popula-
tions with natural genetic structure (rather than in
experimentally transplanted arrays of specimens lacking
kin structure) by di¡erentially increased success of
remote mates unrelated to the focal individual (Grosberg
1987, 1991; Rigney et al. 1993).

The emerging picture ofD. listerianum is, therefore, of an
organism releasing rapidly dispersing wisps of long-lived,
and possibly quiescent, sperm. Accumulations of sperm in
the female reproductive tract in both wild (Burighel et al.
1986; Burighel & Martinucci 1994a) and cultured (Bishop
& Sommerfeldt 1996; Bishop 1996) specimens represent a
re-concentration of diluted sperm from water processed by
the animal. Accordingly, as present results indicate, fertili-
zation success does not depend on the interception of a
cloud of gametes recently released by a near neighbour:
sperm can apparently be taken up after they have under-
gone considerable dilution. They may then be stored
adjacent to the oocytes for several weeks prior to fertiliza-
tion. The individual zooids of D. listerianum have relatively
low fecundity, commonly producing single zygotes at
intervals of 7^12 days in culture (Bishop & Ryland 1991).
A very modest mean capture rate of compatible sperm will
therefore satisfy the zooid's needs for outcrossing. (Similar
comments would apply to ovicellate cheilostome
bryozoans, in which zooids typically brood a succession of
single embryos: Reed 1991).Taking all these considerations
together, it seems improbable that sperm limitation is an
acute problem in D. listerianum, or in other sessile aquatic
invertebrates with comparable reproductive patterns, as it
may be in those that release both eggs and sperm into the
water. The relatively high level of `background fertiliza-
tions' in experimental open-water arrays of Botrylluss
schlosseri reported by Yund & McCartney (1994) may not
necessarily indicate limited dilution of sperm from natural
sources as postulated by Levitan (1995) but, as suggested
by Yund (1995), might re£ect the e¤cient extraction of
very dilute native sperm from seawater.

The live-animal stages of these experiments were conducted at
the Port Erin Marine Laboratory, University of Liverpool,
where the author was in receipt of a NERC fellowship. I thank
David Pennington for the use of the large tank, and Richard
Miller for advice on handling sperm. Andrew Pemberton pro-
vided very helpful comments on the manuscript, as did Philip
Yund and three anonymous referees.
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