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the sea cucumber Cucumaria frondosa

Abstract

Gamete dispersion and fertilisation success of

by Jean-Francois Hamel' & Annie Mercier*

During spawning in the field, the buoyant oocytes of Cucumaria frondosa progressed to the surface, and fertilisation
occurred as they made their way through a dense layer of spermatozoa, spread over the spawning site. Consequently,
the proportion of fertilised eggs increased with distance from the bottom, passing from 27% near the spawning
population to about 85% at the surface. Asynchronous gamete release from both sexes combined with oocyte
buoyancy and prolonged sperm potency therefore appear as determinant factors leading to fertilisation success in this

species.

INTRODUCTION

In recent years, a number of studies used field
observations, laboratory experiments, or both, to
determine the fertilisation success of echinoderms
under various current conditions and population
densities (Pennington, 1985; Sewell & Levitan 1992;
Levitanetal.,1992; Youngetal. 1992; Levitan, 1993;
Benzie & Dixon, 1994; Babcock et al., 1994; Benzie et
al., 1994; Hamel & Mercier, 1995a).

Some even predicted the fertilisation success ac-
cording to different physical parameters (Denny &
Shibata, 1989; Levitanetal., 1991; Dennyetal., 1992;
Young et al., 1992) or to the in situ gamete abun-
dance and fertilisation rate (Benzie & Dixon, 1994;
Babcock et al., 1994; Benzie et al., 1994).

Pennington (1985) even conducted a field experi-
ment in order to estimate the natural fertilisation
rate in Strongylocentrotus droebachiensis. Most of
those studies used KCI to induce spawning in
laboratory or directly in the field. Not using this
artificial technique, Sewell & Levitan (1992) de-
scribed the in situ fertilisation success during a
natural spawning of the sea cucumber Cucumaria
miniata.

Other exceptions comprise the field measurement
of sperm dispersal and fertilisation in the colonial
hydroid Hydractinia echinata (Yund, 1990) and the
work of Benzie & Dixon (1994), Babcock et al.
(1994), Benzie et al. (1994) on the crown-of-thorn
Acanthaster planci.

However, no continuous observation of the fertili-
sation success was ever made during a natural
spawning, considering the number and position of
individuals on the substrate and the influence of
environmental parameters.

Our study was not designed to build a predictive
model of fertilisation success in Cucumariafrondosa,
but rather focused on evaluating the sequence of
events that takes place upon the release of gametes
in the water column. To achieve that, we kept a
continuous record of sperm and oocyte concentra-
tions and fertilisation rates in the field over several
hours, during a natural spawning event.

We also concurently monitored various environ-
mental factors. This experiment brings new light to
the understanding of gamete behaviorin C. frondosa
and perhaps other broadcast spawners.

MATERIALS AND METHODS

Monitoring of the spawning event

The experiment was conducted at Les Escoumins,
Lower St Lawrence Estuary, eastern Canada, in
summer 1992. Using SCUBA, we monitored gam-
ete release, dispersion and fertilisation during a
natural spawning of males and females Cucumaria
frondosa. Beginning with the first signs of spawn-
ing, divers took turns underwater by groups of up
to 10 divers for 50 hrs, until the end of spawning.
The divers were positioned at different depths
using an electronic depth meter. Each team dived
for a maximum of 35 mins at intervals of 3-4 hrs or
longer. Most of the measures were taken above 10
m (only a few divers needed to descend at 15 m).
The monitoring of environmetal parameters and
the spawning sequence are described in a previous
paper (Hamel & Mercier, 1995b).

Gamete behaviour (single individual)
These data were collected during the first isolated

spawningevents, withoutartificial stimulation. We
studied only spawning individuals at least 20 m
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away from the closest spawning neighbour. The
distinct peristaltic movement of the body, from the
anustothe mouth, and the well-extended gonopore
were the major signs visible for divers. After locat-
ing a single spawning individual, the divers (with-
out disturbing the animal) placed a transect line
(25m long) parallel to the direction of current,
maintained by a buoy at the surface, and attached
to the nearest boulders.

This operation was performed in less than 15 mins.
Allindividuals that initiated gamete release before
the final installation of the transect line were re-
jected. Water samples were collected with Niskin
bottles (2.8 I) at various depths over a spawning
individual, from the beginning of spawning (time
0),and atregular interval until 150 mins. The number
of spermatozoawas determined in 5 subsamples of
2 mlunder a microspcope with an hemacytometer.

The abundance of oocytes was assessed in 2
subsamplesof 11, usingabinocular. The laboratory
work involving microscopy was carried out within
an hour in nearby installations. We also noted the
progression of oocytes in the field along a 3 m long
graduated tube, using 5 replicates, during both
slack and flood tides.

Gamete behaviour (massive spawning)

Additional underwater data were taken during the
massive spawning (when more than 65% of the
observed individuals were spawning), to evaluate
the gross male and female gamete concentrations at
various depths until the end of this event. Again
using Niskin bottles, 5 samples of water were taken
at regular intervals (between 30 and 50 mins) for
more than 6 hrs. Gamete abundance was evaluated
as previously described. The first male spawning
observed in the study site marked time 0 of collec-
tion.

Fertilisation success during spawning

We recorded the percentage of fertilised oocytes
present at different depths and at the surface of the
water, at regular intervals (about 50 mins), during
the entire female spawning. Using Niskin bottles
(2.8 1), a sample of water (generally containing
oocytes and spermatozoa) was collected at each
depth (0,5, 10, 15m) and was injected within 5mins
with 25 ml of 37% formaldehyde to stop further
development or fertilisation of the eggs.

Fertilisation was verified by staining the sample of
gametes with the DNA-specific dye Hoechst 33258
and observing it under fluorescence microscopy
(Leitz Diaplan fluorescence microscope) to deter-

mine the presence of male pronuclei in the eggs.
The fertilization success was also estimated under
a light microscope from evidence of fertilization
membrane elevation, presence of polar body or
cellular division.

REsuLTS

Spawning of a single individual

Because of the low variability in gamete densities
between individuals (<15%), the data from all sin-
gle individuals of the same sex were combined (7
males and 9 females). The results are expressed as
an average for all individuals observed over the
150-min period.

Male

Within the first 5 min of gamete release, a rapid
increase of the spermatozoa concentration within 3
m of the spawning individual occurred (figure 1).
This concentration fluctuated around 1 x 10°
spermatozoa.ml! at time 0 near the spawning indi-
vidual, and increased rapidly to reach a maximum
of 10 x 10° spermatozoa.ml* after 10 mins, within
0.5 m of the spawning individual. At first detected
only within 0.5 m of the spawning male, the sper-
matozoa slowly dispersed and could be seenat3m
after 30 s, at 3.5 m after 5 mins, and at 4.5 m after 10
mins.

At that time, white clouds of sperm were dispers-
ing laterally and vertically in the water column
more than 3 maway from the spawning individual.
After 15-30 mins, the maximum density of sperma-
tozoawas observed, combining the observations at
all depths studied. The spermatozoa concentration
reached about 1.8 x 10° spermatozoa.ml* at 7 m of
distance and remained very high near the spawn-
ing individual where it never exceeded about 10 x
10° spermatozoa.ml (see figure 1). After 100 mins,
the spermatozoa densities decreased rapidly near
the spawning individuals (<0.1 x 10° spermato-
zoa.ml?), which at that time had ceased to release
theirgametes. However,the concentration remained
high away from the individuals, attaining the high-
estconcentration after 150 minsat 7 m, with 4.5x 10°
spermatozoa.ml! (see figure 1). The spermatozoa
densities remained considerable in the plume of
gametes throughout the spawning, especially near
the water surface.

Female
At the time female spawning was initiated, sper-

matozoa densities were around 1.5 x 105.mI* due to
massive male spawning. As soon as a female began
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Figure 1: Cucumaria frondosa. Density of male or female gametes, released by a single sea cucumber,
from the beginning (time 0 min) to the end of spawning (time 150 mins). The horizontal lines represent
the 95% confidence interval.

to release gametes, the density of oocytes around it
increased rapidly, attaining 7 oocytes.I*in less than
30s near the individual, and 2 oocytes.I* within 3 m.

After 10mins, the oocyte density attained 9 oocytes.I
twithin 0.5 m and gametes were detectable up to 7
m away from the spawning individual with about
2 oocytes.It. After 15 mins, the maximum density of
oocytes was observed in the water column, both
near and away from the spawning individual, at-
taining about 10 oocytes.I and 3 oocytes.L?, re-
spectively (see figure 1). Following that, no signifi-
cant change in oocyte density was observed, what-
ever the depth, until the end of the experiment.

The very buoyant oocytes of Cucumaria frondosa
reached the water surface and spread in a dense
layer (2-3 m thick) below the sea surface, where
thousands of eggs developed. The majority of
oocytes (=87%) progressed at 0.75+0.2m.mindur-
ing slack tide, but this rate was increased drasti-
cally when measurements were made during the
flood tide. Then, the oocytes or eggs moved up atan
average of 2.2+0.5 m.min, whilethe current veloc-
ity near the bottom was between 2 and 5 cm.s™.
Only immature oocytes, with a poorly developed
vitelline reserve, sank to the bottom.

Massive spawning of males and females

Occurring well after the first isolated spawningsin
both sexes, the massive spawning was also moni-
tored. Between 65 and 80% of males and females
were spawning (Hamel & Mercier, 1995b), and the
amount of gametes in the water column was al-
ready high as we began to record them (see figures
1 & 2). Sperm densities at the beginning of the
observations were uniform between the surface
and 15 m, showing an average of 6.5 x 10° sperma-
tozoa.ml*. Those densities remained uniform until



April 1996

SPC Beche-de-mer Information Bulletin #8

850 mins, despite the continuous supply of new
gametes from spawning individuals. The maxi-
mum densities recorded were observed after 850
min, with about 15.5 x 10° spermatozoa.ml* near
the bottom (15 m). By 950 min, the majority of males
(=93%) had stopped spawning and the sperm den-
sities began to decrease rapidly near the bottom,
reaching their lowest value (=2.5 x 10°
spermatozoa.ml?). When female spawning was at
its maximum, involving about 83% of individuals
(roughly 60 mins after maximum male spawning
(see Hamel & Mercier 1995b), the fertilized oocytes
undergoing the first cleavage were very abundant
just below the surface (about 40 oocytes.|?).

However, the oocyte densities increased continu-
ously in the water column to reach about 100
oocytes.I*after 800 minnear the bottom, and about
40 oocytes.I* near the surface. After more than 850
mins, the concentration of oocytes increased rap-
idly at the surface and reached 180 oocytes.I* after
950 mins. After 1050 mins, the vast majority of

females stopped spawning and the oocyte densi-
ties decreased near the bottom, falling to less than
10 oocyte.I?, while the density remained high (140
oocytes.I') near the surface (see figure 2). Spawn-
ing within the entire population was over after
about 24 hrs. A single individual, male or female,
spawned during about 2 or 3 hrs. Spawning of the
majority of individuals occurred in a small 3-hrs
interval, during which more than 65% of the popu-
lation was releasing gametes.

Fertilisation success

Immediately after the first release of oocytes in the
water column (600 mins), the fertilisation rate re-
mained low close to the gonopore with only 9% of
the oocytes fertilized (see figure 3). After 620 mins,
about 82% of the oocytes collected near the surface
were fertilised compared to 15% near the spawning
females. The proportion of fertilization success was
never higher than 27% near the spawning female
(figure 3).
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Figure 2: Cucumaria frondosa. Integrated value of gamete densities in the water column (from 15 m to the
surface) for males and females, throughout their respective massive spawning, in June 1992. The time above
the graphics corresponds to the time elapsed since the first record of male spawning. The horizontal lines
represent the confidence interval (95%).
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Figure 3: Cucumaria frondosa. Percentage of fertilised oocytes at 15, 10, 5 m and at the surface of the water,
throughout the entire female spawning. The time above the graphics corresponds to time elapsed since the
first record of male spawning. The horizontal bars represent the confidence interval (95%).

The overall proportion of fertilised eggs in the entire
water column increased to attain a maximum after
640 mins. Following that time, the proportion of
fertilised oocytes remained stable until 950 mins. At
that moment, the majority of males had stopped
spawning.

Nonetheless, the fertilisation rate remained high near
the water surface, where it never decreased below 75
per cent, until the end of the observations. However,
from 1000 to 1050 mins the fertilisation success de-
creased rapidly near the spawning females, becom-
ing virtually nil, but was still high near the surface
where it reached about 45% at the end of the experi-
ment.

DiscussioN

The data of gamete dispersion and fertilisation
success measured in the field during the spawning
of Cucumaria frondosa differed somewhat from al-
most every model prediction. They also differed
from empirical data collected in nature during the
spawning of other marine invertebrates. The only
closely resembling results are those presented by
Sewell & Levitan (1992) for a congeneric species, C.
miniata from the west coast of Canada.

Despite the fact that most models took various
factors such as current conditions, substrate mor-
phology, density of individuals, distance between
individualsand gamete abundance into acount, the
differences we observed may result from numer-
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ous other factors that are difficult to consider with
enough accuracy during modelisation. Spawning
synchrony between the sexes, complexaggregative
behaviours, chemical communication, gamete vi-
ability and behaviour, along with environmental
conditions prevailing during natural spawning
events, are among the most important variables
rarely taken into account. A 1-hr delay between the
peak of male and female spawnings of Cucumaria
frondosa (Hamel & Mercier, 1995b) could appear
negligible, but it allowed a maximum concentra-
tion of sperm to be attained in the water column (3
to 18 x 10°spermatozoa.ml?) prior to female spawn-
ing (figure 2).

The asynchronous spawnings also favoured the
formationofacloud of spermatozoa, through which
the oocytes passed on their way to the surface,
enhancing fertilisation. That is probably why the
maximum proportion of fertilised eggs (= 85%) was
observed in the upper water layer. It was also the
case in C. miniata, studied by Sewell & Levitan
(1992). The maximum fertilisation success we meas-
ured in the field corresponded to the maximum
success obtained in laboratory with C. frondosa by
Hamel & Mercier (in press). The 10-hrs sperm
potency observed in Cucumaria frondosa (Hamel &
Mercier, in press) probably played a major role in
the concentration of active sperm in the water col-
umn prior to female spawning.

This potency is much longer that the 20 mins re-
corded forthe sperm of sea urchin Strongylocentrotus
droebachiensis by Pennington (1985). He and Denny
(1988) indicated that the sperm longevity was prob-
ably relatively unimportant in high current condi-
tions, because sperm is rapidly diluted by turbu-
lence. The population of C. frondosa observed in the
St Lawrence Estuary does live in an area of high
energy level, where the tidal amplitude and the
current enhanced by the wind are strong.

However, the main spawning event occurred dur-
ing slack current at low tide (Hamel & Mercier
1995b). The sperm and oocyte concentrations re-
mained high over the spawning population during
the experiment, especially during the massive
spawning (figure 2). Although some gametes may
have been exported outside the bay continually, we
suggest that a net residual current and the wind
that blew toward the coast favoured the retention
of a large proportion of gametes inside the bay and
reduced their exportation. This allowed the main-
tenance of a density as high as 18 x 10°
spermatozoa.ml? during the massive spawning of
the females.

The majority of gametes were spawned during the
period of slack current (Hamel & Mercier, 1995b).

The low tide and current conditions, along with the
massive spawning of males and females, apparently
contributed to minimise gamete dispersion prior to
fertilisation, as also suggested by McEuen (1988) for
some species of dendrochirotes and by Sewell &
Levitan (1992) in C. miniata. McDowall (1969) and
Sewell & Levitan (1992) proposed that low tide
reduces the volume of water into which gametes are
diluted and increases fertilisation success.

The density of Cucumaria frondosa varied between 5
and 18 ind.m?in the study site, representing a
biomass of about 3 to 15 kg.m2, between 10 and 15
m (Hamel & Mercier, in press). This density, com-
bined with an equal distribution of males and fe-
males, may also have favoured a high level of fertili-
sation by maintaining an important concentration
of sperm and limiting gamete dilution. The popu-
lation density was also previously suggested as a
major factor influencing the fertilisation success in
other speciesofechinoderms (Levitan, 1991; Levitan
etal.,1992; Sewell & Levitan, 1992). Some models of
fertilisation success in marine invertebrates tend to
integrate many important and realistic factors. The
more abundant those parameters, the more closely
related to field data are the predictions.

Despite that, numerous difficulties are inherent to
in situ measurements of gamete dispersion and
fertilisation success, and we believe that more di-
rect and careful observations of the various condi-
tions prevailing during spawning are an essential
prerequisite to increase the real applicability of
models. Especially since most marine invertebrates
demonstrate important strategies to regulate their
gamete release in order to achieve a maximum
fertilisation success (see reviews of Chia & Walker
1991; Smiley et al., 1991, Pearse & Cameron, 1991).
Furthermore, the natural spawnings often last sev-
eral hours or even days, over which the fine envi-
ronmental conditions vary continuously.

Numerous factors seem to optimise fertilisation in
marine invertebrates, and more precisely in
Cucumaria frondosa. Population densities, distance
between each individual, male to female ratios are
certainly important in all species.

In C. frondosa, the delay between male and female
spawning, the long sperm potency and mainte-
nance of high sperm concentrations in the water
column, despite the variable current conditions in
the study site, are also essential factors. Finally, the
oocyte buoyancy seemsto optimize the fertilisation
success by increasing the chances of contact with
sperm. This assemblage of factors probably ex-
plainsin part the high annual recruitmentand very
dense populations of C. frondosa along the North
shore of the St Lawrence Estuary.
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