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Intraspecific CO-variation between egg and body size affects 
fertilisation kinetics of free-spawning marine invertebrates 

Dustin J. Marshall*, Craig A. Styan, Michael J. Keough 
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ABSTRACT. Fertilisation of eggs  of free-spawning marine in- 1996a, podolskv & Strathmann 1996, Stvan 1998). es- . ' 
vertebrates depends on factors affecting sperm concentration sentially becau;e egg size should determine the size of 
in the field and also on gamete characteristics such as egg 
size, In the f r e e - s ~ a w n i n a  intertidal ascidian Pvura stolonj- the 'target'  area that is searching sperm 

fera mean egg size Increa;ed wlth maternal size in 2 separate find Larger eggs should therefore be encountered by 
populations The largest ascidian produced eggs that were, sperm at hiqher rates, thus increasing fertilization - 
on average, 5 0 %  greater In volume than the eggs produced rates. However, if eggs are too large and in sperm ex- 
by the smallest individual studied. There was no evidence to 
suggest that egg density varied with adult size and egg dry 

cess conditions, they may also become more likely to 

oraanic weiaht increased with maternal size. The fertilisation be contacted m u l t i ~ l e f  and be- 
d d 

kinetics of this species were strongly affected by the variation conle polyspermic (Styan 1998). Nonetheless, Levitan 
in egg size, w ~ t h  the eggs of large individuals requiring much (1996b) demonstrated that, in s~erm-l imi t ina  condi- 
less concentrated sperm to achieve maximal levels of fertilisa- tions, even small differences egg size can iesult in 
tion success than the eggs  of small individuals. We suggest 
that variation in egg size between individuals of different differential fertilisation, with larger eggs within a 

sizes and ages may be  an important factor in determining fer- spawn more likely to be  fertilised than small eggs. 
tilisation success for ascidians of this species. Moreover, Levitan (1998) found that, amongst strongy- 

locentrotid urchins, fertilisation worked more effec- 
KEY WORDS: Fertilisation dynamics . Egg size . Ascidian tively, in the face of rapid dilution of sperm in the field, 

The rate at  which eggs are  fertilised can be impor- 
tant in determining the structure and dynamics of free- 
spawning marine invertebrate populations (Levitan 
1995, Levitan & Petersen 1995). A key factor affecting 
fertilisation success is the ambient sperm concentra- 
tion into which released eggs are exposed. Conse- 
quently, factors that affect sperm concentration such as 
hydrodynamic conditions (e.g.  Denny & Shibata 1989), 
gamete viscosity (Thomas 1994a,b), and the population 
size, density and dispersion of male spawners (e.g 
Pennington 1985, Yund 1990, Levitan 1991, Levitan et 
al. 1992, Levitan & Young 1995, Coma & Lasker 1997) 
can all, in turn, affect the dynamics of fertilisation. Ga- 
mete characteristics, such as egg size, may also have 
an influence on fertilisation dynamics (Levitan 1993, 

for the urchin species with the largest eggs. 
It appears that egg  size is related to maternal size 

in many species of fish (e.g. Baynes & Howell 1996, 
Kerrigan 1997), but, whilst several studies have 
noted maternal-size-associated differences in egg  
size between populations of marine invertebrates 
(e.g. George 1994a,b, Bertram & Strathmann 1998), 
almost none have examined how much variation in 
egg size occurs within populations (but see George 
1999). We determined the existence and importance 
of variation in egg size in a marine invertebrate that 
reproduces by broadcasting eggs and sperm. The 
solitary ascidian Pyura stolonifera is a common inter- 
tidal and shallow subtidal invertebrate found along 
the open coast of southern Australia (Kott 1997). 
First, we describe variation in egg size within pop- 
u la t ion~ of this species, and ask whether a relation- 
ship between maternal size and egg size exists. Sec- 
ond, we ask what the likely consequences of the 
variation in egg  size for the dynamics of external 
fertilisation are. 
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Materials and methods. Pyura stolonifera were col- 
lected intertidally from 2 sites on the west coast of Vic- 
toria, in south-eastern Australia. P. stolonifera individu- 
als from a population at Barwon Heads were collected 
on January 15, and used to measure egg size. Other as- 
cidians were collected from a populat~on approximately 
50 km away at Lorne on January 24 and used for egg 
size measurements and to examine fertilisation kinet- 
ics. Prior to use, P. stolonifera were maintained in 40 1 
flow-through tanks at a constant temperature of 15°C. 
All investigations were done on P. stolonifera during 
their spawning season and, according to gonad indices, 
very close to time of spawning in the field (Marshal1 
unpubl. data). We removed by dissection the gonad 
and visceral mass of each P. stolonifera, both of which 
are easily distinguishable. These were blotted on ab- 
sorbent paper and (wet) weights of the viscera and 
gonad recorded. 

Pyura stolonifera were stripped of eggs and 100 ran- 
domly selected eggs from each P. stolonifera were 
videotaped under 80x magnification. These images 
were digitised using a frame-grabber and we mea- 
sured egg diameter using SigmaScan (Jandel Scien- 
tific, Ver. 3). Measurement of egg size was repeated for 
21 P. stolonifera from Barwon Heads and l? P. stolon- 
ifera from Lorne. Egg size data from each P. stolonifera 
were checked for normality and mean egg diameter for 
each P. stolonifera population was regressed against 
maternal viscera1 mass. 

We were interested in whether the observed differ- 
ences in egg size between individuals reflected differ- 
ences in organic investment per egg between indi- 
viduals or the observed relationship was due to 
differences in the degree to which eggs were hydrated. 
Accordingly, we measured the dry organic weight of 
eggs from Pyura stolonifera across a range of sizes. 
Eggs were obtained and measured, as described above, 
from 10 haphazardly selected P stolonifera. Fifty eggs 
from each individual were then rinsed with ammonium 
formate (3.4 % w/v) to remove inorganic salts and 
placed on pre-weighed pieces of filter paper. We placed 
these in a drying oven at 45°C until there was no 
change in weight. The average organic weight per egg 
was then calculated for each P. stolonifera and this 
value was regressed against maternal visceral mass. In 
addition, we used dry organic weight and egg volume 
(calculated from size measurements) to calculate the or- 
ganic density of the eggs and this value was also re- 
gressed against maternal visceral mass. 

We found that egg size increased with body size and 
therefore were interested in whether fertilisation kin- 
etics of eggs also varied with maternal body size. To 
investigate this, we examined how fertilisation success 
varied with sperm concentration and how this relation- 
ship changed with maternal body size. 

Egg solutions were prepared first (eggs collected as 
described above) and maintained in seawater at room 
temperature (-22°C). Sperm was then obtained from 
haphazardly selected Pyura stolonifera by removing 
the gonad by dissection, and macerating the regions 
containing sperm. Sperm concentrations were kept as 
concentrated (dry) as possible to minimise the possible 
effects of sperm ageing. In all trials, eggs and sperm 
were used within 10 and 2 min of collection respec- 
tively. Different (non-self) sperm and egg donors were 
used in each cross. The 'dry' sperm solution was used to 
create 3 replicate series of 8, 10-fold dilutions (10°, 10-', 
I O - ~ ,  I O - ~ ,  10-4, 10-5, 10-~ ,  10-' the concentration of the 
stock solution). A 1 m1 subsample of the 10-2 dilution 
was taken to estimate absolute sperm concentration (3 
replicate counts using a haemocytometer). 

Nine m1 of each sperm concentration was pipetted 
into a series of 30 m1 plastic test tubes, and as a control 
for errant fertilisations caused by contamination with 
sperm from the egg donor, 9 m1 of sperm-free seawater 
was pipetted into a control test tube. One m1 of fresh 
egg solution (approx. 1000 eggs ml-') was immediately 
added to each test tube. Eggs were left at room tem- 
perature for 2 h to develop and then were fixed with a 
few drops of formalin. Later, 100 eggs from each repli- 
cate at  every sperm concentration and control tube 
were assayed under 80x magnification and scored as 
either 'developing normally' (eggs showing normal 
cell division) or 'not developing normaIly' (eggs show- 
ing no cleavage or showing abnormal cell division). It 
was difficult to discriminate between unfertilised eggs 
and polyspermic eggs because pilot studies showed 
that only a small proportion ( c 5  % Marshal1 unpubl. 
data, see also Lambert & Lambert 1981) of polyspermic 
Pyura stolonifera eggs ever show any development, 
abnormal or otherwise. 

Fertilisation success was calculated for each sperm 
concentration and the mean of the 3 replicates at each 
sperm concentration was determined for each assay. 
Any assay where errant fertilisations occurred at 
greater than 1 % were discarded from further analysis 
(4 trials). We plotted mean fertilisation success against 
sperm concentration and produced a fertilisation curve 
for each Pyura stolonifera individual's batch of eggs. 
From these curves, we recorded the sperm concentra- 
tion where the maximum number of eggs were fer- 
tilised for each batch of eggs and regressed this value 
against maternal visceral mass. 

Results. Large Pyura stolonifera produced larger 
eggs than smaller individuals. Mean egg diameter 
increased with individual body mass at both sites (Bar- 
won Heads: R2 = 0.725, n = 21; Lorne: R2 = 0.678, n = l?;  
Fig. l), and the largest P, stolonifera in this study pro- 
duced eggs that were 50% greater in volume than the 
eggs produced by the smallest P. stolonifera. The pre- 
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Lorne 
Barwon Heads 

than larger individuals. Specifically, variance in the 
size of eggs decreased with increasing body mass at 
Barwon Heads with a similar (though non-significant) 
trend at Lorne (Barwon Heads: R2 = 0.294, p = 0.011, 
n = 21; Lorne: R2 = 0.206, p = 0.068). 

Maximum fertilisation success experienced by eggs 
(egg viability) varied substantially between individuals 
but was unrelated to adult size (R2 0.001, p = 0.917, n = 

21). Fertilization rate for most individuals was low when 
sperm concentrations were low, rose rapidly with in- 
creasing sperm concentration, and then fell off sharply 
(Fig. 2a). The 'F,,,' sperm concentration, i.e. that which 
maximised fertilisation rates for each individual, fell 
sharply with increasing adult size (Fig. 2b). Thls was rep- 
resented by the shift to the left of fertilisation curves for 
eggs from Pyura stolonifera of increasing size (Fig. 2a). 
The eggs of the largest P. stolonifera were maximally fer- 
tilised at a sperm concentration 3 orders of magnitude 
less than that for the smallest individuals. 

Discussion. Within both populations of Pyura stolo- 
nlfera in this study, egg size varied markedly among 
individual ascidians, and mean egg size increased with 
maternal body size. Eggs also varied in size within 

Maternal body mass (g) 

Sperm concentration (sperm ml-l) 
Fig. 1 Pyura stolonifera. Relationship between mean egg 
diameter and maternal body size for Barwon Heads (15 Jan- 
uary 1999) and Lorne (25 January 1999) populat~ons. Regres- 
sion for Barwon Heads- egg diameter = 0.526 body mass 

Maternal body mass (g) 

+272.3, p < 0.001, n = 21; Lorne: egg diameter = 0.303 body 109 

mass + 277 8, p < 0.001, n = 17 

C E .g 1 
cise relationship between egg size and maternal mass a, F E 

3 ~ ~ 1 0 '  did, however, vary between the 2 sites (analysis of 
covariance, comparison of regression slopes, F, , ,  = 

$ 9  5 
LL 

5.961, p = 0.02). Mean organic weight of eggs also 
8-106 

increased with body mass (R2 = 0.918, p < 0.001, n = 
105 10). The organic density of eggs was unrelated to 

maternal size (R2 = 0.219, p > 0.1, n = 10) Eggs also var- 
10.' ied in size within broods with smaller P. stolonifera 

Fig. 2. Pyura stolonifera. (a) Fertilisation curves for the  eggs of 
a representative large (A) and small (B) ascidians. (b) Relation- 
ship between maternal body size and the sperm concentration 
where fertilisation success is maximised for Lorne (25 January 
1999) population of P. stolonrfera. Regression for log sperm con- 
centration and maternal body mass: = 0.654, p < 0.001, n = 17 

- 
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individual clutches. For this ascidian, increases in 
gamete investment do not necessarily result in an  
increase in simply the number of eggs produced, but 
egg characteristics such as size can also change. 

Location, maternal nutrition and spawning history 
are known to markedly influence the egg size of marine 
invertebrates (e.g.  Chester 1996, Jones et  al. 1996, 
Bertram & Strathmann 1998). Whether the differences 
we found across sizes and locations reflect differences 
in nutrition or spawning history is unknown, but we 
found similar trends in egg size in the 2 intertidal popu- 
l a t ion~ ,  suggesting that any causal factors act within 
and between populations. Whatever the causal mecha- 
nisms, our work suggests that the size distribution of 

showing more variation in the sizes of eggs produced 0 50 100 
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eggs released during spawning will be determined by 
the size structure, and, to a lesser extent, location of 
populations. Egg size variation may have consequences 
for larval survival and settlement success. Experimental 
reduction of egg volume has been shown to increase 
development time, lower larval feedlng rates and re- 
duce post-settlement performance (Sinervo & McEd- 
ward 1988, Hart 1995, Emlet & Hoegh-Guldberg 1997). 
Furthermore, Bertram & Strathmann (1998) found that 
natural variation in egg size between different popula- 
tions of sea urchins was sufficient to generate differ- 
ences in larval development times. Dry organic weight 
of eggs has been shown to be strongly correlated with 
energy content for a number of different species 
(Jaeckle 1995). Although not directly measured here, it 
seems likely that the eggs of large Pyura stolonifera 
contained more energy reserves than the eggs of small 
P. stolonifera. Thus, we suggest that the larvae of large 
P. stolonifera may have greater chances of settling suc- 
cessfully than the larvae of small P. stolonifera. This 
prediction awaits further testing. 

A further consequence of maternally associated var- 
iation in egg size was that eggs of large and small 
Pyura stolonifera differed in their fertilisation charac- 
teristics. Large eggs from large P. stolonifera required 
much lower sperm concen.trations to achieve a high 
rate of fertilisation than the smaller eggs of small P. 
stolonifera. Additionally, putative polyspermy effects 
(defined here as decreasing fertilisation with increases 
in sperm concentration) occurred at lower sperm con- 
centrations with the eggs of large P. stolonifera, than 
the eggs of small individuals. The mechanism causing 
these different fertilization curves cannot be deter- 
mined without exact knowledge of sperm-egg collision 
rates. Theoretical modelling has shown that egg size 
should affect the likelihood of eggs encountering 
sperm, and thus fertilisation and the likelihood of 
polyspermy in the ways observed here (Levitan 1993, 
Styan 1998), but it is also possible that the proportion of 
sperm-egg contacts that are fertilising may vary with 
egg size (Styan & Butler in press). The maximum fertil- 
isation success for any batch of eggs never exceeded 
80%. This is in keeping with the prediction of Styan's 
(1998) model that without a highly efficient poly- 
spermy block, fertilisation success can never reach 
100%. Lambert & Lambert (1981) found that the eggs 
of the ascidian Ascidia nigra took approximately 21 S to 
form a block to additional sperm after the first fertilisa- 
tion. It appears likely therefore that a slow polyspermy 
block is responsible for less than 100% fertilisation 
success observed here. However, it is possible that 
not all the eggs in any batch were viable. 

These effects of variation in egg slze on fertilisation 
may affect the relative reproductive success of differ- 
ent sized spawning individuals within local popula- 

t i o n ~ .  When sperm concentrations are relatively low, 
eggs of larger Pyura stolonifera may have a greater 
chance of being fertilised in the sperm-limited condi- 
tions than the smaller eggs produced by small P. 
~toloni fer~ .  Conversely, if sperm concentration is high, 
smaller eggs from small P. stolonifera will be more suc- 
cessfully fertilised than eggs from larger P. stolonifera, 
which would suffer from polyspermy more frequently. 
However, predicting exactly how egg size variation 
will interact with the sperm environment in real 
spawning events is difficult and requires more field- 
based information, especially about the sperm envi- 
ronment in w h ~ c h  eggs are likely to be released. In the 
wave-swept intertidal areas where P. stolonifera are 
found, sperm concentrations could typically be both 
very high or very low, depending on exactly when, 
where and how many ascidians spawn. 

On exposed shores subject to turbulent wave action, 
sperm dilution can be very great even over small spa- 
tial and temporal time scales (Denny & Shibata 1989). 
Alternatively, sperm dilution may not be great if Pyura 
stolonifera spawn only at low tide, or in calm condi- 
tions, a strategy utilised by some fucoid algae to ensure 
high rates of fertilisation (Serrao et al. 1996). Individu- 
als of P. stolonifera have been reported anecdotally as 
spawning simultaneously at low tide on 1 shore in this 
area (Dalby 1995b). Sperm may also not spread rapidly 
if they are released in a viscous matrix (e.g. Thomas 
1994a,b), or if they are released within the relatively 
non-dilutmg conditions of surge channels or rock pools 
(Denny et al. 1992). The final factor likely to affect the 
concentration of sperm is the local density of adults. 
These ascidians range from isolated individuals metres 
from a neighbour, to sparse individuals separated by a 
few centimetres, to dense beds. Dense beds are a com- 
mon occurrence along the east coast of Australia (Fair- 
weather 1991, Underwood 1994), while along the 
south coast, sparse beds are common, although dense 
beds do occur (Bennett & Pope 1953, Dalby 1995b). 
Under these circumstances, we may find some sections 
on rocky shore favouring fertilisation success for ascid- 
ians that produce small eggs, while other nearby areas 
may favour the fertilisation of larger eggs. One intrigu- 
ing possibility is that the mean size of individuals 
might be density-dependent (e.g.  Dalby 1995a), In 

which case densely packed individuals might produce 
smaller eggs, which would in turn be successfully fer- 
tilised in high local sperm concentrations. While fasci- 
nating, such a scenario is highly speculative in the 
absence of field data. An interesting challenge will be 
to assess what conditions actually prevail during P. 
stolonifera spawning, how these affect rates of sperm 
dilution, and determine whether eggs from ascidians 
of different size classes are differentially fertilised in 
the field. 
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