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Abstract The relationship between body size and egg production was investigated in a simultaneous
hermaphrodite, the sea hare Aplysia kurodai Baba. Individuals of similar size were experimentally paired
and the pairs were kept isolated from each other in the laboratory. Under this condition, large individuals
produced more eggs per day than small individuals, while the size of eggs did not change with adult
body size. It is argued that the positive correlation between body size and egg production rate is likely
to occur in field populations of this sea hare.
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Introduction

In most animals with separate sexes, large females produce more eggs than small
females (Ridley, 1983). 1If this trend is caused by the difference in the amount of
resources the females invest in reproduction, in simultaneous hermaphrodites large
individuals will not necessarily produce more eggs than small conspecifics, since large
ones may increase sperm production rather than egg production. However, the theory
of sex allocation (Charnov, 1982, 1987; Werren, 1980) predicts that large
hermaphrodites should increase egg production rather than sperm production to
maximize their reproductive success, provided that fertilization success of each sperm
is similar among individuals of different sizes. Thus a positive correlation between
body size and egg production is expected in some, or maybe most, hermaphroditic
animals.

Several authors have shown that large individuals produce more eggs per brood
than small individuals in hermaphroditic animals such as trematodes (Kearn, 1983),
snails {(Wolda, 1963; Baur, 1988; Baur & Raboud, 1988; Tomiyama & Miyashita,
1992), opisthobranch molluscs (Crozier, 1918; Ross & Quetin, 1990) and barnacles
(Barnes & Barnes, 1968; Achituv & Barnes, 1978). However, the larger brood size
of large individuals does not necessarily reflect a higher egg production rate, for they
may produce broods at a slower rate than small individuals. An actual correlation
between body size and egg production rate has been shown in few hermaphroditic
animals (Wolda, 1963; Kearn, 1985; Baur & Raboud, 1988; Ross & Quetin,
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1990). Moreover, if the size of eggs is related to the amount of resources they
contain or to the survival rate of juveniles, information on egg size is important in
considering sex allocation or reproductive success of individuals.

Sea hares of the family Aplysiidae are hermaphroditic opisthobranchs. Their
copulation is usually non-reciprocal and received sperms are stored for several days
(MacGinitie, 1934; Yusa, 1994). In the sea hares, positive correlations are reported
between body size and the weight of individual egg strings (Kandel & Capo, 1979)
and between body size and the total weight of egg strings produced per unit time
(Switzer-Dunlap & Hadfield, 1979). Although these studies on egg string weight
are suggestive, there is no direct evidence in sea hares that large individuals lay
more eggs per unit time than small ones. In this paper I report the relationships
of body size to the factors relevant to egg production rate in Aplysia
kuroda: Baba, The relationship of body size to egg size is also reported.

Materials and Methods

Sea hares lay long egg strings in a mass and several individuals often lay egg strings almost at the
same time in the same place. Thus, when many individuals participate in the formation of an egg mass,
it is usually difficult to identify the relative contribution of each individual. For this reason, experimental
animals were kept in pairs and allowed to mate only within the pair.

Individuals of A. kurodai were collected from the rocky shore near the Scto Marine Biological Laboratory
(33°41'N, 135°20°E) on 15th April 1993. On the next day, they were weighed in the laboratory and eight
pairs of similar sizes were chosen (the difference in weight between two individuals of a pair was less
than 4 g). They were weighed again at the end of the observation period (30th April), and the
average value was adopted as their body size. Each pair was kept in a plastic bag (28 x27 cm) with
continuous water flow, and fed with a sufficient supply of the green alga Ulva pertusa.

Animals were checked at least once a day between 16th and 30th April. Whenever
an egg string was found, it was collected, labelled and fixed in 10% sea water formalin undl further
examination. Sometimes an egg mass was made up of two strings of different colours and each string
formed a distinct clump. On such occasions, cach string was separated from the other and treated as
one brood.

From November to December 1993, measurements of eggs were made. First, each egg string was
weighed after excess fluid was removed. Three portions {(3-5 mm long) were cut out of it and weighed
with a microbalance. The fragments were then put into Bouin’s solution for ca. 4 weeks at room
temperature, until the gelatinous layers around the egg capsules became fragile. Then the fragments
were squashed on a slide glass and the number of eggs in them was counted on the screen of a projector at
x 100 (cf. Kandel & Capo, 1979). Since the treatment in Bouin’s solution appeared to shrink the eggs,
eggs from the formalin-fixed egg strings were measured. Three portions were cut out of each string in
which most (>90%) of the eggs were at the 1l-cell stage, and the diameters of two randomly chosen
eggs in each portion (six for each string) were measured under a microscope at %200 with a digital
micrometer.

Results

Eight pairs of A. kurodai (average body size of the pair ranged from 30.8 to
131.4 g) produced 58 egg strings {(broods) during the 2-week observation
period. The number of broods laid by each pair during the period varied from 2
to 10 (0.07-0.36 per individual per day; see Fig. 1), but there was no significant
correlation between the average body size of the pair and the number of broods (Fig. 1).
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Fig. 1. Average body weight of the pair and Fig. 2. Average body weight of the pair and

daily brood production per individual (range: egg string weight. Circle indicates individual
0.07-0.36). Correlation was not significant string (range: 0.1-9.2 g) and cross indicates the
(N=8, 1=0.31, P>0.2; two-tailed Kendall’s average of the pair (0.6-4.3 g). There was a
rank correlation). positive and significant correlation between

body weight and string weight, both for
individual strings (N =58, t=0.40, P <0.00001)
and for the average (N=8,1=0.79,P <0.01).
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Fig. 3. Average body weight and egg denmsity. Fig. 4. Average body weight and the number

Circle indicates individual string (range: 194424 of eggs in a string calculated from the data in
eggs per mg) and cross indicates the average Figs. 2 and 3. Circle indicates individual string
(295-371). Correlation was not significant, (range: 29 x 10°-2413 x 10%) and cross indicates
either for individual strings (N=58, 1=0.08, the average (190 x 103-1411 x 10*).  There was
P>0.3) or for the average (N=8, 1= —0.07, a positive and significant correlation, both for
P>0.8). individual strings (N=58, 1=0.39, P<0.0001)

and for the average (N=8, 1=0.71, P<0.02).
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Fig. 2 shows the relationship between body weight and egg string weight. The
weight of egg strings varied widely (0.1-9.2 g; see Fig. 2), but in contrast with the
number of broods, there was a significant and positive correlation between body
weight and egg string weight. A positive correlation was also shown when egg string
weights were averaged for each pair (Fig. 2).

The relationship between body weight and the density of eggs, expressed as the
number of eggs contained in 1 mg of egg string, is shown in Fig. 3. The density
of eggs had no correlation with adult body size, either for individual egg strings or
for the average of the pair.

The number of eggs in each string was calculated from the weight of
the string and its egg density. There was a tendency for large individuals to lay
more eggs per brood than small individuals (Fig. 4).

Since large individuals laid more eggs per brood than small individuals (Fig.
4) and animal size did not affect the number of broods per day (Fig. 1), egg
production rate should be higher for large individuals. In fact, there was a strong
correlation between animal size and daily egg production (Fig. 5).

The average diameter of eggs varied little among broods or among pairs (Fig.
6). Correlation between body size and egg diameter was not significant, cither for
individual strings or for the average of the pair (Fig. 6).

«g400 90 %
X 350 | . 88 o« o _®
> 86 |-
& 300 ° + _l_ﬁ
= x84 - i -:— . T _I_
.—1250 - N’ L L ]
E g 821
B 200 o ° 80 -
2 g
3150 - . __c§78 -
:100 | [ 4 %76 [~
b o 74
& 50 |- ® 72 L
<25 0 e 70 [ M N R B
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

Average animal weight (g) Average animal weight (g)

Fig. 5. Average body weight and daily egg Fig. 6. Average body weight and average egg

production (range: 34 x 103-353 x 10%) calcu- diameter of each string. Circle indicates
lated from the data in Figs. | and 4. There individual string (range: 82.0-89.0 um) and
was a positive and significant correlation (N =8, cross indicates the average of the pair (84.6-86.2
t=1, P<0.001). um). Correlation was not significant, either

for individual strings (N=41, 1=0.07, P>0.5)
or for the average (N=8, t=0.07, P>0.8).
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Discussion

Under the experimental condition in which individuals of similar sizes were
paired and kept isolated from the other pairs, large individuals of 4. kurodai produced
more eggs per day than small individuals. This experimental condition, which allows
only strict size-assortative copulation, is different from conditions in field populations
of A. kurodai, where individuals of different sizes are found to copulate (Yusa, personal
observation). * Is it possible, then, that the higher egg production rate of large
individuals in this study was caused by the size-assortative experimental condition
and does not hold in field populations? If sea hares do not change the allocation of
resources to sperm production and egg production (sex allocation) irrespective of the
environmental conditions they meet, this possibility can be neglected and the
experimental results reflect a similar situation in field populations. Alternatively, if
sea hares have the ability to change their sex allocation according to the environment,
the effect of the experimental conditions on the optimal sex allocation must be
considered.

The optimal sex allocation of an hermaphroditic individual is determined by its
expected reproductive success through sperms and eggs (Charnov, 1982; Fischer,
1981). Since the reproductive success through sperms of an hermaphrodite is affected
by the total number of eggs it can potentially fertilize, both the number of mates
(Charnov, 1982, 1987; Fischer, 1981; Sella, 1990; Raimondi & Martin, 1991) and the
number of eggs each mate produces (Charnov, 1982, 1987; Werren, 1980) should
affect its optimal sex allocation, and hence, egg production rate. In this study,
individuals of similar sizes were paired and isolated from others so that copulation
could occur only within the pair. This treatment makes the number of mates the
same (i.e. one, since Aplysia are self-infertile; MacGinitie, 1934; Zaferes ¢t al., 1988;
Yusa, 1994) for all the experimental individuals. It also makes the potential egg
production rate of the partners in a pair similar, if the rate is somehow related to
body size. Thus, the partner of a fecund individual should tend to be also fecund,
and the partner of a less fecund individual less fecund. According to the sex allocation
theory, the fecund individual (and also its partner) should divert some resources
from egg production and produce more sperms to fertilize the partner’s eggs, and a
less fecund individual should produce less sperms and increase egg production. In
short, size assortment makes the variation of egg production among individuals
smaller, not larger: it does not explain the tendency for large individuals to lay more
eggs perday. Hence, this tendency is likely to occur in field populations of 4. kuredas.

The similarity in egg size among sea hares of different size implies that the
quality of their eggs is also similar. If so, to obtain higher mating success, individuals
as males might be expected to copulate with large, fecund female partners more
frequently than with small, less fecund female partners. Indeed, there is evidence
that such mate preference by male individuals occurs in a field population of this
sea hare (Yusa, personal observation).
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