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NOTES AND COMMENTS

EVOLUTION OF EGG SIZE IN FREE-SPAWNERS: CONSEQUENCES OF
THE FERTILIZATION-FECUNDITY TRADE-OFF

The role of fertilization ecology in the life-history evolution of marine organ-
isms has received growing attention in the last decade (Pennington 1985; Denny
and Shibata 1989; Levitan 1991; Petersen 1991; Oliver and Babcock 1992; re-
viewed in Levitan 1995). Recently, Levitan (1993) has proposed a hypothesis to
explain the evolution of egg size in marine invertebrates in terms of the probability
of egg fertilization. Using a model of fertilization kinetics developed by Vogel et
al. (1982), Levitan predicts that larger eggs will be fertilized at a greater rate
because they provide a larger target for sperm. He concludes that conditions of
sperm limitation can select for larger eggs and that variation in such conditions
can contribute to observed patterns of interspecific variation in egg size. Recog-
nizing this advantage of large egg size makes an important contribution to evaluat-
ing the fitness consequences of how resources are divided among gametes. When
included in life-history models that incorporate effects of size on development
time and larval mortality (e.g., Vance 1973b; Christiansen and Fenchel 1979), the
fertilization advantage could shift optimal egg size in a way that depends on
sperm limitation (Levitan 1993).

To test the hypothesis that zygote production is enhanced by large egg size,
however, Levitan uses an interspecific comparison in which other gamete attri-
butes co-vary with egg size. He derives parameters for three species of the sea
urchin Strongylocentrotus—including egg size, egg fertilizability, sperm speed,
and sperm half-life—and uses them in the fertilization kinetics model to predict
zygote production by each species under varying sperm concentrations. Because
egg size is confounded with other species-specific characters, this comparison
leads to the incorrect inference that rank order of zygote production among spe-
cies is due, in part, to differences in egg size. As will be shown here, greater
zygote production by Strongylocentrotus droebachiensis relative to its congeners
results from interspecific differences in egg fertilizability and sperm half-life, not
from larger egg size.

Furthermore, as Levitan points out, the fitness consequences of egg size must
be evaluated within the framework of a life-history trade-off that limits egg size.
For zygote production, the relevant trade-off is between the size and number of
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eggs produced from a given reproductive allocation. Thus, larger eggs are fertil-
ized at a greater rate but are less numerous. Within this simple framework, the
trade-off between fertilization and fecundity considered by Levitan would actu-
ally select for decreases in egg size under all sperm conditions. This is because
the increase in fertilization alone cannot compensate for the decrease in fecundity
that results from producing larger eggs.

Here we demonstrate these results formally through a simple dimensional anal-
ysis of how zygote number varies with egg diameter (d). We then explore further
consequences of the fertilization-fecundity trade-off. Although this analysis is
based on Levitan’s model, he never explicitly examined the relationship between
egg size and zygote production except in the empirical, interspecific comparison.
Let the number of zygotes produced (N,) equal the number of eggs produced
(N,) times the proportion fertilized (¢..),

N, = N,o... (1)

As a first approximation, assume that organic content is proportional to egg vol-
ume (Emlet et al. 1987; McEdward and Chia 1991) and that egg concentration is
independent of egg volume. (Deviation from these assumptions will be considered
below.) The number of eggs (N,.) produced from a given reproductive volume (V)
is then inversely related to egg volume. Thus, for spherical eggs

<

N, =

N}

or
N, = k,d=3. )

For further illustration throughout the text, when V = 1 mL, k; = 1,910 mm?>.
The proportion of eggs fertilized can be modeled by the fertilization kinetics
equation of Vogel et al. (1982),

) B S,
¢, =1—exp "5 E [1 — exp(—BoE;D] ¢, 3)
o £y

where S is sperm concentration (per microliter), E, is egg concentration (per
microliter), and 7 is sperm half-life (or substitute sperm-egg contact time ¢, when
t < 7; in seconds). The parameters § and B,(mm?/s), the rate constants of fertiliza-
tion and sperm-egg collision, respectively, are the only parameters that include
egg size. Because both depend on area, their ratio is independent of egg size;
this ratio measures the conditional probability of fertilization assuming contact
between sperm and egg (or egg ‘‘fertilizability’’). The term B, the rate constant
of sperm-egg collision, is estimated as sperm speed (u,) times the cross-sectional
area of the egg (B, = u,[mw/4]d?). Thus,

¢, = 1 — exp{—k,[1 — exp(—k;d?)]}, 4)
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TABLE 1

PARAMETER VALUES FOR THREE STRONGYLOCENTROTUS SPECIES USED IN GRAPHICAL
PRESENTATION OF MODELS

SPECIES

PARAMETER S. droebachiensis  S. franciscanus S. purpuratus
Egg diameter (mm) 145 135 .084
Sperm speed (mm/s) .088 130 .145
Sperm half-life(s) = 10(@loslspermi+b).

a .308 .391 .457

b 3.216 2.818 2.798
B (rate constant of fertilization, mm?/s) .000241 .0000952 .0000459
B, (rate constant of collision, mm?/s) .00145 .00186 .00082
B/Bg (egg ‘‘fertilizability’’) .1666 05117 .0559

Note.—All values are from Levitan (1993).
where

BS, ™
ky= %5 ky = Equgt.
2 B()E() 3 4 0%s

Multiplying the number of eggs produced (eq. [2]) by the proportion fertilized
(eq. [4]) gives the relationship between zygote production and egg size:

1 — exp{—k,[1 — exp(—k;d?)]}
d3 '

N, = &, ( 5)

It can be shown for relevant values of d that N, decreases monotonically with
d(i.e.,dN,/ad < Oforall k,, k,, k; > 0). Using parameter values given by Levitan
(1993) for S. droebachiensis (table 1), we also demonstrate graphically how the
number of zygotes produced declines with increasing egg size (fig. 1). Patterns
for the other two species are similar, with steepest declines in zygote production
occurring at smaller egg sizes and higher sperm concentrations. Thus, although
conditions of sperm limitation reduce the relative advantage of small egg size,
larger eggs produce fewer zygotes at all sperm concentrations.

The reason for this decline is stated by Levitan (1993): ‘‘Egg volume increases
as a cubic function . . . while egg fertilization increases as a square function of
egg diameter’’ (p. 529). He uses this scaling argument to explain why Strongylo-
centrotus purpuratus, which has smaller eggs, should theoretically produce more
zygotes than Strongylocentrotus franciscanus. Clearly, this advantage to the spe-
cies with smaller eggs applies to any species pair that differ in egg size. Contrary
to Levitan’s claim, greater zygote production under sperm limitation by §. droe-
bachiensis relative to the other two species (fig. 2A) does not result from larger
egg size; as demonstrated in figure 1, S. droebachiensis would produce even more
zygotes from eggs that were as small as or smaller than those of its two congeners.
Rather, the advantage to S. droebachiensis results entirely from a greater fre-
quency with which sperm-egg collision results in fertilization (‘‘fertilizability,”’
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FiG. 1.—Number of zygotes produced per milliliter of egg material as a function of egg size.
Curves depict different sperm concentrations, which decrease at each step by an order of mag-
nitude. The top curve represents complete fertilization at all egg sizes. Parameters used in the
model (table 1) are for Strongylocentrotus droebachiensis from Levitan (1993). Egg concentra-
tionis 0.01/wL. Mean egg sizes are indicated for Strongylocentrotus purpuratus (p), Strongylo-
centrotus franciscanus (f), and Strongylocentrotus droebachiensis (d) (Levitan 1993).

B/B,) and greater sperm longevity (fig. 3). Unless physiological properties of the
egg depend indirectly on size, neither of these characteristics is causally related
to egg size.

When the effects of egg fertilizability and sperm longevity are removed by
holding them equal across all three species (e.g., using parameter values for S.
droebachiensis), zygote production becomes inversely related to egg size (fig.
2B). At limiting sperm concentrations, the threefold greater fertilizability shown
by S. droebachiensis elevates its zygote production relative to that of its conge-
ners (fig. 2C), and greater sperm longevity alone has a similar effect, especially
at low sperm concentrations (fig. 2D). Thus, although larger eggs may be fertilized
at a greater rate, total zygote production declines under all sperm conditions
because of the loss in fecundity. For S. droebachiensis, this loss is compensated
by the combined effects of gamete qualities other than egg size.

In theory, large egg size could have a previously unexplored, indirect benefit:
the production of fewer, larger eggs could result in a lower egg concentration,
which, according to the model, should increase fertilization rate (eq. [3]). It is
difficult to predict exactly how egg concentration would vary with egg number
under natural free-spawning conditions; rate of egg release, viscosity of spawn,
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Fic. 2.—Theoretical zygote production per milliliter of egg material as a function of sperm
concentration for Strongylocentrotus purpuratus (dotted line), Strongylocentrotus francis-
canus (dashed line), and Strongylocentrotus droebachiensis (solid line). A, Reproduction of
Levitan’s figure (1993, p. 528, fig. 64) in which all parameters are species specific (table 1).
B, As in A, except that fertilizability and half-life are equal across species (using values for
S. droebachiensis). With effects of these variables removed, zygote production is inversely
related to egg size. C, Effect of egg fertilizability, with sperm half-life equal across species;
as in B, except that fertilizability takes on species-specific values. Greater egg fertilizability
for §. droebachiensis shifts its curve relatively higher. D, Effect of sperm half-life, with
fertilizability equal across species; as in B, except that half-life takes on species-specific
values. Greater sperm longevity for S. droebachiensis results in greater zygote production.
The longevity effect intensifies at lower sperm concentrations (see fig. 3B) because the
slope of the relationship between sperm concentration and longevity is shallowest for S.
droebachiensis (Levitan 1993, p. 524).

and ambient currents can affect the strength of this relationship in a complex
fashion (Thomas 1994). Nevertheless, a simple example can illustrate the point.
Consider a female spawning eggs into a tide pool; egg number and concentration
will then vary inversely with egg volume. Figure 4 plots zygote production ac-
cording to the original model, with fixed egg concentrations (solid lines), and a
model with size-dependent concentrations (dashed lines). We considered the
range of egg sizes exhibited by the three Strongylocentrotus species (0.08—-0.17
mm; Levitan 1993). (Egg concentrations for the smallest egg size are set equal in
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Fic. 3.—Effects of (A4) egg fertilizability (proportion of sperm contacts that result in fertil-
ization) and (B) sperm half-life on zygote production per milliliter of egg material. Solid
curves depict different sperm concentrations, which decrease at each step by an order of
magnitude from top to bottom. Species-specific values for egg fertilizability and sperm half-
life are indicated by points of intersection between dashed and solid lines for Strongylocen-
trotus purpuratus (p), Strongylocentrotus franciscanus (f), and Strongylocentrotus droeba-
chiensis (d) (Levitan 1993); in B, dashed lines curve because half-life depends on sperm
concentration. All other parameters are as in figure 1 and table 1 for S. droebachiensis.

the two models; concentration then decreases according to model 2 by an order
of magnitude.) The discrepancy between models 1 and 2 depends on where egg
concentration starts at the smallest egg size (fig. 4). The absolute difference in
zygote production is greatest around 1/, while the relative increase is greatest
at 10/w.L and higher concentrations. In this example, the effect of size-dependent
concentration is to reduce the relative advantage of small eggs, but only at rela-
tively high egg concentrations. In no case do larger eggs produce more zygotes
than smaller eggs.



