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HOW DISTRIBUTION AND ABUNDANCE INFLUENCE
FERTILIZATION SUCCESS IN THE SEA URCHIN
STRONGYLOCENTROTUS FRANCISCANUS!

DonN R. LEVITAN,> MARY A. SEWELL, AND FU-SHIANG CHIA
Department of Zoology, University of Alberta, Edmonton, Alberta, Canada T6G 2E9, and
Bamfield Marine Station, Bamfield, British Columbia, Canada VOR 1B0

Abstract. Many organisms reproduce by releasing gametes into the environment. How-
ever, very little is known about what proportion of released eggs become fertilized. We
examined the influence of spawning group size, degree of aggregation, position within an
aggregation, and water flow, on in situ fertilization in the sea urchin Strongylocentrotus
Jfranciscanus. This study was conducted at a depth of 9 m on the west coast of Vancouver
Island, British Columbia, Canada. Males were simulated by syringes filled with sperm;
females were simulated by sperm-permeable containers filled with eggs. Individuals were
placed 0.5 or 2.0 m apart within a 2 x 2 or 4 x 4 (group size of 4 or 16 individuals)
experimental array. The results indicate that group size, degree of aggregation, position
within a spawning group, and water flow all affect fertilization success. Fertilization success
ranged from O to 82%. Increases in group size and aggregation, decreases in flow velocity,
and central and downstream positions within an aggregation all lead to increases in fertil-
ization success. Thus, individual reproductive performance is dependent on, and highly

sensitive to, population parameters and environmental conditions.
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iment; population size; sea urchin; spawning; sperm limitation; Vancouver Island, Canada; water flow

velocity.

INTRODUCTION

The free-spawning of gametes into the environment
is a common mechanism of reproduction for many
diverse taxa (Giese and Kanatani 1987). After release,
sperm can quickly become diluted to a concentration
where fertilization becomes unlikely (Pennington 1985,
Denny and Shibata 1989, Levitan 1991). If there are
situations where a large proportion of eggs are not fer-
tilized, sperm limitation could be an important con-
straint restricting reproductive success (Mortensen
1938). The idea that sperm limitation can influence in
situ fertilization has recently been addressed quanti-
tatively in several taxa (echinoids: Pennington 1985,
Levitan 1991, D. R. Levitan and C. M. Young, un-
published manuscript, hydroids: Yund 1990, ascidians:
Grosberg 1991, fish: C. Petersen, personal communi-
cation). These studies suggest that fertilization is typ-
ically low due to rapid dilution of sperm.

Because fertilization success is dependent on the con-
centration of eggs and sperm, the distribution and
abundance of spawning conspecifics may play an im-
portantrole in zygote production and reproductive suc-
cess. Aggregation of conspecifics has been assumed to
be an important mechanism increasing the likelihood
of fertilization (Pennington 1985, Giese and Kanatani
1987, Levitan 1988, 1991, Pearse et al. 1988). Yet very
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few studies have investigated the effect of population
density on fertilization (but see Levitan [1991]), and
no studies have investigated how spatial relationships
between spawning organisms influence fertilization.

Most studies to date have examined how fertilization
decreases with distance from a sperm source (Pen-
nington 1985, Yund 1990, Grosberg 1991, Levitan
1991, D. R. Levitan and C. M. Young, unpublished
manuscript) or have attempted to model fertilization
success in areas of high turbulence (Denny and Shibata
1989). Here we investigate how the number of spawn-
ing individuals and their degree of aggregation influ-
ence fertilization success in the sea urchin Strongylo-
centrotus franciscanus. The results indicate that both
the distribution and abundance of spawning organisms
can have a profound influence on individual repro-
ductive success and that sperm limitation may be a
typical condition in many populations. This suggests
that the “Allee effect” (negative density dependence,
Allee 1931), typically underemphasized by many ecol-
ogists, can play an important role in the dynamics of
free-spawning populations.

METHODS

Experiments were conducted in March 1990 at the
mouth of Bamfield Inlet in Barkley Sound, Vancouver
Island, Canada (48°50'30” N, 125°08'00” W). Urchins
from the site were brought to the laboratory, the test
diameter measured, and gametes collected using a 5
mL injection of 0.55 mol/L KCl. KCl injection induces
a violent contraction of the gonad musculature and
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results in a release of mature gametes. Several injec-
tions were often needed to release all gametes. Thomp-
son (1983) suggests that this technique is the best way
to measure gamete production in urchins. Sperm vol-
ume was determined, and the sperm kept dry and cool
(12°C) to maximize viability. For each experimental
replicate (see below), dry sperm from 20 males were
pooled and brought to the field in a jar. Eggs from one
female were diluted, and =25 000 were pipetted into
each of 20 plastic containers (66 mm in diameter, 30
mm deep, with 35-um mesh Nitex covering the base
and lid) permeable to sperm. Sealed egg-filled contain-
ers were placed in buckets filled with seawater and
taken to the field.

We investigated the influence of the distribution and
abundance of spawning urchins on fertilization success
by varying the number of and distances between egg-
filled containers and sperm-filled syringes in an exper-
imental array. The egg-filled containers were placed
between a weight and a float and were suspended 15
cm above the substratum. This height approximates
the distance above the substratum the gametes would
be released in Strongylocentrotus franciscanus. We re-
alize that placing eggs in containers introduces exper-
imental artifacts, since eggs are not normally confined.
However, this technique has been compared to fertil-
ization of free-drifting eggs and the results indicated
comparable absolute values and identical relative val-
ues across treatments (Levitan 1991).

Male spawning was simulated by discharging 20 mL
of dry sperm from a syringe. This volume of sperm
was a typical amount released from urchins when in-
jected with KCl (see Results). We realize that KCI-
induced spawnings are not identical to natural spawn-
ings; however, at present this is our best estimate of
the amount of sperm released naturally (Levitan 1988).
In another study (Levitan 1991), fertilization was com-
pared when sperm were released by syringe vs. by a
male induced to spawn in situ with KCI. Both methods
produce similar fertilization profiles with distance from
a sperm source; however, the syringe method elimi-
nates individual male variation (which can be quite
high—see Results and Levitan [1988, 1991]). In Lev-
itan’s (1991) study, a significant effect of population
density was noted in spite of the increased variance
associated with induced male spawnings. This suggests
that individual variation is not so great as to obscure
other factors. In the present study, we chose to elim-
inate this level of variation in order to specifically ad-
dress the question of how two population parameters,
group size and distribution, influence fertilization.

“Females” (egg-filled containers) and ‘‘males™
(sperm-filled syringes) were alternated and placed in
one of two array sizes at two distances between indi-
viduals (Fig. 1). This design resulted in spawning group
sizes of 4 and 16 individuals (2 x 2 and 4 X 4 array)
and nearest-neighbor distances of 0.5 and 2.0 m. The
two levels of aggregation could be viewed as two levels
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FiG. 1. Experimental design for the field experiment. Two

levels of spawning-group size and degree of aggregation: (A)
small dispersed group, (B) small aggregated group, (C) large
dispersed group, and (D) large aggregated group. The nearest-
neighbor distance between “males” and “females™ was 0.5
and 2.0 m for the aggregated and dispersed populations, re-
spectively. Dispersed and aggregated treatments can be con-
sidered density treatments (of 0.25 and 4 “individuals”/m?)
when the corresponding area changes with the degrees of ag-
gregation. “Male” symbols indicate placement of sperm-filled
syringes; “female” symbols indicate placement of egg-filled
containers.

of local population density of 4.0 and 0.25 urchins/m?2,
but this is dependent on the measure of area arbitrarily
chosen.

Gamete arrays were placed at a depth of 9 m on a
cobble- and sand-covered horizontal shelf that was
bordered on the shallow side by a rocky boulder field
covered with the kelp Macrocystis, and on the deep
side by a gradually steepening sandy slope. The arrays
were spaced 30 m apart along the shelf, with their
position varying randomly each day. Individually
numbered egg-filled containers were first placed in each
array. Sperm (20 mL) were then released up into the
water column from syringes in the male positions, at
a 15 cm height, within each array. All sperm within
each array were released within 1 min. Care was taken
to create as little disturbance as possible during the
release of sperm. All four array types were run within
15 min. The egg-filled containers remained in position
for 30 min. This time period was chosen since dilute
sperm from S. franciscanus have a half-life of <20 min
(Levitan et al. 1991). Additionally, fertilization gen-
erally occurs within the first few seconds of immersion
within a sperm plume (Levitan et al. 1991). After the
sperm were released, flow direction and velocity were
visualized by releasing a plastic bag filled with seawater
and enough sand to achieve neutral buoyancy. Flow
velocity was estimated as the mean distance travelled
during 1 min at 10 to 50 cm above the substrate (up
to four replicate flow estimates per time period).
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FiG. 2. Frequency distribution of the volume of sperm
released by male Strongylocentrotus franciscanus injected with
KClL

At the end of the 30-min interval, egg-filled con-
tainers were collected and returned to buckets filled
with clean seawater (i.e., collected before the sperm
were released). A separate bucket was used for each
treatment. Eggs were incubated in the laboratory for 3
h before a subsample of 250 eggs per container was
investigated for the presence of a fertilization mem-
brane or further developmental stages. Data were ex-
pressed as percentage fertilized and were arcsine-trans-
formed for statistical analysis. Replicates of the
experiment were conducted on five separate days.

RESULTS
Laboratory spawning

Over 200 urchins were injected with KCI; 52% of
the urchins were male. This percentage did not differ
significantly from a 1:1 sex ratio (x> = 0.22, 1 df, P >
.6).

The volume of sperm released following KCl injec-
tion was 30.2 + 22.5 mL (X * sp, Fig. 2). This is
equivalent to =3.0 x 10! spermatozoa released per
spawning event (cf. 10'° sperm/mL from hemocytome-
ter counts—Levitan et al. 1991). Most of the sperm
were released during the first few minutes, but small
amounts were occasionally extruded after two hours.
The three most frequently occurring size classes of sperm
release were 0-10, 10-20, and 20-30 mL, with a me-
dian value of 28 mL. There was no significant rela-
tionship between the amount of sperm released and
male body size over the size range examined (Fig. 3).

In the field experiment, we released slightly less sperm
than the median value determined above (20 vs. 28
mL). Although fertilization is relatively insensitive to
the amount of sperm released from a single point source
(Levitan 1991, D. R. Levitan and C. M. Young, un-
published manuscript), our underestimate of sperm re-
lease might result in slightly lower fertilization than
more massive releases.
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TABLE 1.  Strongylocentrotus franciscanus, Two-way analysis
of covariance testing percentage fertilization (arcsine-trans-
formed); main effects were spawning-group size and degree
of aggregation, with current velocity as the covariate. Each
datum is the average fertilization for each treatment ap-
plication (five replicates x four treatments = 20).

Source of

variation df sS MS F P
Covariate

Current 1 0.226 0.226 16.015 .001
Main effects

Group size 1 0.156 0.156 11.061 .005

Distance 1 0.209 0.209 14.786 .002

Group x

distance 1 0.005 0.005 0.355 .566 st

Error 15 0.212 0.014

Total 19 0.808

1 Ns = not significant.

Field experiment

A two-way analysis of covariance tested percentage
fertilization (arcsine-transformed) with spawning-group
size and degree of aggregation as the main effects, and
current velocity as the covariate. Results indicated that
both the main effects and the covariate were highly
significant (Table 1). Fertilization success increased with
an increase in spawning-group size and degree of ag-
gregation (Fig. 4) and a decrease in current velocity
(Fig. 5). “Females” that were downstream or in the
center of a spawning group had higher fertilization suc-
cess as compared to upstream or peripheral females
(Fig. 6). These positional effects were less pronounced
in aggregated populations (Table 2). The highest single
measurement of fertilization was 82.2%, found in the
center of a large aggregated group; the lowest mea-
surement was 0%, found on the upstream side of a
small dispersed group. The overall mean fertilization
was 18.3% for all arrays combined.
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Fic. 3. Relationship between male test diameter and the

volume of sperm released by adult Strongylocentrotus fran-
ciscanus. Regression was non-significant (R? = 0.025, P >
.62, N = 105).
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Fic.4. Percentage of eggs fertilized as a function of spawn-
ing-group size and degree of aggregation. Solid bars are dis-
persed treatments; hatched bars are aggregated treatments.
Mean and standard error are plotted (N = 5).

DiscussioNn
Water flow and sperm dilution

Fertilization decreased with increasing water flow,
due to the rapid dilution of sperm. This result has been
consistently found in other in situ studies of fertiliza-
tion success with unidirectional flow. At a distance of
1 m from a sperm source, fertilization success was
estimated to be as follows: At slack water, Yund (1990)
found fertilization to be >80%. In gentle wave surge
and current velocities <0.01 m/s, Levitan (1991) es-
timated fertilization to be 20-40%. At current veloc-
ities of <0.2 m/s, Pennington (1985) measured fertil-
ization to be 20% and at velocities >0.2 m/s,
fertilization was 5%.

In the present study, with unidirectional water flow
from 0.002 to 0.047 m/s, and in another study (D. R.
Levitan and C. M. Young, unpublished manuscript)
with unidirectional water flow from 0.06 to 0.12 m/s,
a significant inverse relationship was found between
flow and fertilization success. The very low fertilization
success predicted by Denny and Shibata (1989) was
due to the highly turbulent flow conditions they mod-
eled (velocities up to 5 m/s). Care must be taken, there-
fore, when extrapolating results from fertilization ex-
periments or models to other environments with
different flow conditions.

Fertilization can drop from 100 to 0% over a two to
three order decrease in the magnitude of sperm con-
centration (Vogel et al. 1982, Pennington 1985, Lev-
itan et al. 1991). Laboratory studies with Strongylo-
centrotus franciscanus determined that fertilization
dropped from 80 to 3% with a decrease in sperm con-
centration from 10* to 102 sperm/mL (Levitan et al.
1991). Evidence from the field suggests that, as a con-
sequence of dilution over time, fertilization success
declines quickly several metres away from a sperm
source (Pennington 1985, Yund 1990, Grosberg 1991,
Levitan 1991, D. R. Levitan and C. M. Young, un-
published manuscript). In the Bahamas, under a current
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TABLE 2. Positional effects on percentage fertilization in
Strongylocentrotus franciscanus. There were five replicates.
Up- and down-current positions are divided into two even
groups; center and periphery positions are divided into the
center two and peripheral six positions; see Fig. 1 for arrays.
Unequal sample sizes in the large arrays are due to con-
tainers in which eggs were lost.

Periph-
Up Down Center ery
A) Small dispersed 1.7 8.7
SE 1.2 4.6
N 5 5
B) Small aggregated 20.6 20.0
SE 6.7 6.5
N 5 5
C) Large dispersed 12.4 20.2 23.7 14.1
SE 2.7 3.1 4.2 2.4
N 18 19 9 28
D) Large aggregated 27.3 35.8 38.8 29.2
SE 4.9 4.8 8.6 3.6
N 19 20 10 29

regime similar to the present study, Clypeaster rosaceus
sperm concentration decreased five orders of magni-
tude in the short time it took the sperm plume to travel
2 m (D. R. Levitan and C. M. Young, unpublished
manuscript). Denny and Shibata (1989) estimated even
higher dilution effects in their model for wave-swept
shores. They predicted that under these conditions,
increases in population density would have little im-
pact on reproductive success, since dilution was so
great that only males several centimetres apart from a
female would have any influence on fertilization. In
turbulent flow and a unidirectional current, they esti-
mated that 100 males placed at 1-cm intervals up-

60
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0.02 0.03 0.04
Current Velocity (m/s)

0.05

F1G. 5. Percentage of eggs fertilized as a function of current
velocity. Symbols represent each treatment group: O = ag-
gregated large and * = aggregated small populations; O =
dispersed large and + = dispersed small populations. Re-
gression is of mean percentage fertilization (treatments pooled
for each time period) plotted against average current velocity
for each experimental time period. Regression equation: fer-
tilization (%) = exp(—29.354 x current velocity + 3.367); R2
= 0.88, P =.0002.
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Fic. 6. Positional effects on fertilization in the four treatment groups. Current flow is from left to right. Histograms indicate
spatial patterns of arrays. Bars indicate “female” positions (mean response), and positions with 0% fertilization indicate
“male” positions. (A) Small dispersed group. (B) small aggregated group. (C) large dispersed group (arrow indicates 4%

fertilization of hidden bar in back row). (D) large aggregated group.

stream from a single female would only result in a
fertilization success of 2-3%. The present study sug-
gests that under normal flow conditions associated with
the spawning season of S. franciscanus on the west
coast of Vancouver Island, the number and distribu-
tion of spawning conspecifics can have an important
impact on fertilization.

Distribution, abundance, and the
Allee effect

The results of this study clearly indicate the impor-
tance of population parameters on individual repro-
ductive success. An individual in the center of a large
spawning aggregation has been shown to have greater
reproductive success compared to other individuals at
more distant positions or involved in smaller spawning
events. Individual fertilization success ranged from 0
to 82% depending on the number of spawning indi-
viduals, degree of aggregation, individual position in
relation to the spawning group and flow, and flow ve-
locity. The wide range of results suggests that individ-
ual fertilization success is very sensitive to changes in
population parameters and environmental conditions.

Strongylocentrotus franciscanus is abundant in the
shallow subtidal zones of the Pacific Northwest. In
Barkley Sound density averages 6.8 urchins/m? (range
0-50 urchins/m?, J. Watson, unpublished data). Based
on our data and assuming synchronous spawning, S.
franciscanus in this area may experience fairly high,
but not complete, fertilization success. In other areas
where this urchin is less dense (J. Watson, personal
communication), fertilization success could be much
reduced and present a major bottleneck limiting the
production of larvae. Less abundant species that freely
spawn gametes into the environment may be severely
constrained by sperm limitation and may lead to re-
cruitment limitation in some marine populations.

Both the number and distribution of spawning in-
dividuals influenced fertilization. Behavioral modifi-
cations can affect the distribution, but not the number
of individuals; a small number of rare organisms may
clump, but population size will still be small, thus lim-
iting fertilization success. The costs associated with
spawning at low population density or in a small pop-
ulation represent a form of the “Allee effect” (Allee
1931). This effect, also known as negative density de-
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pendence, leads to reduced population growth and pos-
sible local extinction.

Historically the Allee effect has been underempha-
sized in ecological studies, while positive density-de-
pendent factors have received much attention (e.g.,
studies of intraspecific competition). This may be due
to the influence of terrestrial ecologists studying ani-
mals with internal fertilization (noting that plant ecol-
ogists have recognized the importance of pollen limi-
tation for several years; e.g., Schemske et al. 1978,
Willson et al. 1979, Schemske 1980, Weller 1980, Bier-
zychudek 1981). For organisms with internal fertiliza-
tion, difficulties in finding a mate may not represent a
severe problem, except in the most sparse populations
(acknowledging that unsuccessful matings can occur at
all densities and population sizes). However, for or-
ganisms with external fertilization, finding a suitable
mate does not ensure mating success. Even in relatively
large aggregations with synchronous spawning, a large
percentage of viable eggs are not fertilized, due to sperm
limitation (Fig. 7). The Allee effect may be important
in marine, freshwater, and many plant populations.

Unfortunately, the propensity for ecologists to con-
centrate on positive density dependence has carried
over into marine and aquatic systems, where a large
proportion of organisms exhibit external fertilization
(see Strathmann [1990] for a comparison of terrestrial
and aquatic reproduction). These studies provide ex-
cellent accounts of how increased population density
results in decreased body size, reduced gamete pro-
duction, and/or increased mortality (e.g., Harger 1970,
Sutherland 1970, Menge 1972, Paine 1976, Keller
1983), but do not address the problem of gamete di-
lution and fertilization success. A rare study (Suchanek
1981) that mentions fertilization success predicts that
larger individuals at low density produce 90-fold more
offspring than smaller individuals at high density, as-
suming equal fertilization. The present study suggests
that assuming equal fertilization probabilities when
population density is unequal may not be valid.

The trade-off between increases in intraspecific com-
petition and fertilization success (positive and negative
density dependence) as population density increases
has been investigated in the sea urchin Diadema an-
tillarum (Levitan 1991). In that study the cost of re-
duced gamete production due to intraspecific compe-
tition was balanced by increased gamete fertilization.
At high densities, average body mass was an order of
magnitude smaller than at low density, yet individual
zygote production was estimated to be similar across
densities.

The present study indicates the importance of pop-
ulation parameters and flow conditions on fertilization.
We still need to know a great deal more about syn-
chrony in spawning, patterns of gamete dispersal, and
the fate of zygotes in the field. Accurate estimates of
these parameters are needed to determine the fecundity
and settlement success of free-spawning organisms and
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F1G. 7. The *“Allee effect” and its application to organisms
with internal and external fertilization. (A) An internally fer-
tilizing organism. At low density or population size, difficulty
in mate-finding results in reduced reproductive success. When
mates are no longer limiting, reproductive output remains
constant unless density-dependent processes limit survivor-
ship or gamete production (-—-). (B) An externally fertilizing
organism. Reproductive output continues to increase until all
eggs are fertilized or unless density-dependent processes limit
survivorship or gamete production (—--).

to compare this mode of reproduction to other life
history strategies.

ACKNOWLEDGMENTS

K. Cook, S. Lacasse, C. Levitan, and J. Watson assisted by
boat tending and collecting urchins. J. Watson generously
provided unpublished data on urchin density. We thank the
Bamfield Marine Station for providing facilities. We also thank
K. Durante, L. Gosselin, R. Karlson, T. Rawlings, and C.
Robles for commenting on the manuscript. Funding was pro-
vided by a NSERC grant to F.-S. Chia, a research assistantship
to M. A. Sewell and a Bamfield Research Associate Fellowship
to D. R. Levitan.

LITERATURE CITED

Allee, W. C. 1931. Animal aggregations. A study in general
sociology. University of Chicago Press, Chicago, Illinois,
USA.

Bierzychudek, P. 1981. Pollinator limitation of plant repro-
ductive effort. American Naturalist 117:838-840.

Denny, M. W., and M. F. Shibata. 1989. Consequences of
surf-zone turbulence for settlement and external fertiliza-
tion. American Naturalist 134:859-889.

Giese, A. C., and H. Kanatani. 1987. Maturation and
spawning. Pages 252-329 in A. C. Giese, J. S. Pearse, and
V. B. Pearse, editors. Reproduction of marine invertebrates.
Volume 9. General aspects: seeking unity in diversity. Box-
wood Press, Pacific Grove, California, USA.

Grosberg, R. K. 1991. Sperm-mediated gene flow and the
genetic structure of a population of the colonial ascidian
Botryllus schlosseri. Evolution 45:130~142.

Harger, J. R. E. 1970. Comparisons among growth char-
acteristics of two species of mussel, Mytilus edulis and Myti-
lus californianus. Veliger 13:44-56.

Keller, B. D. 1983. Coexistence of sea urchins in seagrass
meadows: an experimental analysis of competition and pre-
dation. Ecology 64:1581-1598.

Levitan, D. R. 1988. Asynchronous spawning and aggre-
gative behavior in the sea urchin Diadema antillarum Phi-
lippi. Pages 181-186 in R. Burke, editor. Echinoderm bi-



254

ology. Proceedings of the Sixth International Echinoderm

Conference, A. A. Balkema, Rotterdam, The Netherlands.

. 1991. Influence of body size and population density
on fertilization success and reproductive output in a free-
spawning invertebrate. Biological Bulletin, in press.

Levitan, D. R., M. A. Sewell, and F.-S. Chia. 1991. Kinetics
of fertilization in the sea urchin Strongylocentrotus fran-
ciscanus: interaction of gamete dilution, age, and contact
time. Biological Bulletin, in press.

Menge, B. A. 1972. Competition for food between two in-
tertidal starfish species and its effect on body size and feed-
ing. Ecology 53:635-644.

Mortensen, T. 1938. Contributions to the study of the de-
velopment of larval form of echinoderms. IV. Det Kon-
gelige Danske Videnskabernes Selskabs Skrifter Naturvi-
denskabeling Mathematisk Afdeling 9 raekke 7:1-59.

Paine, R. T. 1976. Size-limited predation: an observational
and experimental approach with the Mytilus—Pisaster in-
teraction. Ecology 57:858-873.

Pearse, J. S., D. J. McClary, M. A. Sewell, W. C. Austin, A.
Perez-Ruzafa, and M. Byrne. 1988. Simultaneous spawn-
ing of six species of echinoderms in Barkley Sound, British
Columbia. Invertebrate Reproduction and Development
14:279-288.

Pennington, J. T. 1985. The ecology of fertilization of echi-
noid eggs: the consequence of sperm dilution, adult aggre-
gation, and synchronous spawning. Biological Bulletin 169:
417-430.

Schemske, D. W. 1980. Floral ecology and hummingbird
pollination of Cumbretum farinosum in Costa Rica. Bio-
tropica 12:169-181.

DON R. LEVITAN ET AL.

Ecology, Vol. 73, No. 1

Schemske, D. W., M. F. Willson, M. N. Melamny, L. H.
Miller, L. Verner, K. M. Schemske, and L. B. Best. 1978.
Flowering ecology of some spring woodland herbs. Ecology
59:351-366.

Strathmann, R. R. 1990. Why life histories evolve differ-
ently in the sea. American Zoologist 30:197-207.

Suchanek, T. H. 1981. The role of disturbance in the evo-
lution oflife history strategies in the intertidal mussels Myti-
lus edulis and Mytilus californianus. Oecologia (Berlin) 50:
143-152.

Sutherland, J. P. 1970. Dynamics of high and low popula-
tions of the limpet Acmea scabra (Gould). Ecological Mono-
graphs 40:169-188.

Thompson, R. J. 1983. The relation between food ration
and reproductive effort in the green sea urchin, Strongy-
locentrotus droebachiensis. Oecologia (Berlin) 56:50-57.

Vogel, H., G. Czihak, P. Chang, and W. Wolf. 1982. Fer-
tilization kinetics of sea urchin eggs. Mathematical Biosci-
ences 58:189-216.

Weller, S. G. 1980. Pollen flow and fecundity in populations
of Lithospermum caroliniense. American Journal of Botany
67:1334-1341.

Willson, M. F., L. J. Miller, and B. J. Rathcke. 1979. Floral
display in Phlox and Geranium: adaptive aspects. Evolu-
tion 33:52-63

Yund, P. O. 1990. An in situ measurement of sperm dis-
persal in a colonial marine hydroid. Journal of Experimen-
tal Zoology 253:102-106.



