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Variability in Broods of the Seastar Leptasterias aequalis

Brian L. Bingham, Kehaulani Giles, and William B. Jaeckle

Abstract: Enormous variation exists in the reproductive output of marine invertebrates (e.g., in the numbers of em-
bryos produced, the volumes of embryos, and the energy that they contain). It is not clear why there is such great vari-
ability or what the population-level consequences are. We sampled a population of the brooding seastar Leptasterias
aequalis (Stimpson, 1862) to collect basic information on brood sizes, embryo volume, and embryo energy content
with a goal to better understand the reproductive ecology of this species. We collected brooding females in February
and again in April. We measured the size of their broods and sampled the broods to estimate volume and energy con-
tent of the embryos. There was great variability in the volume and energy content of embryos produced by individual
females and among the embryos in a single female’s brood. Larger adults produced larger embryos, which generally
had greater energy content and may be of a higher quality. The average energy content of embryos appeared to in-
crease during the brooding period. Larger females produced larger broods but lost a greater proportion of the embryos.
The net result is that larger individuals may not produce any more juveniles than smaller individuals, but those that

they do produce may be of a higher quality.

Introduction

Seastars in the genus Leptasterias are common in the
northeast Pacific, ranging from Alaska to California. Oc-
curring in both intertidal and subtidal environments, they are
characteristic members of many hard-bottom communities.

These small-bodied seastars are unusual in their reproduc-
tive biology. In contrast with most local asteroids, Lepta-
sterias females attain reproductive maturity at a body size of
only 25 mm (Osterund 1918) and an age of about 2 years
(Menge 1975). Reproductive females produce very large
eggs (approximately 900 pm in diameter), which they brood
externally for several months (November—April; Chia 1966).

Fully developed juveniles eventually crawl away from the
brood mass.

Because Leptasterias larvae do not have a planktonic
stage, their dispersal potential is probably much less than
that of free-spawning species. Populations on a single beach,
for example, may be largely self sustaining. The dynamics
of a population in a particular habitat may, therefore, depend
largely on the reproductive success of the resident females.

Menge (1974) studied the influence of habitat on repro-
ductive output of Leptasterias hexactis (Stimpson, 1853) in
exposed and protected habitats of Washington State (USA).
He found that females at a protected inland site allocated
significantly more energy to reproduction, increasing the
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numbers of eggs that they produced and brooded. George
(1994) compared populations of Leptasterias epichlora
(Brandt) at two inland study sites. She found larger females
at one of the sites (presumably because of a better food sup-
ply there). Those larger females produced more eggs. In ad-
dition, their eggs (i) were larger, (ii) had a higher protein
content, and (iii) resulted in larger juveniles. Results of both
of these studies suggest significant plasticity in reproductive
output based on environment. This has clear implications for
the population dynamics of these animals.

It is less clear how much reproductive investment and re-
productive success of Leptasterias species vary within a site
where females are exposed to similar physical conditions
and have access to similar food resources. By studying ani-
mals from a single limited area, we removed habitat variabil-
ity and were able to look simply at inherent variation in
reproductive characters among a group of brooding females.
In particular, we posed the following questions. What is the
relative reproductive contribution of large versus small fe-
males in a population? Presumably, larger individuals within
a site produce more eggs. Are those eggs of a higher quality
and do they have a better chance of reaching the juvenile
stage? How much variability in egg quality exists within the
brood of a single female? Are all embryos within a single
brood similar or are there differences that could result in dif-
ferential survival to metamorphosis?

The goal of this study was to gather initial information on
the brood characteristics of female Leptasterias collected
from a single intertidal beach. The results indicate signifi-
cant variability both among and within broods and suggest
further research directions to clarify the selective forces in-
fluencing these basic reproductive features.

Materials and methods

The taxonomy of the genus Leptasterias is in a state of
flux. Historically, small six-rayed seastars in the northeast
Pacific have been referred to as L. hexactis (but see George
1994). The most current evidence, however, suggests that the
Leptasterias complex includes three distinct genetic lineages
(Kwast et al. 1990; Hrincevich et al. 2000; J. Flowers, per-
sonal communication). Lineages A and B constitute a clade
composed of Leptasterias aequalis (Stimpson, 1862). Lin-
eage C is most correctly referred to as L. epichlora. The
seastars that we studied belong to the L. aequalis clade and
we refer to them as such in this paper.

We sampled an L. aequalis population from the Shannon
Point Marine Center beach in Anacortes, Washington, USA.
To ensure that we sampled the earliest possible broods, we
began, in mid-January, to check seastars on the beach at 2-
to 3-day intervals. Broods first appeared on some individuals
in mid-February. On 16 February, we collected 12 brooding
females, measuring the radius of each as the distance from
the middle of the central disk to the end of the longest arm.
We used only complete individuals with six undamaged arms.

Within 3 days of collection, we removed the broods from
the 12 collected seastars and counted the total number of
embryos in each. At this point, the embryos were feature-
less, yolky balls. Because they were held together in an ad-
hesive mass, the embryos had to be carefully teased apart to
make an accurate count. We used an image analysis system

(Bioscan Optimas software, Media Cybernetics, Carlsbad,
Calif.) to measure the cross-sectional areas of five arbitrarily
chosen embryos from each brood. Embryo volumes were
then calculated from these measurements, assuming that the
embryos were spherical (Bingham 1997).

We measured organic content of the embryos with a wet
ashing method (Parsons et al. 1984; McEdward and Carson
1987). Individual L. aequalis embryos were placed on a
small piece of Whatman GF/C glass fiber filter paper that
had been previously baked in a muffle furnace at 500 °C for
24 h (to remove all organic carbon). Light suction was ap-
plied with a Millipore filtration unit and the embryos were
lightly washed twice with distilled water to remove salts and
residual chloride (Parsons et al. 1984; also see Gosselin and
Qian 1999). We placed each filter paper and embryo in a test
tube containing 1 mL of 70% phosphoric acid and incubated
them at 110 °C for 15 min. We then added 2 mL of 0.484%
potassium dichromate in sulfuric acid to each test tube and
continued the incubation for an additional 30 min. The sam-
ples were diluted to 6 mL total volume with distilled water
and their absorbance at 440 nm was measured with a
spectrophotometer (1-cm path length). The decreased extinc-
tion of the dichromate, relative to a reagent blank, gave an
estimate of oxidizable carbon in the embryo. Glucose served
as a standard for comparison. Oxidizable carbon was con-
verted to energy assuming that 1 pg of C (from glucose) =
0.039 J (Parsons et al. 1984; McEdward et al. 1988).

While the dichromate oxidation method accurately ac-
counts for the energy content of lipids and carbohydrates in
the embryos, it underestimates the energy content of protein-
aceous materials (Paine 1971). Despite this analytical uncer-
tainty, we used this technique because it is sufficiently
sensitive to explore variation among individuals. Further-
more, the level of uncertainty is equivalent to the mass
fraction of organic material unaccounted for by traditional
biochemical fractionation techniques (i.e., the remainder
fraction; Jaeckle and Manahan 1989).

To determine how brood size and embryo energy content
change over the brooding period, we collected 12 additional
brooding L. aequalis from Shannon Point beach on 12 April.
This was near the end of the brooding season. The larvae
had begun to develop the arms of the preoral lobe and there
was some flattening at the site of the developing juvenile.
However, the larvae were still very yolky, did not have
mouth openings, and were not yet being released. Although
the adhesive membrane that held the early embryos in a
mass was no longer evident, the larvae continued to adhere
to one another and again had to be teased away from the
adult and from each other. Brood size and larval energy con-
tent were determined as described above. Because larvae
were no longer spherical, we did not attempt to estimate
their volumes.

Data analysis

To document variability in the broods, we tested for dif-
ferences in the average volumes and energy contents of em-
bryos from the females collected in February. One embryo
was lost during processing, so the total sample size was 59.
Comparisons among the broods were made with one-way
ANOVA. The data for both analyses (embryo volume and
energy content) violated the assumption of equal variance.
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Table 1. Leptasterias aequalis brood size, embryo volume, and embryo and larval energy content
in samples collected in February (at the beginning of the brooding period) and in April (near the

end of the brooding period).

Measure Month n Range Mean SD
Brood size (no. of embryos) Feb. 12 142-784 359 243
Apr. 12 50-198 110 39
Embryo volume (mm?) Feb. 60 0.26-0.52 0.37 0.10
Embryo and larval energy (J) Feb. 59 2.53-8.48 6.23 2.10
Apr. 60 1.58-15.0 8.75 2.62

Note: Because of the irregular shape of the larvae in the April samples, no volume estimates were made.

Subsequent transformations did not homogenize the vari-
ances, so we analyzed the raw data, adjusting a to 0.01
(Underwood 1981).

We hypothesized that embryo energy content would be
positively related to embryo volume, with larger embryos
containing more energy, thus being better (in the sense of
having a greater chance of surviving the brooding period and
(or) producing larger juveniles). We tested this with a regres-
sion analysis. Because both volume and energy content were
subject to measurement error, we used Model II regression.
Following the recommendations of Legendre and Legendre
(1998), we used the ranged major axis method to approxi-
mate the slope and intercept of the regression line. Signifi-
cance of the slope coefficient was determined by comparing
it with slope coefficients generated through 500 random per-
mutations of the raw data.

To determine if embryo volume varied with adult size, we
tested for a simple correlation between embryo volume and
adult radius. Because late-stage larvae collected in April
were no longer spherical, it was not practical to estimate
their volumes. As a result, only February embryos were in-
cluded in analyses involving volume.

To determine how brood sizes change during the brooding
period, we compared broods collected from the seastars in
February with those held by the seastars collected in April.
We compared the brood sizes with an ANCOVA. This ap-
proach was necessary because larger seastars, in general, ap-
peared to produce larger broods. To meet the assumptions of
ANCOVA (particularly to stabilize variances and to make
the regression lines for early and late broods parallel), we
log transformed the brood size data prior to the analysis. We
ran the analysis using “date” (February versus April) as the
main effect and “adult size” as the covariate.

It also seemed possible that individual embryos might
change over the 2-month brooding season. We specifically
tested the hypothesis that the energy content of the embryos
changes during development by comparing the energy con-
tent of embryos taken from the February broods with that of
larvae from the April broods. Because multiple embryos
were taken from each seastar, our ANOVA included terms
for “date” (February versus April), “seastar” (a random fac-
tor nested in date), and “larval energy content” (a random
factor nested in both individual and date). All statistical as-
sumptions were tested and met prior to analysis.

Results

The L. aequalis broods collected in February were ex-
tremely variable in size and in the volume and energy con-

Fig. 1. Relationship between Leptasterias aequalis embryo vol-
ume and energy content in early broods. Results of a Type II re-
gression analysis are shown. Pooled data from 12 brooding
adults are included. The dotted line represents the results of a re-
gression analysis with the two extremely large embryos (O) ex-
cluded from the analysis.
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tent of the embryos that they held (Table 1, Fig. 1). It was
common, for example, to find 40%—-50% differences in vol-
ume between the larger and smaller embryos held by a sin-
gle female. Despite this high within-brood variability, mean
embryo volume still varied significantly among broods
(F11.45) = 8.67, p < 0.001) as did mean embryo energy con-
tent (F[II,48] = 5.59, p < 0001)

A ranged major axis regression showed a significant posi-
tive relationship between embryo volume and energy content
despite considerable scatter in the data (p = 0.002) (Fig. 1).
To ensure that the regression analysis was not unduly influ-
enced by two unusually large embryos (Fig. 1), we re-
analyzed the data without those two points. The resulting
relationship was still significant (p = 0.008), suggesting that
larger embryos do have significantly more energy.

Correlation analysis showed a significant positive relation-
ship between embryo volume and adult size, indicating that
larger L. aequalis produced larger (and more energy rich)
embryos (Fig. 2). Again, however, there was a lot of scatter
in the data, highlighting the significant within-brood vari-
ability.

We expected the number of embryos in a brood to be
strongly correlated with size of the adult that produced them.
This was true of the February broods (» = 0.85, p < 0.001,
n = 12) (Fig. 3): larger seastars did produce larger broods.
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Fig. 2. Relationship between the size of L. aequalis brooding
adults and volume of the brooded embryos collected in April.
Data are shown for 12 adults with five arbitrarily chosen em-

bryos from each. Results of a correlation analysis are given.
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Fig. 3. Relationship between the size of L. aequalis brooding
adults and the number of embryos and larvae in the brood. Data
are shown for broods collected early (16 February) and late

(18 April) in the brooding period.
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By April, however, overall brood sizes had dropped and
there was no longer a correlation between adult size and
number of larvae (r = 0.20, p = 0.53, n = 12). ANCOVA
showed that brood sizes in April were significantly lower
than those in February, independent of adult size (Table 2).
This finding reflects the loss of embryos and larvae over the
2-month brooding period.

To estimate total embryo and larval loss over the brooding
period, we matched adults of similar size from the February
and April samples and calculated the difference in their

Table 2. Leptasterias aequalis brood size as a function of
date (February versus April).

Source df MS F P

Date 1 1.126 33.35 <0.001
Error 21 0.033

Total 23

Note: Data were analyzed with an ANCOVA with adult
seastar radius as the covariate (covariate effect was signifi-
cant, p < 0.001).

Fig. 4. Estimated L. aequalis brood loss over the 2-month brood-
ing period. Data were calculated by matching up seastars of sim-
ilar size collected in February and April and comparing their
broods. Correlation coefficient and significance level are shown.
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brood sizes (assuming that similarly sized adults produced
roughly equivalent broods). Loss estimates ranged from 21%
to 86% (Fig. 4). If this is an accurate estimate of brood mor-
tality, it indicates that L. aequalis lose a significant portion
of the brood. The significant positive correlation suggested
that the percent loss was related to adult size; estimated
losses were much greater for larger seastars.

A nested ANOVA also showed significant differences in
embryo energy content over the brooding period. Larvae
from seastars collected near the end of the brooding period
(in April) had significantly more energy, on average, than
those tested in February (Tables 1 and 3). As expected, there
was again significant variability in embryo energy content
among seastars (indicated by the significant “seastar” factor
in the analysis).

Discussion

Despite low samples sizes, both in the number of females
sampled and in the number of embryos measured per brood
(between 0.6% and 10%), our sampling revealed intriguing
patterns in the brood characteristics of L. aequalis. The
clearest result was that female reproductive output was ex-
tremely variable in this species. This is not unusual; variabil-



Table 3. Leptasterias aequalis embryo and larval energy.

Source df MS F p
Date 1 178.74 10.34 0.004
Seastar 22 17.27 6.18 <0.001
Embryo and larva 92 2.81

Total 115

Note: Data were analyzed as a completely nested ANOVA. Date
(February versus April) was a fixed factor, while seastar and embryo and
larva were nested random factors. Unbalance in the design came from
four missing observations.

ity in fecundity and egg size has often been seen both among
echinoderm species and among individuals within a species
(e.g., Turner and Lawrence 1979; Thompson 1983; Emlet et
al. 1987; McEdward and Carson 1987; McEdward and Coul-
ter 1987; McEdward and Chia 1991).

Among Leptasterias species, differences in fecundity have
often been related to female size (Chia 1966; Menge 1970;
Niesen 1973; George 1994). This was clearly true in our
study. A doubling of the arm radius in brooding females re-
sulted in a three- to fourfold increase in egg production.
However, while difference in adult size may explain some of
the variation in L. aequalis reproductive output, that alone
cannot account for all of the variability. This is particularly
true for the differences that we saw, not in sizes of broods
but in the volume and energy content of embryos within sin-
gle broods.

Variation among eggs produced by Leptasterias females
can sometimes result from differences in habitat quality
(Menge 1974; George 1994). In our study, however, all of
the L. aequalis came from a single short stretch of beach.
We were unable to detect habitat variability equivalent to
that described in these earlier works, and it seems unlikely
that habitat variability was sufficient to produce the range of
egg volumes and energy contents that we saw. Furthermore,
even if habitat variability could explain differences among
individuals, it could not explain the variation among eggs in
a single brood.

Variation in reproductive output, both among females and
within broods of a single female, can have important life his-
tory consequences. Egg size has been used as a measure of
female investment per propagule and (by summing over total
fecundity) as a predictor of female reproductive effort in the-
oretical models of reproduction and life history evolution
(Vance 1973; Smith and Fretwell 1974; Strathmann 1985;
Havenhand 1995; McEdward 1997). For echinoderm species
like Leptasterias spp., with brooded nonfeeding develop-
ment, most nutrients and structural materials needed to com-
plete development are provided in the egg. If egg volume is
related to egg energy content, as it is in this and a number of
other species (e.g., Jaeckle 1995; McEdward and Morgan
2001), differences in egg volume will be translated through
the embryonic and larval stages into juvenile size. Therefore,
differences in egg size and volume could ultimately impact
juvenile fitness (Lawrence et al. 1984; McClintock and
Pearse 1986; Emlet et al. 1987).

If we assume that juvenile fitness is directly related to em-
bryo volume, then, based on the variation in embryo volume
within the broods of L. aequalis examined for this study,
some embryos could have twice the fitness potential of their
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brood mates. This is probably a conservative estimate, since
we sampled only a small proportion of the total broods; it is
unlikely that we actually measured the largest and smallest
embryos in any brood. However, this estimate fits well with
data for L. epichlora. George (1994) found 1.5- to 3-fold
differences in protein content between the largest and small-
est juveniles released from single broods of that species.

A second pattern that we observed in our study was that
brooding L. aequalis seem to lose embryos over the brooding
period. Brood size decreases in Leptasterias species have
been previously recognized (Chia 1966; Niesen 1973;
Menge 1974; Hamel and Mercier 1995). Menge (1974) esti-
mated a brood mortality of approximately 44% in the L. hex-
actis populations that he studied. Our estimated loss rates
were slightly higher (approximately 58%). These levels of
mortality are not unusual for brooding echinoderms. Sewell
(1996), for example, measured brood mortalities of up to
100% in the intraovarian brooding sea cucumber Leptosyn-
apta clarki Heding, 1928.

Our data further suggest that larger females produce more
eggs but have a harder time carrying them completely
through the brooding season. A positive relationship be-
tween adult size and brood size was clear in the February
samples but had disappeared by April, primarily because
large females were losing a much greater proportion of their
broods (Figs. 3 and 4). This inverse relationship between
adult size and brooding success was predicted theoretically
by Strathmann and Strathmann (1982) and has been demon-
strated in the brooding asteroid Asterina phylactica Emson
and Crump, 1979 (see Strathmann et al. 1984).

There are a number of difficulties inherent in estimating
brood mortality. Ideally, measurements would involve direct
observation throughout the brooding period (e.g., Sewell
1996). Unfortunately, that is rarely possible. Instead, a series
of simplifying assumptions must be made. Our estimates of
brood loss rely on two assumptions: (1) that females of simi-
lar size produce broods of approximate equal size and
(2) that all eggs in the broods are fertilized (for a discussion
of this issue, see Rumrill 1990). Our analyses suggest that
the first assumption is reasonable; brood size was strongly
correlated with adult size in our population. We currently
have no data to test the second assumption. If, however,
these assumptions are true, a significant portion of the
broods of L. aequalis never reach the juvenile stage.

In addition to simple changes in numbers, broods appear
to change in composition. The decrease in brood size, cou-
pled with a significant increase in average energy content of
surviving larvae, indicates differential loss of offspring, with
smaller individuals being more at risk. Egg volume in
L. aequalis may, therefore, be a predictor of survival to the
juvenile stage (Lawrence et al. 1984; McClintock and Pearse
1986; Emlet et al. 1987).

At present, it is unclear what factors are responsible for
the loss of brooded embryos and why those factors act more
strongly on smaller embryos. However, two possibilities
should be considered: (1) larger individuals consume smaller
ones within the brood (adelphophagy) and (2) strong flow
strips embryos (primarily the smaller ones) from the brood-
ing female.

Adelphophagy of smaller individuals by larger individuals
could easily produce the decreasing brood sizes with a shift
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toward larger individuals that we observed in our study.
However, brooding seastars for which adelphophagy has
been suggested (e.g., Neosmilaster georgianus (Studer, 1885);
see Bosch and Slattery 1999) possess tissue connections that
have been interpreted as conduits for material transport be-
tween consumed and consuming individuals. No such struc-
tures have been described for L. aequalis. While we cannot
exclude adelphophagy in our study, the lack of morphologi-
cal features associated with this process and the absence of
prior reports (despite intensive study of L. hexactis) lead us
to believe that it is not the cause of the brood changes that
we saw.

A more likely cause of brood loss is that embryos are sim-
ply flushed out of the brood mass by strong water flow.
Leptasterias hexactis (and presumably L. aequalis) embryos
hatch at the brachiolaria stage of development and attach to
their mother using their brachiolar complex (brachiolar arms
and the central adhesive disk; Osterund 1918). The epithe-
lium of the brachiolar complex bears secretory cells that
help the larva attach to the substratum (Barker 1978). We
hypothesize that the differential loss of smaller individuals
from broods in L. aequalis is a consequence of a relatively
smaller brachiolar surface area for contact with the rest of
the brood mass and the maternal body. Smaller individuals,
owing to this reduced contact, are more susceptible to
dislodgement and removal from the brood by shear stress as-
sociated with strong waves and currents.

The study site from which we collected L. aequalis is a
relatively low-energy environment. Current speeds can be
high (maximum currents of approximately 1.8 m/s), but
wave action is minimal. However, L. aequalis broods during
the winter, when occasional storms occur. In the period be-
tween our two samples, winds at the study site exceeded
10.2 m/s on five days. On two of these days (15 and
24 March), the winds were blowing directly onshore, pro-
ducing strong waves. These events conceivably occurred
shortly after the larvae had emerged from the fertilization
membrane (hatching occurs 21-25 days after fertilization;
Strathmann 1987). Although we cannot specifically state
that high water flow stripped away the brooded embryos, the
observations are consistent with our hypothesis. If wave ac-
tion is indeed responsible for a differential loss of smaller
individuals, it may explain the right shift in the distribution
of energy content among individuals collected from older
broods and the seeming paradox that older broods possess
fewer but more energy-rich individuals.

Our study suggests significant variability in the number
and energy content of embryos produced by L. aequalis,
even though the sampled individuals occurred within a sin-
gle small area. The variability was expressed among females
within the population and even within the broods of single
females. This variability may () simply result from random
variation in reproductive output and survival, (if) indicate
different reproductive strategies among brooding females, or
(iii) reflect the history of the maternal animal (e.g., Bingham
et al. 2000). In any case, the variability may be expressed in
differential survival of brooded offspring and fitness of those
juveniles that eventually leave the brood. Variation in brood-
ing success and juvenile size could have significant conse-
quences for the population dynamics of L. aequalis and for
the intertidal communities in which it occurs. Understanding

those consequences will require further careful study with
particular attention to the dynamics and energetics of repro-
duction.
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