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Abstract.-Many life-history and developmental studies of marine invertebrates assume that eggs of species with
nonfeeding larvae are large because they provide materials for rapid development. Using the sea urchin Heliocidaris
erythrogrammawhich has 400 p.m eggs and nonfeeding larvae, we removed an acellular, lipid-rich component from
the blastula equivalent to ca. 40% of the egg volume and ca. 50% of the organic mass. Experimentally manipulated,
reduced-lipid larvae survived well, developed in the usual time (3.5 d), and high percentages of the original numbers
metamorphosedinto anatomically normal juveniles. Control juveniles were larger at metamorphosis, grew more, and
survived longer than siblings that lacked this lipid-rich material. Moderate increases in egg size in species with
nonfeeding larvae may enhance postlarval performance significantly and therefore may reflect selection on early
juvenile traits. The contrasts of our results and comparable experiments with feeding larvae suggests that egg size
may play fundamentallydifferent roles in species with feeding and nonfeeding larvae. The accommodationof materials
reserved for the juvenile stage should be considered among hypotheses on evolutionary modification of developmental
patterns.
Key words.-Development, echinoid, juvenile, nonfeeding larvae, performance.
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Life-history biologists have long recognized the trade-off
between offspring number and size (e.g., Lack 1954; Vance
1973; Smith and Fretwell 1974; Clutton-Brock 1991; Stearns
1992). Sustained interest in this trade-off has produced substantial theory and empirical data to explore how offspring
size influences both performanceor survival (e.g., birds: Parsons 1970; Reid and Boersma 1990; Smith et al. 1995; fish:
Bagenal 1969; Henrich 1988; insects: Fox 1994; lizards: Sinervo 1990; Sinervo et al. 1992; seed plants: Michaels et al.
1988; Winn 1988; Juradoand Westoby 1992; Westoby et al.
1992; Geritz 1995; see also Bernardo 1996) and the conditions under which increasing or decreasing fecundity influences fitness (e.g., Brockelman 1975; Stearns 1992; Haig
1996).
For organisms with complex life cycles (e.g., amphibians,
holometabolous insects, and most marine invertebrates),
which include a larval phase living in a separatehabitatfrom
the juvenile-adult phase, the allocation to offspring can influence both the larval phase and the juvenile-adult phase
(Moran 1994). For marine invertebrates (which generally
have minute, dispersing larval stages), most models and comparative studies of the adaptive controls on egg size and
fecundity have focused on the larval phase (Vance 1973;
Strathmann 1985; Emlet et al. 1987; Havenhand 1995; but
see also Roughgarden 1989). Species that produce many
small eggs and feeding larvae are contrastedwith species that
produce fewer, larger eggs and nonfeeding larvae. Larval
mortality in the plankton and, more recently, fertilization
success are considered to be key factors in this trade-off of
fecundity and egg size (Vance 1973; Levitan 1993; Podolsky
and Strathmann1996). Larvae that develop from larger eggs
are thought to utilize increased egg reserves to develop rapidly, without feeding, and to experience a lower mortality
relative to larvae from smaller eggs (Thorson 1950; Strathmann 1985; Pearse 1994). Larger eggs are also thought to

act as bettertargets for sperm, therebyenhancingfertilization
success (Levitan 1993).
The influence of egg size on postlarval (juvenile) size,
growth, and survivorship may also be an importantfactor in
this trade-off (Strathmann1974, 1977; Kolding and Fenchel
1981; Perron 1986), but measures of juvenile performance
in marine invertebratesare lacking. Strathmann(1974) noted
that newly metamorphosedjuvenile asteroids of taxa with
nonfeeding larvae were often much larger than juveniles of
species with feeding larvae. The total organic (energetic)
content of the large eggs of species with nonfeeding larvae
or brooded embryos is often very similar to that of the resulting juveniles (Lawrence et al. 1984; McClintock and
Pearse 1986), an observation that is consistent with the hypothesis that egg materials are used to produce big juveniles.
However, the lack of change in organic content does not rule
out the use of egg reserves for larval (nonjuvenile) development because many so called nonfeeding larvae may take
up dissolved organic matter (Jaeckle and Manahan 1989;
Jaeckle 1995a) and in theory could replace egg reserves utilized during larval development.
The present study experimentally demonstrates a direct
connection between egg size and juvenile performance in a
sea urchin by manipulating the size of egg reserves in nonfeeding larvae of an Australian sea urchin, Heliocidaris
erythrogramma(Valenciennes). This urchin develops from
positively buoyant eggs (ca. 400 ,um in diameter) via a nonfeeding larva to a juvenile in 3.5-4 d at 22?C (Williams and
Anderson 1975; Wray and Raff 1990; Emlet 1995). We reduced the organic content of the embryos of H. erythrogrammaby centrifuging hatched blastulae, and we examined
the time to metamorphosis, size at metamorphosis,juvenile
growth, andjuvenile survivorshipof manipulatedand control
embryos. We also examined juvenile size and growth in a
partly sympatric congener, H. tuberculata (Lamarck),which
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has small eggs and feeding larvae. This study demonstrates
that most of the organic matter in the large eggs of H. erythrogrammais not required for larval development and is
utilized by the juvenile after settlement.
MATERIALS

AND METHODS

Adults of the urchins H. erythrogramma and H. tuberculata

were collected at intertidal and shallow subtidal sites near
Manly and Clovelly in Sydney, New South Wales and maintained at the University of Sydney in recirculating aquaria
until they were used, usually within a week of collection.
Culture methods were modified from those described by
Strathmann(1987). Briefly, adults were induced to spawn by
intracoelomic injection of 2-10 mLs of 0.55 M KCI. Eggs
were washed three times in filtered seawater (1 Im) and
fertilized with a dilute solution of sperm.Embryos and larvae
were cultured at concentrations of 1-10/mL, in 500-mL or
1-L stirred beakers at 22?C in an incubator or culture room.
Larvae of H. erythrogrammawere not fed but their culture
water was changed every 2 or 3 d. Larvae of H. tuberculata
were fed the diatom Chaetoceros gracilis at concentrations
of 20 to 50 X 103 cells/mL every other day. Up to nine larval
cohorts from separate parental pairs of H. erythrogramma,
and two larval cohorts of H. tuberculata were examined in
the following studies.
Positively buoyant eggs of H. erythrogrammawere approximately spherical to ovoid. Egg volume exclusive of the
jelly coat was calculated for each of six cohorts used in the
present study by measuring the longest diameter and the diameter orthogonal to this and by assuming these were major
and minor diameters of a prolate spheroid. Fifteen to 25 eggs
were measured for each cohort.
We reduced the organic content of the embryos of H. erythrogrammaby centrifugingblastulaejust afterthey hatched
from the fertilization envelope, ca. 12 hours after fertilization
at 22?C. Newly hatched embryos were late blastulae or very
early gastrulae as indicated by a slightly flattened vegetal
plate. Embryos at this stage have no mesenchyme cells in
the blastocoel or have just begun ingression (Williams and
Anderson 1975; Wray and Raff 1990). Batches of 50-200
embryos per tube were centrifuged in a microcentrifuge for
two 15-sec intervals, resuspended between and after spins
and then diluted into 400-600 mLs of filtered seawater.This
treatment caused the lipid-rich droplets sequestered in the
blastocoel (Henry et al. 1991) to extrude through small rips
in the blastoderm.Rips were generally in the apical or lateral
regions of the blastula.
The amount of lipid-rich material removed from the blastocoel and the amount remaining in the blastocoel after centrifugation were estimated from measurementsmade on photographs. Because lipid-rich materials were present as spherical droplets packed within the blastocoel (Henry et al. 1991),
we estimated blastocoelic lipid volume assuming rhombohedral packing of the droplets: 0.74 X blastocoel volume.
Volumes of the blastocoel and blastula were calculated from
dimensions on photographs of control embryos assuming
both shapes were prolate spheroids. The percentage of the
original egg volume that was reduced by removing the lipid
was calculated as the estimated blastocoelic lipid volume

divided by the blastula volume. The volume of all refractile
(lipid) droplets remaining in recently centrifuged blastulae
was calculated as the sum of droplet volumes determined
from measurements of droplet diameters. This volume was
divided by the estimated lipid volume (see above) to give
the percentage lipid-rich materials remaining.
Ash-free dry organic masses of uncentrifuged and centrifuged embryos were determined from total dry mass and
ashed mass of known numbers of embryos measured on a
Cahn electro-balance (for full methods, see Hoegh-Guldberg
and Emlet 1997). Briefly, for each cohort and each treatment
or stage, dry organic mass was the mean of (total dry massash mass) determinedfrom 5-6 replicate pans with 15 to 200
embryos in each. These optical and gravimetric evaluations
of lipid removal were used in preference to biochemical assays of organic content because of the incomplete accounting
of constituent fractions (protein, lipid, and carbohydrate)that
is typical of these assays (Crisp 1984; Jaeckle 1995b).
For controls we used sibling embryos that were not centrifuged (uncentrifuged control-6 cohorts), and sibling larvae centrifuged at later stages (39 h after fertilization-1
cohort, and 3 d after fertilization -1 cohort) and which did
not lose their lipid contents (centrifuged controls).
To investigate the effects of centrifugationand to measure
the role of lipid in development of larvae, we examined respiratoryrates of larvae from control and reduced-lipidtreatments. Oxygen consumption was measuredfor groups (range
9 to 76) of sibling larvae in temperaturecontrolled, microrespirometry chambers (100 to 500 FL of 0.2 Fm filtered
seawater) fitted with polarographic electrodes (Strathkelvin
Instruments, Glasgow, UK) connected to a data acquisition
and analysis system (DATACAN IV, Sabel Systems, Los Angeles, California). Oxygen consumption of larvae was measured over periods of 1 to 3 hours and measurements of
respiration were based on portions of the 02 record with
constant slope starting 20-40 min after larvae were introduced to chambers.
The proportionof larvae metamorphosinginto normaljuveniles was measuredfor uncentrifugedcontrol and reducedlipid treatments. For each of three cohorts, sets of sibling
larvae from uncentrifugedand reduced-lipid treatmentswere
chosen haphazardlyat 29 h postfertilization (16 h after centrifugation). Thirty larvae per bowl and five replicate bowls
per treatmentwere used for each cohort. At 3.5 d of age all
larvae in bowls were counted and examined for normal appearance. Normal larvae were then transferredinto five replicate bowls per treatmentand allowed to metamorphoseupon
exposure to scrapings of algal encrusted rocks. Metamorphosis was scored after 24 h.
Size (test diameter,TD, and overall diameterincluding test
and spines, OD) of newly metamorphosedjuveniles (1 d old)
were measured for six cohorts of H. erythrogrammaand two
cohorts of H. tuberculata.All measurementswere to the nearest 25 Fm and made on a compound microscope fitted with
an ocular micrometer.
Juvenile growth was followed in six cohorts of H. erythrogramma and two cohorts of H. tuberculata, measuring

TD and OD at 4-d intervals for the first 16 d and at approximately weekly intervals thereafter.More than 20 juveniles
were maintainedin each of two and three replicate bowls for
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each treatmentfor cohorts 1 and 2, respectively. For cohorts
3-6, only one bowl with 20 to 30 juveniles for each treatment
was maintained. Measurements were made on a randomly
chosen subset of juveniles (usually 15) on each sample date.
These measurements were made under conditions of starvation to determine the contribution of the stored lipids (for
H. erythrogramma).
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Centrifugationreduced dry organic mass of embryos of H.
erythrogramma by an average of 52 ? 5.1% SE, n = 7 co-

horts. Mean dry organic mass of uncentrifugedembryos was
16.1 [ig/indiv ? 1.1 SE, and of reduced-lipid embryos was
8.0 Fg/indiv ? 1.3 SE. In a study of energy use during development (Hoegh-Guldberg and Emlet 1997) we found no
consistent changes in dry organic mass over the 3.5 day larval
period for four cohorts of H. erythrogramma.From this finding, we infer that the dry organic masses reportedabove for
control blastulae are good indicators of egg organic content.
Dry organic mass of eggs from one cohort of H. tuberculata
was 0.12 rig/egg ? 0.01 SE. The organic content of eggs of
the two species differed by a factor of 154x.
A total of 18 pairs of oxygen measurements in chambers
revealed no difference in the rates of oxygen consumption
between groups of control larvae (mean ? 1 SE = 619 +
28 pmol 02/larva/h) and reduced-lipid larvae (615 ? 32;

Survivorship of starved juveniles was also followed for
nine cohorts of H. erythrogramma.For four of these cohorts,
survivorship was scored using juveniles in 3-5 replicate
bowls in each treatmentfor each cohort. Bowls each initially
contained 30 juveniles, which were checked and had their
water changed at 4- to 7-d intervals. Mean proportion surviving was calculated for each treatmentand statistical comparisons (t-tests or ANOVA) were made on arcsine-transformed data. For each of the remaining five cohorts, only one
bowl containing 14 to 30 juveniles for each treatment was
followed. Because there was no replication within treatments, paired t-test, t = 0.101, df = 17, P = 0.92). This result
suggests that blastocoelic lipid was not an energy source for
only qualitative results are reported.
development and that centrifugation did not disrupt metabolism or, alternatively, that any decrease in metabolism
RESULTS
caused by removal of lipid was matched by an increase in
Egg and Larval Comparisons
metabolism caused by centrifugation.
By the time control and reduced-lipidlarvae reachedmetaThe range of mean egg volumes across cohorts was 0.0257
competence they were all negatively buoyant, and
morphic
to 0.0372 mm3, with an overall mean 0.0304 mm3. These
differed
they
externally only in size and shape (Fig. 1B).
volumes were equivalent to spherical egg diameters of 377,
Control larvae were prolate spheroids with an anterior end
414, and 387 pm, respectively. Eggs of H. tuberculatawere
filled with lipid droplets, visible through the ectoderm. Respherical with mean diameters of 93.6 and 97.5 Fm for the
duced-lipid larvae were smaller and had a truncatedanterior
respective cohorts. Egg volumes differ between species by a
end that often ended in a point. Larvae of both groups had
factor of 53X to 86X, and within species by factors of 1.45X
juvenile rudiments on the left side and bands of longer cilia
and 1.13 X for H. erythrogramma and H. tuberculata, rearrangedin an incomplete transverse loop at their posterior
spectively.
ends (Emlet 1995).
Upon hatching, larvae of H. erythrogrammawere approxMost embryos recovered from this reduced-lipidtreatment
imately spherical and usually swam near the water surface and developed into small but anatomically normal juveniles
rotating around their animal-vegetal axes. Just after centrif- (Fig. 1). For each of three cohorts (Fig. 2) significantly more
ugation, blastulae were flattened disks, which remained on larvae metamorphosed into morphologically normal juvethe bottom of the culture containers and moved very little. niles in the uncentrifuged control groups (means 87-95%)
These embryos had punctures or tears in the blastoderm than in the reduced-lipid treatmentgroups (means 60-78%)
where blastocoelic contents had escaped. Within 12 h of cen- (t-tests: Cohort 1, t = 6.59, df = 8, P < 0.01; Cohort 2, t
trifugation, reduced-lipid larvae had regained mobility, were = 3.07, df = 8, P = 0.015; Cohort 3, t = 10.16, df = 8, P
swimming on the bottom of the containers, and were under- < 0.01). However, when the number of metamorphosingjugoing gastrulationjust like their uncentrifugedsiblings (Fig. veniles from the reduced-lipid treatmentwas divided by the
1A).
number of normal larvae at 3.5 d for that treatment,the perThe mean dimensions of hatched, control blastulae of H. centage of normal juveniles increased to 86-96% and was
erythrogrammawere 411 and 378 Fm for long and shortaxes, not significantly different from the numbermetamorphosing
respectively (n = 6 blastulae), similar to egg dimensions, in the uncentrifuged controls (Fig. 2., t-tests: Cohort 1, t =
indicating that there was little change in volume early in 1.45, df = 8, P = 0.19; Cohort 2, t = 0.03, df = 8, P =
development. Our calculations indicated the blastocoel was 0.98; Cohort 3, t = 2.22, df = 8, P = 0.06). This comparison
53% (? 2% SE) of the blastularvolume and the blastocoelic indicates that the reduced-lipid treatment does make some
lipid-rich material was 40% (+ 1.6% SE) of the blastula larvae abnormal (cohort means: 9, 25, and 29%). However,
volume (n = 6 blastulae). Because the materialextrudeddur- the majority of the reduced-lipid larvae were normal and
ing centrifugationwas acellular,this treatmentwas equivalent metamorphosed into normal juveniles with regular, pentarto reducing the organic content in eggs by at least 40%. The adial symmetry, a full complement of juvenile and adult
extruded material was rich in lipids, and lipids have a high spines, and five active podia (Fig. 1C,D). These results inenergy content (about twice that of proteins and carbohy- dicate that eggs contain far more material (lipid) than is necdrates; Crisp 1984), so the energy lost due to centrifugation essary to support development to the juvenile stage.
was probablysubstantiallygreaterthan40% of the total availJuvenile Comparisons
able in the egg. We estimated that only 1.1% (range 0.4=
1.6%, n 12 centrifuged blastulae) of blastocoelic lipid reAt metamorphosisjuveniles of H. erythrogrammafrom remained after centrifugation.
duced-lipid treatmentshad test diameters (TD) 13% smaller
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FIG. 1. Larvae and juveniles of Heliocidaris erythrogramma.(A) Sibling gastrulae, 23 h postfertilization at 220C. The left individual
(not centrifuged) has a blastocoel filled with lipid-rich droplets; the right individual (centrifuged 10 h earlier) retains little blastocoelic
lipid and the archenteronis visible. (B) Larvae, competent to metamorphose, the left individual was not centrifuged, the right individual
was centrifuged at the blastula stage. (C) Aboral and (D) oral view of a newly metamorphosed control individual. Juveniles from the
reduced-lipid treatment were anatomically similar to controls only smaller (see text). Juvenile spines Os), adult spines (as), and podia
(p). Scale bars, 200 _.m (A, B are same scale; C, D are same scale).

(range 8-17% across cohorts) than those from uncentrifuged
controls and centrifuged controls (Fig. 3, Table 1). A twoway ANOVA of data from four cohorts with only uncentrifuged and reduced-lipid larvae (cohorts 3-6 in Fig. 3) showed
highly significant treatment and cohort effects and a significant interaction of cohort and treatment (Table 2). Within
each cohort with uncentrifugedand centrifuged controls (Cohorts 1 and 2 in Fig. 3), TD at metamorphosis did not differ
between different control treatments, but control TDs were
significantly larger than TDs of the reduced-lipid treatments
(Table 2).
Overall diameter (OD), including test and spines was also
measured and used to calculate an estimated spine length
(ESL) as follows: ESL = (OD -TD)/2. A two way ANOVA
of data from the four cohorts (3-6) with uncentrifugedcontrol
and reduced-lipid larvae showed no treatmenteffect on ESL
indicating that differences in OD at metamorphosis were accounted for by differences in TD (Fig. 3, Tables 1, 2). Cohort

1 (Fig. 3) with multiple controls showed no treatmenteffect
on ESL (Table 2). Cohort 2 had ESLs in the reduced-lipid
treatmentthat were longer than those of their respective uncentrifuged or centrifuged control treatments, however the
mean ESLs from this cohort were shorter than those of other
cohorts (Table 1). Lipid reserves appear to affect juvenile
test diameter and have no or little effect on spine lengths at
metamorphosis.
Comparisons of sizes at metamorphosis of the urchins
within the family Echinometridae indicate juveniles of H.
erythrogrammaare larger than those of other species. The
congeneric comparison shows thatjuveniles of H. tuberculata
are similar in TD and OD to juveniles of H. erythrogramma
from the reduced-lipid treatments (Fig. 3, Table 1). TDs and
ODs of newly metamorphosedjuveniles of five other echinometrids, all with small eggs and feeding larvae, are similar
to or smaller thanjuveniles of H. tuberculata(Table 1). These
comparisons are consistent with the hypothesis that the large
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FIG.2. Percent metamorphosis,mean ? 95% CI, based on arcsinetransformedpercentages. Solid bars, percent metamorphosis of all
uncentrifuged larvae; open bars, percent metamorphosis of all reduced-lipid larvae; cross-hatched bars, percent metamorphosis of
reduced-lipid larvae identified as normal at 3.5 d. For each cohort,
the percent metamorphosing is significantly greater for the uncentrifuged control than for the reduced-lipid treatment.No significant
differences in percent metamorphosis occurred between uncentrifuged larvae and reduced lipid larvae counted as normal at 3.5 d.
See text for statistical comparisons.

juvenile size in H. erythrogramma is a derived feature within
the Echinometridae. Our experimental manipulation shows
that increased juvenile size of H. erythrogramma is due to
increased egg volume in this species.
How do larger juveniles grow relative to sibling juveniles
with reduced lipid or to the smaller congeneric juveniles?
Between days 1 and 4, many cohorts and treatments showed
small decreases in TD that we attributed to consolidation of
the larval body into the juvenile shape (Fig. 4). OD increased
from the outset due to spine growth (Fig. 4). Because most
growth ceased by day 16 (Fig. 4) and juvenile mortality increased after this time (see below), we measured growth in
TD and ESL over the first 16 d. For all six cohorts, the
uncentrifuged controls increased in TD (on average 44 wm
= 10% of the original TD), whereas those in the reducedlipid treatments decreased in TD (avg. -3 wim, see Table 3,
paired t-test between uncentrifuged controls and reducedlipid treatments, t = 9.5, df = 5, P < 0.001). Over the first
16 days ESL increased in all treatments groups (Table 3), but
growth in ESL was -significantly greater for the uncentrifuged
controls than in the reduced-lipid treatments (paired t = 16.4,
df = 5, P < 0.001). Growth data for the centrifuged controls
(cohorts 1 and 2, Fig. 4) coincides with that of uncentrifuged
controls. Over the first days and weeks after metamorphosis,
the additional spines, tube feet, pedicellariae (tiny threejawed clasping organs), and sphaeridia (balance organs) appeared at similar times on the external surfaces of the juveniles from the control and reduced-lipid treatments. The
feeding apparatus (Aristotle's lantern) of both uncentrifuged
and reduced lipid juveniles emerged through the oral epi-

reduced-lipid
300

1

2

3

4 5 6
Cohort #

1

2

300

FIG.3. Size at metamorphosisfor Heliocidaris erythrogrammaand
H. tuberculatameasured as test diameter and overall diameter (test
and spines). Values are means ? 95% CI, sample sizes are given
in Table 1, and statistical comparisons are in Table 2. All cohorts
of H. erythrogrammahave uncentrifuged controls (closed circles)
and reduced-lipid treatments (open circles). Cohort 1 has a 3-d
centrifuged control and cohort 2 has a 39-h centrifuged control
(closed diamonds). Cohort 2 of H. tuberculata had two groups of
juveniles metamorphose in different days.
thelium around the same time at approximately 11-12 d after
metamorphosis. These observations suggest juvenile size and
growth, and not development, were affected by changes in
embryonic volume. Growth in TD and OD of juveniles of
H. tuberculata (Fig. 4) coincides with that of reduced-lipid
treatments of H. erythrogramma. This congeneric comparison
provides further support that increased egg volume contributed to increased growth rate of H. erythrogramma.
How do these larger juveniles survive relative to sibling
juveniles with reduced lipids? Juveniles from nine cohorts
were followed for survivorship under conditions of starvation
and in all cases juveniles from uncentrifuged control groups
and centrifuged controls (39 h and 3 d) outlived those from
reduced lipid treatments. For three of four cohorts with (three
to five) replicate bowls of juveniles for each treatment, survivorship was significantly greater for the uncentrifuged control groups than for the reduced lipid groups (Fig. 5). Survivorship differences occurred 23, 23, and 12 d after metamorphosis for cohorts figured in Figure 5 B,C,D, respectively.
One cohort (Fig. 5A) did not show significant differences
across all treatments by day 23. However, for this cohort
comparison of only the centrifuged control and the reducedlipid treatment showed mean survivorship was different at P
= 0.04

(t-test,

t = 3.09, df = 4).
DISCUSSION

This study experimentally demonstrates a delayed nutritional role for materials in an egg beyond the pelagic larval
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Juvenile size at metamorphosis. All measurements of
size are means + SE (samples size). TD, test diameter; ESL, estimated spine length. Values are in ,.m.
TABLE 1.

TD
control

Cohort

TD
reducedlipid

ESL
reducedlipid

ESL
control

Heliocidaris erythrogramma
1
407
3(35)
336
2(41)
1:3 d
411
3(37)
2
4 (45) 379
6 (45)
413
2:39 h
428
4 (45)
3
423
3 (15)
2(15)
370
4
433?2(20)
370?3(20)
5
437
4 (22) 379 4 (22)
6
433
3 (22) 388 4(22)
Cohort
424.2*
370.3
avg

110
111
52
54
130
120?3
107
110

2
3
2
3
3

113

2

65

3

128 3
134?4
106 3
108 3

3
4

104.9*

108.9

Heliocidaris tuberculata

1
2a
2b
Cohort
avg

386
374
365

6 (19)
4 (10)
7 (20)

101
77
76

377.7

9
4
8

88.7

Other echinometrids

TD

ESL

Anthocidaris crassispina

314

133

380

63

Emlet et al. 1987

E. vanbrunti
(n = 11)
Evechinus chloroticus
(figure)

364

67

Emlet et al. 1987

385

108

Heterocentrotus

302

(n = 6)

Echinometralucunter

Ref.

S. Amemiya,
pers. comm.

(n = 7)

57

Dix 1969
Mortensen 1937

mammilatus(figure)
* Excludes data for centrifuged controls in cohorts 1 and 2, respectively.

period for a marine invertebrate. Eggs of H. erythrogramma
are at least 40% by volume and 50% by organic content larger
than necessary to produce anatomically normal juveniles.
This increased allocation allows production of a larger juvenile at metamorphosis that grows in size and survives longer under conditions of starvation than individuals without
this allocation. Comparisons of size at metamorphosis with
a congener and confamilials and growth after metamorphosis
with a congener, suggest that increased size and growth of
juveniles of H. erythrogramma are derived features and associated with increased egg size.
Experimental manipulation of egg size has been shown to
affect offspring size, performance, or survivorship in several
lizards. Newly hatched lizards (Sceloporus occidentalis, Uta
stansburiana) that have had egg contents increased by injection or by surgical treatment during oogenesis are larger than
those from untreated eggs or with experimentally reduced
egg size (Sinervo 1990, 1993; Sinervo et al. 1992). The small
lizards hatching from experimentally reduced eggs have
slower sprint speeds than unmanipulated siblings (Sinervo
1990; Sinervo and Huey 1990). Mark-recapture studies on
young lizards from experimentally reduced and increased
eggs have shown that size can influence survivorship, but
results vary with sex and season of outplanting. Generally,
females from larger eggs survived better, but males from eggs

2. Summaryof ANOVA results. All comparisons were preceded by Cochran's C-tests, which verified homogeneity of variances with probability usually greaterthan 0.05 and always greater
than probability levels of significant tests.

TABLE

Factor

F-ratio

Test diameter: size at metamorphosis
Cohorts 3-6
Treatment
538.7
Cohort
6.4
Treatment X cohort
2.7
Cohort 1 (includes 3-d centrifuged control)
Treatment
259.5
Bonferroni adjusted pairwise comparisons
uncentrifuged and centrifuged controls
uncentrifuged control and reduced-lipid
centrifuged control and reduced-lipid
Cohort 2 (includes 39-h centrifuged control)
Treatment
28.0
Bonferroni adjusted pairwise comparisons
uncentrifuged and centrifuged controls
uncentrifuged control and reduced-lipid
centrifuged control and reduced-lipid
Estimated spine length at metamorphosis
Cohorts 3-6
Treatment
0.7
Cohort
25.3
Treatment X cohort

3.1

df

Probability

1150 P < 0.001
3150 P < 0.001
3150 P = 0.05
2110 P < 0.001
P = 0.7
P = 0.001
P < 0.001
2132 P < 0.001
P = 0.09
P < 0.001
P < 0.001

1150 P= 0.39
3150 P < 0.001
3150

P = 0.03

2110

P = 0.73

Cohort 1 (includes 3-d centrifuged control)
Treatment

0.3

Cohort 2 (includes 39-h centrifuged control)
Treatment
6.5 2132 P= 0.002
Bonferroni adjusted pairwise comparisons
P = 1.0
uncentrifuged and centrifuged controls
uncentrifuged control and reduced-lipid
P = 0.003
centrifuged control and reduced-lipid
P = 0.017

that were smaller or intermediate in size had the highest
survival (Sinervo et al. 1992).
Egg size has also been experimentally manipulated in sea
urchins to explore the consequences for larval developmental
rates. Sinervo and McEdward (1988; see also McEdward
1996) carried out twofold and fourfold reductions of egg size
in a species with feeding larvae (Strongylocentrotus droebachiensis). Their results differ from ours in that rate of development was affected, but not size at metamorphosis. Reductions in egg size slowed the rate of development through
the early feeding larval period and increased overall length
of the larval period. These manipulations also resulted in
changes of larval morphology in S. droebachiensis causing
it to converge with larval forms of a congener that had smaller
eggs (S. purpuratus). As manipulated and unmanipulated larvae progressed through their larval period, the differences in
larval form diminished (i.e., all smaller larvae grew to look
like the larger control larvae of S. droebachiensis) and size
at metamorphosis was approximately the same across the
treated larval groups (Sinervo and McEdward 1988). This
experimental manipulation of a species with feeding larvae
demonstrated that increased allocation to eggs can reduce the
larval period and is consistent with interpretations of variation in eggs size reflecting rates of larval mortality (e.g.,
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FIG. 4. Growth in test diameter and overall diameter for six cohorts of Heliocidaris erythrogrammaand two cohorts H. tuberculata
maintained at 22?C and identified in Figure 3. Symbols are means for replicate bowls of juveniles. Errorbars (SE) are included for all
points but are usually smaller than the symbols. Heliocidaris erythrogramma:closed circles, uncentrifugedcontrols; open diamonds with
dots, centrifuged controls; open circles, reduced-lipid treatments.Heliocidaris tuberculata:triangles.

Strathmann 1985; Emlet et al. 1987; Herrera et al. 1996).
The comparison with our results suggests that egg size has
different functions in feeding and nonfeeding larvae.
Traditionallylarge eggs of marine invertebrateshave been

considered necessary to provide materials and energy reserves that permit rapid larval development, without feeding
during the larval period (Thorson 1950; Strathmann1985).
However there is great range in egg and larval volumes of
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3. Juvenile growth over the first 16 d. TD, test diameter; juvenile development. Both control and reduced-lipid treatESL, estimated spine length. Values (in pm) are differences between
means for TD and ESL on day 1 and day 16, (sample size on day ments were approximately mid-gastrulae at 23 h; both
showed well-developed podial buds at 50 h; and both reached
16).
TABLE

Cohort

TD
control

Heliocidaris erythrogramma
1
25 (30)
1:3 d
18 (22)
2
39 (45)
2:39 h
17 (45)
3
56(17)
4
58 (19)
5
50 (14)
6
34 (10)
Cohort avg
43.6*

TD
reducedlipid

-8 (30)
-9 (45)
-11 (10)
21(22)
-2 (20)
-10 (22)
-3.1

ESL
control

213
219
306
304
192
190
242
219
226.9*

ESL
reducedlipid

156
236
145
136
168
191
171.9

H. tuberculata

1
2a
2b
Cohort avg

21
15
-1
14.2

163
167
152
161.3

* Excludes data from centrifuged controls in cohorts 1 and 2, respectively.

taxa with nonfeeding larval development (e.g., ascidians:
Berrill 1975; echinoderms: Emlet et al. 1987; opisthobranchs:
Hadfield and Miller 1987; cnidarians and sponges: Lindquist
and Hay 1996) and differences in size of juveniles at metamorphosis (e.g., various invertebrates: Strathmann 1977; gastropods: Perron 1981). Some echinoderm taxa with large eggs
produce significantly larger juveniles than those with smaller
eggs and feeding larval development (Hyman 1955; Strathmann 1974), and opisthobranch species with large eggs and
direct development produce larger juveniles than species with
smaller eggs and larval stages (Hadfield and Miller 1987).
Comparative studies on echinoderms that showed little or no
loss of biomass from the egg to the newly metamorphosed
juvenile (Lawrence et al. 1984; McClintock and Pearse 1986)
were based on species with egg diameters of 1-2.8 mm and
that produce relatively large juveniles. The eggs of these
species are 30 to over 300 times greater in volume than eggs
of H. erythrogramma. Our study suggests that even eggs
slightly larger than the minimum size required for larval development (without feeding) may have evolved to promote
greater survival of juveniles. Such a benefit would have to
offset the cost of reduced fecundity from greater parental
investment per offspring.
Dissolved organic matter (DOM) is another possible energy source utilized by feeding and nonfeeding larvae (e.g.,
Manahan 1990; Jaeckle 1995a). We have not ruled out a role
for DOM in development of H. erythrogramma, but differences between juveniles from control and reduced-lipid larvae can be directly attributed to egg contents, because both
larval groups were cultured in natural sea water containing
DOM. Uptake of DOM is an active transport process occurring over the ectodermal epithelium and there is no apparent
reason to think that experimental removal of blastocoelic
contents influenced the capacity for uptake.
Reduction of embryonic volume in H. erythrogramma did
not obviously influence the rate of larval development or

metamorphiccompetence around3.5 d at 22?C.The relatively
long time that we used to assay metamorphosis precluded
our being able to discern small differences (e.g., hours) in
metamorphiccompetence between the treatmentswith these
studies. The appearanceof juvenile structuresand the timing
of opening of the mouth was similar for control and reducedlipid individuals.
While a postmetamorphic role for egg content has been
demonstrated,other functional roles are possible. Lipid-rich
eggs are positively buoyant and larvae remain positively
buoyant for the first 48 h after fertilization, even though they
have the capacity to swim down just after hatching (Emlet,
pers. obs.). Possible consequences for positive buoyancy include increased fertilization success (e.g., Oliver and Babcock 1992), reduced predation, and increased chance of encounteringhabitatfor settlement (Emlet et al. 1987). The role
of buoyancy in eggs is poorly understood,but positive buoyancy has evolved at least 11 times among echinoderms with
nonfeeding development (Emlet 1994) and also occurs in
many other phyla. Lipid reserves may allow larvae to persist
for a longer period in the plankton should they fail to encounter proper habitat. Unmanipulatedlarvae of H. erythrogramma surviving for up to 40 d could still metamorphose,
though most had metamorphosedmuch earlier than this (Emlet, pers. obs.). No measurementsof depletion of energy reserves and no comparisons between older control and reduced-lipid larvae were made.
Implications for the Evolution of Development

Both within and among a number of marine invertebrate
taxa, nonfeeding larvae have evolved repeatedly from indirectly developing, feeding larvae (Strathmann1978). In extant echinodermsnonfeeding development has evolved a minimum of 29 times (based on Strathmann1978; Emlet 1990,
1994; and Emlet unpubl. data) including at least 15 times in
extant echinoids (Emlet 1990, 1995). The evolution of nonfeeding development is usually accompanied by increases in
egg size and a concomitant drop in fecundity (e.g., Strathmann 1985; Wray 1995) and by major changes in development including changes in morphogenesis (Raff 1987; Wray
and Raff 1991; but see Hart 1996). The analysis of developmental differences between related species with primitive
(usually indirect) development and derived (modified) development has become a primary means for exploring the
evolution of developmental mechanisms and patterns (e.g.,
amphibians: Elinson 1987; Collazo 1996; echinoids: Raff
1992a,b; Wray and Bely 1994; ascidians: Jeffery and Swalla
1991, 1992; Swalla et al. 1993). Changes in development that
result from increasingjuvenile size have not been considered
among hypotheses that explore reasons for shifts in development among invertebrates.It is likely that factors that select for increasing egg size up to the point where sufficient
energy reserves are present to permit development without
larval feeding are different than factors acting to furtherincrease egg size. Once sufficient energy reserves to support
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Survivorship of juveniles of Heliocidaris erythrogramma,maintained at 220C under conditions of starvation. Means ?SE for
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nonfeeding development are present, developmentalpatterns
may be permitted to change for a number of reasons.
Evolutionary changes in morphogenesis are usually explained by two hypotheses. (1) Relaxation of stabilizing selection: once sufficient energy reserves are present, loss of
the feeding larval form is free to occur, provided larval traits
are not genetically linked to juvenile traits (Strathmann
1975). (2) Heterochrony:sufficient egg reserves and selection
for rapid development in the plankton lead to loss of larval
traits and accelerated expression of the adult traits (Jagersten
1972; Raff 1987; Wray and Raff 1991). Additional hypotheses to explain shifts in morphogenesis and development are
possible. (3) Functional requirements: pelagic, nonfeeding
larvae still must function in swimming and locating suitable
substrata and shifts in morphogenesis may reflect selection
for function (Emlet 1994). (4) Selection for increasedjuvenile
size at metamorphosis:increased materialsor energy reserves
in the egg may require additional changes in developmental

pathways to accommodate these added reserves or build a
larger juvenile.
Selection for increasedjuvenile size could result in a number of changes in development. If increased allocation is in
the form of greateryolk content, cleavage may become modified as a consequence of different propertiesof the cytoplasm
(e.g., Elinson 1989; Gilbert 1991). Schatt and Feral (1996)
reported incomplete cleavage in early embryos and the formation of a vegetal yolk mass separate from the holoblastically cleaving animal blastomeres in the brooding echinoid
Abatus cordatus with large, yolky eggs (1.3 mm diameter).
Cerra and Byrne (1995) have described the redistributionof
lipid droplets to the basal regions of blastodermal cells in
the brooded embryos of a starfish (Patiriella exigua), in embryos of other congeners with large, lipid-rich eggs, but not
in a congener with small eggs and little lipid.Cerraand Byrne
(1995) suggested this localization of lipid may be necessary
to permit certain cellular activities in the apical cytoplasm
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and morphogenesis. In sea urchins, the sequestering of lipid
into the blastocoel has evolved independentlyin at least three
species with lipid-rich egg and nonfeeding larvae: Heliocidaris erythrogramma (Henry et al. 1991); Asthenosoma ijimai
(Amemiya and Emlet 1992); and Holopneustes purpurescens

(Morris 1995; R. Emlet pers. obs.). This may have arisen to
accommodate additional materials reserved for the juvenile
rather than to facilitate nonfeeding development per se.
Changes in cell lineages or patterns of juvenile morphogenesis permitted by the loss of feeding larval developmental
patterns (Wray and Raff 1989; Amemiya and Emlet 1992;
Janies and McEdward 1993) may be augmented by allocations to build larger juveniles. Wray and Raff (1989, 1990)
showed very large differences in cell lineages of H. erythrogramma relative to those of species with feeding larvae, including the demonstration that fully one-quarterof the embryonic volume was allocated to juvenile rudimentformation
as vestibular ectoderm. They interpreted these changes as
facilitating rapid development of the adult. Some of these
modifications may permit construction of larger juveniles.
Making largerjuveniles requires larger larvae and this might
require changes in ciliary patterns (or other appendages) to
maintain larval locomotory function (Emlet 1994). An increase in larval size can change the buoyancy forces due to
differences in specific gravity of larvae and seawater,which
may require functional changes in development for nonfeeding larvae (Emlet 1994).
These four general hypotheses for shifts in morphogenesis
in species with nonfeeding larvae are not mutually exclusive.
While the first two have been cited often, the latter two need
to be considered also. Evidence for these will requiredetailed
investigations of related species with differing modes of development and related species with similar modes of development but differing juvenile body size. The possibility of
a link between juvenile size and modifications in early development must be explored if increased juvenile size and
performance affect the evolution of egg size in marine invertebrates.
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