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Abstract. Recent work on a diverse array of echinoderm species has demonstrated, as is true in amphibians, that
thyroid hormone (TH) accelerates development to metamorphosis. Interestingly, the feeding larvae of several species
of sea urchins seem to obtain TH through their diet of planktonic algae (exogenous source), whereas nonfeeding
larvae of the sand dollar Peronella japonica produce TH themselves (endogenous source). Here we examine the effects
of TH (thyroxine) and a TH synthesis inhibitor (thiourea) on the development of Dendraster excentricus, a sand dollar
with a feeding larva. We report reduced larval skeleton lengths and more rapid development of the juvenile rudiment
in the exogenous TH treatments when compared to controls. Also, larvae treated with exogenous TH reached meta-
morphic competence faster at a significantly reduced juvenile size, representing the greatest reduction in juvenile size
ever reported for an echinoid species with feeding larvae. These effects of TH on D. excentricus larval development
are strikingly similar to the phenotypically plastic response of D. excentricus larvae reared under high food conditions.
We hypothesize that exogenous (algae-derived) TH is the plasticity cue in echinoid larvae, and that the larvae use
ingested TH levels as an indicator for larval nutrition, ultimately signaling the attainment of metamorphic competence.
Furthermore, our experiments with the TH synthesis inhibitor thiourea indicate that D. excentricus larvae can produce
some TH endogenously. Endogenous TH production might, therefore, be a shared feature among sand dollars, facil-
itating the evolution of nonfeeding larval development in that group. Mounting evidence on the effects of thyroid
hormones in echinoderm development suggests life-history models need to incorporate metamorphic hormone effects
and the evolution of metamorphic hormone production.
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A range of developmental strategies characterizes life-his-
tory patterns in echinoderms (sea urchins, sand dollars, star-
fish, and their kin) and other marine invertebrates (reviewed
in Wray 1995; terminology sensu McEdward and Janies
1997). Planktotrophic development, as exemplified by the
pluteus larva of sand dollars and the veliger larva of snails,
represents one extreme in this spectrum in which larvae de-
velop from relatively small, energy-poor eggs. The elaborate
and highly efficient feeding structures in these larvae com-
pensate for the fact that the eggs of planktotrophs do not
contain sufficient maternally derived resources to complete
development in the absence of food. Lecithotrophic devel-
opment proceeds from much larger eggs. Since sufficient ma-
ternally derived reserves are available for lecithotrophic lar-
vae, feeding structures are reduced or even absent. Most
planktotrophic and lecithotrophic larvae then undergo a rad-
ical metamorphosis into a settled juvenile. Direct develop-
ment is a special case of lecithotrophy in which the larval
stage is completely lost and the embryo develops directly
into the juvenile with no intervening metamorphosis. The
presumed ancestral mode of development in echinoderms is
planktotrophic, and it is generally accepted that lecithotrophy
has evolved multiple times independently from planktotroph-
ic ancestors through the loss of larval feeding (e.g. Strath-
mann 1978, 1985; Wray 1996; but see Lacalli 1993). Tra-
ditional life-history models and their modifications (Vance
1973a,b; Christiansen and Fenchel 1979; Roughgarden 1989;
Havenhand 1995; McEdward 1997) have assumed that egg

size is the prime determinant of developmental mode, and
that ecological factors explaining selection for increased egg
size can account for the evolution of lecithotrophy. Mecha-
nistic (ontogenetic) factors have received little attention in
these models.

Planktotrophic echinoderm larvae, most famously those of
echinoids (sea urchins and sand dollars, the main focus of
this study), respond in a phenotypically plastic way to the
abundance of food under laboratory and field conditions (e.g.
Fenaux et al. 1985; Boidron-Metairon 1988; Strathmann et
al. 1992; Fenaux et al. 1994; Hart and Strathmann 1994;
George 1999). Planktotrophic echinoids develop via a feeding
pluteus larva, which captures algae using the convoluted cil-
iary band that runs along its several pairs of long, skeletal
arms (Fig. 1A). The juvenile rudiment (Fig. 1B) develops as
an essentially separate entity from the larval body. When the
larvae of several echinoid species are reared under high food
conditions, a differential increase in the growth of juvenile
structures relative to the growth of larval structures occurs.
By contrast, under low food conditions, juvenile growth is
delayed, and the larvae instead invest in longer larval arms
(Boidron-Metairon 1988; Hart and Scheibling 1988; Strath-
mann et al. 1992; Fenaux et al. 1994; Hart and Strathmann
1994). This differential allocation of energy to larval versus
juvenile structures under low food conditions has been shown
to result in an increased ability to capture food items (Hart
and Strathmann 1994), and is thus considered an example of
adaptive phenotypic plasticity.
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FIG. 1. Larval and adult characters analyzed in this study. (A) Pluteus larva and (B) close-up image of the juvenile rudiment (echinus
rudiment; circled in A) in the planktotrophic larva of Dendraster excentricus. In the morphometrics and phenotypic plasticity experiments
(see Materials and Methods), five larvae were randomly chosen and the indicated structures were measured for each replicate. PO,
postoral arm; PD, postdorsal arm; BM, body midline; SL, stomach length (stomach size [SS] is a combined measure of length and
width—width measured but not indicated; for details see Material and Methods); RL, juvenile rudiment length (juvenile rudiment size
[RS] is a combined measure of length and width—width measured but not indicated; for details see Material and Methods); AS, adult
skeleton; SP, juvenile or adult spine; TF, tube foot. PO, PD, BM, SL, and RL were measured; AS, SP, TF, and other adult structures
not indicated here were used to stage the development of the juvenile rudiment (see Table 1). Bar in (A) equals 300 mm; in (B), 40 mm.

Strathmann et al. (1992) noted that planktotrophic echinoid
larvae that develop from relatively large eggs exhibit a de-
velopmental trajectory superficially similar to that of larvae
with smaller eggs that are raised under high food conditions:
both tend to exhibit increased relative allocation to juvenile
rather than to larval structures. These authors hypothesized
that endogenous (maternally derived) and exogenous (derived
from the plankton) food resources are essentially equivalent,
and that the evolution of lecithotrophy, and the accompanying
loss of larval feeding structures, could be explained simply
by an evolutionary increase in maternal investment in the
egg. However, later experiments with egg size manipulations
(Bertram and Strathmann 1998; R. R. Strathmann, pers.
comm. 2001) showed that alterations of exogenous and en-
dogenous resources do not produce equivalent effects on lar-
val morphology, contrary to the prediction of the aforemen-
tioned hypothesis.

An alternative hypothesis is that exogenous food is fun-
damentally different from endogenous food, or, more spe-
cifically, that planktotrophic larvae need to obtain specific
compounds from planktonic algae that are not provided in
the egg. A corollary to this hypothesis is that either lecith-
otrophic larvae synthesize these compounds themselves, or
these compounds are supplied to the larvae maternally. Re-
cent work on the mechanisms of echinoderm metamorphosis
(Chino et al. 1994; Johnson and Cartwright 1996; Suyemitsu
et al. 1997; Saito et al. 1998, Johnson 1998; Hodin et al.
2001) suggests that thyroid hormone may be one such com-
pound.

Thyroid hormones (T4 [thyroxine] and T3 [3,39,5-triio-
dothyronine] and others) are best known for orchestrating

metamorphosis in amphibians: several thyroid hormone syn-
thesis inhibitors (such as KClO4 and thiourea) prevent meta-
morphosis, whereas exogenous hormonal applications cause
precocious metamorphosis (reviewed in Rose 1999). Here we
investigate the role of thyroid hormones in larval develop-
ment and metamorphosis of the sand dollar Dendraster ex-
centricus. We demonstrate that D. excentricus larvae do, in-
deed, respond to exogenous thyroid hormone (thyroxine) and
a thyroid hormone synthesis inhibitor (thiourea) in a similar
manner to the adaptive, plastic response of D. excentricus
larvae to increased and decreased larval nutrition, respec-
tively. We also present data suggesting that D. excentricus
larvae can produce some endogenous thyroid hormone (or a
thyroid hormone-like compound; but see Materials and Meth-
ods), but not enough to support development to metamorphic
competence in the absence of food. We discuss our results
in the context of phenotypic plasticity and life-history evo-
lution in echinoderm larvae.

MATERIALS AND METHODS

We report on four experiments with larvae of Dendraster
excentricus (Eschscholtz, 1831) from spring and summer
2000, 2001, and 2002: a morphometrics experiment, a phe-
notypic plasticity experiment, a metamorphosis experiment,
and an inhibitor experiment. Sand dollars (D. excentricus)
were collected at Crescent Beach, Orcas Island, Washington,
at low tide in the spring and summer, held in flow through
sea tables with preconditioned sand, and spawned later the
same year.

We did not isolate or measure thyroid hormones in this
study. Chino et al. (1994) measured thyroid hormone (T3
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TABLE 1. Temporal occurrence of characters in the juvenile rudiment, and definition of rudiment stages. 1 indicates presence of juvenile
character; 2 indicates absence of juvenile character. Note that body skeletal plates include first multibranched spicules (as indicated in
drawing). See also Figure 1B for an image showing some of these juvenile characters.

[3,39,5-triiodothyronine] and thyroxine [T4]) concentrations
in larvae of two sea urchin species and one unicellular algal
species that sea urchin larvae feed on (this was the apparent
source for the thyroid hormones in the larvae) using radio-
immunoassays after separation of individual thyroid hor-
mones by HPLC. Suyemitsu et al. (1997) and Saito et al.
(1998) showed that inhibitor (thiourea) treatment of non-
feeding larvae of the sand dollar Peronella japonica resulted
in lower T3 and T4 levels. Based upon these studies, we refer
here to the active compounds, inhibited in our experiments
by thiourea and rescuable by exogenous thyroxine, as thyroid
hormone (TH).

We prepared thyroxine (T-1775 Sigma-Aldrich, St. Louis,
MO) as described in Chino et al. (1994), and thiourea (a
thyroxine synthesis inhibitor which acts by blocking iodine
peroxidase activity; Sigma-Aldrich) in MFSW (millipore-fil-
tered seawater; 0.45mm) at appropriate concentrations.

Experimental Designs

Dendraster excentricus larvae can be reared from 108C to
248C (Strathmann 1987) without affecting their relative de-
velopmental trajectories (McEdward 1985). Temperatures for
the four experiments were as follows: morphometrics ex-
periment: 11.5–14.08C (30 June–12 August 2000; 42 days);
plasticity experiment: 21–228C (14–26 June 2002; 12 days);
metamorphosis experiment 21–238C (8 July–12 August 2000;
37 days); inhibitor experiment 18.8 6 1.38C SD (30 June–
12 August 2001; 42 days)].

To obtain gametes, we injected one male and one female
(different ones in each experiment) with 0.55M KCl and set
larval cultures up after hatching (as described in Strathmann
1987). The cultures were gently stirred using a motor-driven
stirring apparatus (Strathmann 1987) or a shaker table, and
we changed the water every two to three days. Unless stated
otherwise, we set up larval cultures (at a maximal initial larval
density of 1 larva/5 ml MFSW) at the stage when the in-
vaginating echinus rudiment contacts the left hydrocoel, and
fed larvae 6000 cells/ml Dunaliella tertiolecta. Larvae in the
inhibitor experiment were starved when they had reached
rudiment stage 3 (see Table 1).

Experimental Treatments

Morphometrics experiment: HIGH TH (1029M thyroxine);
LOW TH (10211M thyroxine); CONTROL; LOW INHIBI-
TOR (1024M thiourea); HIGH INHIBITOR (1022M thio-
urea). Plasticity experiment: HFHT (6000cells/ml D. terti-
olecta, 5 3 10210M thyroxine); LFHT (2000cells/ml D. ter-
tiolecta, 5 3 10210M thyroxine); HFLT (6000cells/ml D.
tertiolecta, 5 3 10211M thyroxine); LFLT (2000cells/ml D.
tertiolecta, 5 3 10211M thyroxine); HF (6000cells/ml D. ter-
tiolecta), LF (6000cells/ml D. tertiolecta). Metamorphosis ex-
periment: HIGH TH (1029M thyroxine); LOW TH (10211M
thyroxine); CONTROL; INHIBITOR (1.67 3 1023M thio-
urea); MIXED (1.67 3 1023M thiourea plus 1029M thyrox-
ine). Inhibitor experiment (no food): TH (1029M thyroxine);
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CONTROL; INHIBITOR (1023M thiourea) and MIXED
(1023M thiourea plus 1029M thyroxine).

Morphometric Measurements and Rudiment Stages

In the morphometrics experiment, we took measurements
on five randomly chosen larvae (see Results for details) per
independent replicate (three replicates in all experiments) af-
ter each water change. From captured images (using a Nikon
[Tokyo, Japan] compound microscope with an attached Po-
laroid [Waltham, MA] video camera) we took the following
morphometric measurements (as indicated in Figure 1A):
postoral (PO) arm length, postdorsal (PD) arm length, body-
midline length (BM), stomach length (SL), stomach width
(SW), rudiment length (RL), and rudiment width (RW) using
NIH Image (public domain; http://rsb.info.nih.gov/nih-
image) software and our own macros written for NIH Image.
We calculated stomach size (SS) and rudiment size (RS) as
the square root of the cross-sectional area of an ellipsoid,
using SW or RW and SL or RL as the ellipsoid axes re-
spectively. For relative morphological character measure-
ments we divided each absolute morphological character
measurement by rudiment size. We consider PO, PD, and
BM as larval characters, the stomach as both a larval and
juvenile character since it is retained in the juvenile (Chia
and Burke 1978), and the juvenile rudiment as a juvenile
character. We also assigned each larva to developmental stag-
es based on adult rudiment characters (Table 1; Fig. 1B),
using images taken with differential interference (DIC) optics
and/or polarized light.

For the plasticity experiment, we used a Nikon microscope
E600 with a Nikon Coolpix 990 digital camera attached to
it, which did not give clear views of the skeleton using po-
larized light. Therefore, we did measurements and staging as
described above, except that we ultimately flattened each
larva underneath a cover slide for rudiment stage analysis
(see Table 1). We have since demonstrated that both tech-
niques (polarized light in living larvae vs. flattening larvae)
yield nearly identical results for rudiment staging in our
hands (data not shown).

Metamorphic Competence and Settlement

We define settlement as the moment when tube feet stick
out of the larva and it attaches firmly to the bottom of the
culture dish. In the morphometrics experiment and the meta-
morphosis experiment, settlement occurred naturally (i.e., we
added no settlement-inducing chemical). In the inhibitor and
plasticity experiment, we induced settlement with 40mM ex-
cess KCl in MFSW. We define metamorphic competence as
the time at which more than 30% of the larvae in a given
replicate settled spontaneously or upon induction of settle-
ment with KCl. Because the KCl response was so robust in
the plasticity experiment, we did not use the 30% threshold
but compared percent settlement in response to KCl directly.
All juvenile measurements are test diameters (without
spines).

Many observers have noted (e.g., Cameron and Hinegard-
ner 1977) that echinoid larvae often have emergent tube feet
well before settlement, and that such larvae can form non-
permanent attachments to the substrate. Our experience,

though, is that a suction challenge to attached larvae distin-
guishes settled larvae from those merely sampling the sub-
strate.

Different echinoid species differ in the extent to which
they require a specific settlement cue or inducer. Dendraster
excentricus larvae readily settle onto clean plastic or glass.
Therefore, we feel justified in defining metamorphic com-
petence here as either 30% spontaneous or 30% KCl-induced
settlement. We recognize that such a broad definition for
competence would not be applicable to those echinoid (or
other) species that fail to settle so readily in the absence of
a cue or inducer.

Statistics

We compared time to metamorphic competence, juvenile
sizes, and larval growth among treatments as a function of
rudiment stage using general linear model commands in SPSS
(SPSS, Inc., Chicago, IL). We used a nested design to test
for homogeneity of measurements among replicates. For the
rudiment stage specific analysis and juvenile size, we used
estimated marginal means for the comparison among treat-
ments due to unequal number of replicate measurements (we
present standard deviation instead of standard error in the
relevant graphs). If necessary we used Bonferroni corrections
for multiple comparisons. We analyzed larval mortality using
Kolmogorov-Smirnov statistics.

RESULTS

Analysis of Thyroxine Effects on Larval and
Juvenile Morphology

Comparison of age and rudiment stage specific analysis

We used the morphometrics experiment to compare mea-
surements of larval and juvenile characters (Fig. 1) at age
versus juvenile rudiment stage in the sand dollar D. excen-
tricus (Fig. 2; see Table 1). In Figure 2 we used the method
of Schlosser (2001) by plotting the age at which given ru-
diment stages were reached for the CONTROL (x-axis)
against the age at which the comparable rudiment stages were
reached (y-axis) in the presence of exogenous thyroid hor-
mone (HIGH TH [1029M thyroxine]) and a thyroid hormone
synthesis inhibitor (HIGH INHIBITOR [1022M thiourea]).
Thus, larvae measured at the same time were not necessarily
at the same developmental stage. Specifically, larvae in HIGH
TH developed rudiment structures early; the reverse was true
(although to a lesser degree) in HIGH INHIBITOR.

To undertake a meaningful comparison of relative invest-
ments into larval and juvenile structures by larvae reared
under divergent food and chemical treatment conditions, we
henceforth focus on comparisons among treatments grouped
by juvenile rudiment stage (Table 2).

Analysis of larval, juvenile and stomach growth and
development

Morphometrics experiment. Figure 3 shows growth tra-
jectories for each morphological character measurement (see
Fig. 1) as a function of rudiment stage (see Table 1) for all
experimental treatments (HIGH TH [1029M thyroxine], LOW
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FIG. 2. Thyroid hormone (thyroxine) accelerates and a thyroid
hormone synthesis inhibitor (thiourea) delays the developmental
sequence of Dendraster excentricus larvae relative to the control
(morphometrics experiment, approx. 138C). Times to developmental
stages 1–4 (drawn above the graph; see Table 1 and line drawings
in this figure) for the control are plotted on the x-axis. Equivalent
stages for thyroxine and thiourea are plotted on the y-axis. Points
above the line indicate delayed development relative to the control;
points below the line indicate accelerated development relative to
the control. m HIGH TH (1029M thyroxine) versus CONTROL. n
HIGH INHIBITOR (1022M thiourea) versus CONTROL. Reference
line indicates CONTROL versus CONTROL. Error bars represent
one SE.

TH [10211M thyroxine], CONTROL, LOW INHIBITOR
[1024M thiourea], and HIGH INHIBITOR [1022M thiourea]).
A nested ANOVA revealed homogeneity for all measure-
ments of morphological characters among replicates in each
treatment (P . 0.40). Therefore, we pooled measurements
of all replicates from the same treatment (for reference see
Underwood 1997, p. 268). Table 2 summarizes the ANOVA
results; we present the details of the ANOVA in the Appen-
dix.

All three larval characters were significantly smaller in
HIGH TH than in the CONTROL after rudiment stage 2 (Fig.
3A–C; Table 2; Appendix). For LOW TH, we detected no
consistent trend (Fig. 3A,B; Table 2; Appendix). HIGH IN-
HIBITOR larvae had significantly smaller PO and PD arm
lengths at rudiment stages 1 and 2 (Fig. 3A,B; Table 2; Ap-
pendix). For LOW INHIBITOR, PO and PD arms were sig-
nificantly shorter at rudiment stage 4 (Fig. 3A,B; Table 2;
Appendix). Stomach size was significantly smaller in HIGH
TH after rudiment stage 2 (Fig. 3D, Table 2; Appendix). For
HIGH INIHIBITOR and LOW INHIBITOR, stomach size
was increased compared to the control (Fig. 3D, Table 2;
Appendix). We detected no divergence in rudiment size be-

tween the control and any of the treatments after rudiment
stage 1 (Fig. 3D; Table 2; Appendix).

We analyzed growth trajectories using a correlation anal-
ysis (Table 3) between each larval characteristic (PO, PD,
BM; see Fig. 1A and below) or stomach size (SS) and ru-
diment size (RS; see Material and Methods). We used ab-
solute rudiment size because it was the character least influ-
enced by the experimental treatments and followed compa-
rable growth trajectories in all treatments (Fig. 3E; Table 2;
Appendix). For each independent replicate (beaker) we com-
pared the Pearson correlation coefficients among treatments
using an ANOVA with simple contrast. HIGH TH growth
trajectories all had negative correlations, whereas HIGH IN-
HIBITOR and the CONTROL had positive correlations, in-
dicating that HIGH TH larvae allocated relatively more en-
ergy into juvenile rather than larval structures.

Phenotypic plasticity experiment and comparison with mor-
phometrics experiment. In Figure 4, we present the ratios
of a given morphological character measurement over ju-
venile rudiment size for the morphometrics experiment and
the phenotypic plasticity experiment. These ratios indicate
the relative allocation of energy into growth and development
of larval structures (PO, PD, BM) or the stomach versus
juvenile rudiment structures (see also Strathmann et al. 1992).
We only present data from rudiment stages 3 and 4 (see Table
1). Larvae allocate relatively more energy into growth and
development of juvenile structures than into larval structures,
when they are reared with either excess thyroid hormone
(thyroxine) or high food (Fig. 4). The reverse is true when
larvae are reared either with high levels of the thyroid hor-
mone synthesis inhibitor thiourea (Fig. 4A) or with low food
(Fig. 4B). The combined treatment of low levels of excess
thyroid hormone plus low food (LFLT) resulted in a similar
allocation ratio to high food (HF; Fig. 4b; see also Fig. 8).

In summary, exposure either to high levels of exogenous
thyroid hormone or to high food levels resulted in an in-
creased relative allocation of energy into the growth of ju-
venile structures and a reduced relative allocation into the
growth of larval structures (see Table 3). The investment
profile in low food-reared larvae (increased investment into
larval rather than juvenile structures) was reversed with the
addition of low levels of exogenous thyroid hormone. To-
gether, these results strongly suggest a connection between
the morphometric effects of food and thyroid hormone on
larval and juvenile growth in echinoid larvae.

Metamorphic Competence and Juvenile Size

We present the timing of settlement (see Materials and
Methods) for all treatments from the metamorphosis exper-
iment in Fig. 5A. CONTROL D. excentricus larvae reached
metamorphic competence 18.3 6 1.8 (1 SE of mean) days
after fertilization. Competence was reached in HIGH TH
(1029M thyroxine) larvae in less than half that time (7.7 6
0.67 days after fertilization); and was accelerated in LOW
TH (10211M thyroxine) as well (14.3 6 0.67 days after fer-
tilization). An ANOVA with post-hoc comparison using Bon-
ferroni corrections revealed a significant difference between
HIGH TH and CONTROL (P 5 0.003), but not between LOW
TH and CONTROL (P 5 0.40). Larvae from INHIBITOR
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TABLE 2. Qualitative summary of ANOVA results for morphological character measurements as a function of rudiment stage for all
experimental treatments (morphometrics experiment, approx. 138C) compared to CONTROL (see Table 1 for our definitions of juvenile
rudiment stages). ↓ indicates that the morphological character measurement was significantly (P , 0.05) smaller than in CONTROL. ↑
indicates that the morphological character measurement was significantly (P , 0.05) larger than in CONTROL. N/A, not available.

Character
Rudiment

stage

Treatment

HIGH TH
(1029M T4)

LOW TH
(10211M T4)

LOW
INHIBITOR

(1024M thiourea)

HIGH
INHIBITOR

(1022M thiourea)

Postoral arm length 1
2
3
4

↓
↓
↓

↓
↓

↓

↓
↓

N/A
Postdorsal arm length 1

2
3
4

↓

↓

↑
↓

↓

↓
↓

N/A
Body midline length 1

2
3
4

↓
↓
↓

↓ ↓

N/A
Stomach size 1

2
3
4

↓
↓
↓

↑
↑

N/A
Rudiment size 1

2
3
4

↑ ↓

N/A

(1.67 3 1023M thiourea) did not reach the 30% settlement
threshold over the course of the experiment. This thiourea-
induced delay was rescued in the MIXED treatment (1029M
thyroxine plus 1.67 3 1023M thiourea), where 30% settle-
ment was reached after 12.3 6 1.8 days. Note that settlement
was most synchronous in HIGH TH (Fig. 5A).

In the plasticity experiment, we found that food also had
significant effects on timing to metamorphic competence in
D. excentricus larvae (Fig. 6A), as has been previously re-
ported (Hart and Strathmann 1994). Under high food con-
ditions (HF), larvae settled earlier than in low food (LF; Fig.
6A). In the two treatments in which we combined food with
high thyroid hormone concentrations (HFHT, LFHT), the lar-
vae settled sooner than in any of the other treatments (Fig.
6A). The timing of settlement was similar in LFLT and HF,
indicating that hormones can mimic the effect of food.

In addition, we report a significant decrease in juvenile
size (test diameter) at settlement in HIGH TH (162.50 6
30.10 mm; n 5 56; P , 0.001) and MIXED (227.94 6 48.84
mm; n 5 10; P , 0.001) relative to the CONTROL (290 6
21.31 mm; n 5 9) in the metamorphosis experiment. We
found no significant difference between CONTROL and
LOW TH (281.56 6 45.91 mm; n 5 11; P 5 0.585). Note
that these differences in juvenile size (Fig. 5B) could be
explained by differences in time to settlement (Fig. 5A).

In the plasticity experiment, the results with juvenile size
(Fig. 6b) are comparable to the morphometrics experiment
(data not shown) and the metamorphosis experiment (above).
In general, juveniles from the high thyroid hormone (thy-
roxine) treatments (HFHT, LFHT) were significantly smaller
than juveniles from most other treatments. In the low and no
hormone treatments (HFLT, LFLT, HF, LF), LF, and LFLT,
juveniles were significantly smaller than HF juveniles. How-

ever, addition of low levels of thyroid hormone to the low
food treatment (LFLT) did not change juvenile size when
compared to LF.

In summary, food and hormone both lead to accelerated
growth to metamorphosis, and a combined low hormone and
low food treatment mimics the acceleratory effects of high
food. Taken together, these results indicate a connection be-
tween the metamorphic effects of food and thyroid hormone
in echinoid larvae. Still, although increased food levels lead
to settlement at an increased juvenile size (Hart and Strath-
mann 1994; this study), high levels of thyroid hormone lead
to settlement at a reduced size when compared to appropriate
controls.

Endogenous Hormone Synthesis

To test whether thiourea effects on D. excentricus larvae
were direct or indirect (via thiourea effects on algae) we
transferred rudiment stage 3 D. excentricus larvae (see Table
1) to one of four treatments in the absence of food (i.e. no
algae): 1029M thyroxine (TH); CONTROL; 1023M thiourea
(INHIBITOR); 1023M thiourea plus 1029M thyroxine
(MIXED). We detected a subtle but significant delay in set-
tlement in INHIBITOR (26.33 6 2.52% SE settled on days
14–18) when compared with the CONTROL (37.33 6 4.59%;
two-tailed t-test: t28,22.099 , 0.05; Fig. 7). TH larvae settled
much earlier than in the CONTROL (80 6 5.77% by day
10). In the MIXED treatment, the thiourea-induced settlement
delay was rescued with exogenous TH (66.67 6 12.02% by
day 10). These results indicate that D. excentricus larvae can
synthesize thyroid hormone (or a thyroid hormone-like com-
pound; but see Materials and Methods) endogenously. How-
ever, this endogenous thyroid hormone production is not suf-
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FIG. 3. Heterochronic changes in relative allocation to larval and juvenile structures as a result of thyroid hormone (thyroxine) and
thyroid hormone synthesis inhibitor (thiourea) treatments. Growth curves for larval characters in mm (postoral arm length [PO], postdorsal
arm length [PD], body midline length [BM]) stomach size (SS), and juvenile rudiment size (RS) as a function of juvenile rudiment stage
for all four experimental treatments and the control at 138C (morphometrics experiment; see Figure 1A for a guide to structures; see
Table 1 for rudiment stage criteria; see Materials and Methods for our method for calculating SS and RS). Measurement sets were taken
at 12, 16, 23, and 28 days after fertilization. Error bars indicate 6 one SD (SD is used here due to unequal sample size after staging of
larval development). m HIGH TH (1029M thyroxine); n LOW TH (10211M thyroxine); 3 CONTROL; ▫ LOW INHIBITOR (1024M
thiourea); n HIGH INHIBITOR (1022M thiourea).

ficient to allow D. excentricus larvae to reach metamorphic
competence in the complete absence of larval food; such
larvae do not develop beyond the appearance of pentaradial
symmetry in the rudiment (rudiment stage 1, see Table 1;
data not shown).

Furthermore, the finding that these inhibitor effects are
rescued by the addition of excess thyroxine indicates that
thiourea is an effective, specific blocker of thyroid hormone
production and/or signaling in D. excentricus larvae.

Mortality and Abnormalities

We detected no significant difference in mortality between
any of the treatments and the control using a two-sample
Kolmogorov-Smirnov test in the morphometrics experiment

(less than 11.2% average daily mortality in all treatments;
note that ‘‘mortality’’ also includes any larvae lost during
transfer) the plasticity experiment (less than 4.4% average
daily mortalities) and the metamorphosis experiment (less
than 6.5% in all treatments). We also detected no significant
difference in abnormality in the morphometrics experiment
between any of the treatments and the control using a two-
sample Kolmogorov-Smirnov test (less than a 5.8% average
daily occurrence in all treatments) and comparable levels of
abnormality were observed in the plasticity experiment.

Growth curves of all morphological characters and their
statistical analyses are included as supplementary material
(Supplement 1 and Supplement 2, respectively; available on-
line at http://dx.doi.org/10.1554/03-243.1.s1 and http://dx.
doi.org/10.1554/03-243.1.s2).
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TABLE 3. Analysis and comparison of growth trajectories between the HIGH TH (1029M thyroxine), CONTROL, and HIGH INHIBITOR
(1023M thiourea) and for each morphological character measurement relative to the rudiment size (morphometrics experiment, approx.
138C). For each independent replicate, the Pearson correlation coefficient between the morphological character measurement and the
rudiment size was analyzed and compared between the treatments and the control using ANOVA with simple contrast. Mean 6 1 SE
(P-value).

Character

Treatment

HIGH TH CONTROL HIGH INHIBITOR

Postoral arm length versus rudiment size

Postdorsal arm length versus rudiment size

20.65 6 0.01*
(P , 0.01)
20.68 6 0.01*
(P , 0.01)

0.52 6 0.12

0.57 6 0.11

0.60 6 0.11
(P 5 0.56)
0.59 6 0.03
(P 5 0.82)

Body midline length versus rudiment size

Stomach size versus rudiment size

20.63 6 0.07*
(P , 0.01)
20.49 6 0.18*
(P , 0.01)

0.78 6 3.06 3 1022

0.45 6 0.20

0.90 6 0.07
(P 5 0.10)
0.82 6 0.05
(P 5 0.14)

* P , 0.05.

DISCUSSION

Although complex, metamorphic life histories have
evolved independently in a wide variety of animal phyla,
many of these life-cycles appear to have converged upon a
common mechanism: the life cycle transitions are controlled
by hormones (reviewed in Matsuda 1987). The best-studied
cases involve the derived, metamorphic life histories of ho-
lometabolous insects (bees, beetles, butterflies, etc.) and am-
phibians (frogs, salamanders, etc.), which are orchestrated,
respectively, by steroid and thyroid hormones (reviewed in
Nijhout 1999; Rose 1999). Furthermore, the evolution of nov-
el life histories within these two disparate animal groups
appears to involve alterations in the regulation of these hor-
mones. For example, larval reproduction in flies (Hodin and
Riddiford 2000), direct development in frogs (Hanken et al.
1997; Jennings and Hanken 1998; Callery and Elinson 2000),
and neoteny in salamanders (Frieden 1981; Kühn and Jacobs
1989; Yaoita and Brown 1990; Galton 1992) all entail major
alterations in the timing of hormonal release and/or the cel-
lular hormonal response. Although little information is avail-
able about metamorphic roles of hormones in most other
phyla, a striking case of parallel evolution has recently been
reported (see below) in amphibians and echinoderms (sea
urchins, starfish and their kin): both groups use thyroid hor-
mone as a regulator for metamorphosis (defined here broadly
to include the lengthy development of the juvenile rudiment
in echinoderms). Whether thyroid hormones are involved in
the evolution of novel life histories in echinoderms, as they
are in amphibians, has not been previously explored.

As is true in amphibians, several planktotrophic sea urchins
(Chino et al. 1994; Johnson 1998), two sand dollar species
(Suyemitsu et al. 1997; Saito et al. 1998; Hodin et al. 2001),
and a starfish (Johnson and Cartwright 1996) complete meta-
morphosis early in the presence of exogenous thyroxine (T4),
one form of thyroid hormone. Intriguingly, the major source
of the hormone for feeding echinoderm larvae appears to be
the planktonic algae that they consume (Chino et al. 1994).
We propose that thyroid hormones are an environmental sig-
nal that larvae use as an indicator of nutritional state (for a
similar case in amphibians, see Pfennig 1992). We will dis-
cuss this hypothesis below in the context of phenotypic plas-
ticity, juvenile size, and life-history evolution in echinoids.

Thyroid Hormone as a Cue for Adaptive Phenotypic
Plasticity in Echinoid Larvae

Phenotypic plasticity is ontogenetic variability within a
genotype due to naturally occurring or experimentally im-
posed environmental heterogeneity (reviewed in Schlichting
and Pigliucci 1998). An adaptively plastic response depends
upon the ability of an organism to sense an environmental
cue (such as day length, temperature, etc.), allowing it to
respond appropriately to changing conditions (reviewed in
Schlichting and Pigliucci 1998). Larval food concentrations
in the marine environment undergo large temporal and spa-
tial fluctuations (Pechenik 1987; Fenaux et al. 1994; Morgan
1995). Several laboratory and field studies on echinoid lar-
vae (Strathmann et al. 1992; Fenaux et al. 1994; Hart and
Strathmann 1994) have demonstrated that when food is lim-
ited, a shift occurs toward investment into growth and de-
velopment of larval rather than juvenile structures, resulting
in an increase in feeding efficiency. When larvae live in an
enhanced food environment, by contrast, investment into
larval structures is reduced and the juvenile rudiment de-
velops at a faster rate, an apparently adaptive response to
avoiding the dangers inherent in the plankton (reviewed in
Morgan 1995).

Here we report differential investment into juvenile versus
larval structures in D. excentricus larvae that were exposed
to different levels of exogenous thyroid hormones (specifi-
cally thyroxine) in either low or high food conditions. Excess
amounts of exogenous thyroid hormone (TH) induce a mor-
phometric and metamorphic response in D. excentricus larvae
similar to the effect of excess food (Fig. 8). Indeed, D. ex-
centricus larvae exposed simultaneously to low food and low
TH levels resemble D. excentricus larvae exposed to high
food levels in the absence of excess TH. Furthermore, we
show that larvae reared with the TH synthesis inhibitor thio-
urea resemble larvae raised in reduced food conditions. These
similar developmental responses lead us to conclude that
echinoid larvae use TH levels as an indicator of food avail-
ability in the plankton (see Thyroid Hormones As an Indi-
cator of Larval Nutrition, below). This notion that exogenous
TH can induce an adaptively plastic morphometric response
similar to the effects of diet is not without precedent. Pfennig
(1992) showed that TH (thyroxine) treatment of spadefoot
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FIG. 4. Thyroid hormone (thyroxine) and food have similar effects on the relative investment into larval versus juvenile growth in
Dendraster excentricus larvae. Morphometric analysis from morphometrics experiment (A) and plasticity experiment (B) at rudiment
stage 3 and 4 combined (see Table 1). Relative morphometric character measurements (relative postoral arm length, relative postdorsal
arm length, relative body midline length and relative stomach size) are calculated by dividing the appropriate morphological character
measurement (MCM) by rudiment size (see Materials and Methods and Figure 1). All values are means 6 one SE. Horizontal bars
indicate significant pair wise differences between mean values based on multivariate analysis of variance using Bonferroni corrections
for multiple comparisons. Morphometrics experiment: HIGH TH (1029M thyroxine); CONTROL; HIGH INHIBITOR (1022M thiourea).
Plasticity experiment: HFLT (6000 cells/ml Dunaliella tertiolecta; 5 3 10211M thyroxine); LFLT (2000 cells/ml D. tertiolecta; 5 3
10211M thyroxine); HF (6000 cells/ml D. tertiolecta); LF (2000cells/ml D. tertiolecta).

toad tadpoles (Scaphiopus multiplicatus) induces a carnivo-
rous larval morph, a response also induced by a diet switch
to shrimp (known to contain T2—a form of TH) from a
commercial omnivorous fish food.

We propose that in echinoderm larvae, TH acts in a sig-
naling system that activates juvenile development while re-
pressing larval growth. To further test this hypothesis, we
can examine the dose response of starved larvae to TH, to
see whether TH alone can produce ontogenetic effects similar
to ingested food. We can also pretreat algae with TH synthesis

inhibitors to try to produce well-fed larvae that respond as
if they are being starved.

Although the plastic response of echinoderm larvae to en-
vironmental food levels has been suggested to be adaptive,
no study to date (including our own) has directly addressed
the fitness consequences in juveniles of this induced plastic
response. Hart and Strathmann (1994) noted that direct fitness
comparisons between larvae with the long-armed (delayed
metamorphosis) and short-armed (accelerated metamorpho-
sis) phenotypes suffer from the confounding effect of food
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FIG. 5. Exogenously applied thyroid hormone (thyroxine) results
in earlier settlement of Dendraster excentricus larvae at a reduced
juvenile size; the thyroid hormone synthesis inhibitor thiourea de-
lays settlement (metamorphosis experiment, approx. 228C). (A) Per-
cent settlement over time for all four experimental treatments and
the control (error bars represent one SE). Note that in the MIXED
treatment, the thiourea-induced delay of settlement is rescued by
thyroxine. m HIGH TH (1029M thyroxine); n LOW TH (10211M
thyroxine); 3 CONTROL; n INHIBITOR (1.6 3 1023M thiourea);
● MIXED (1029M thyroxine plus 1.6 3 1023M thiourea). (B) Ju-
venile (test) diameters (Juv. Diam.) at settlement for the four ex-
perimental treatments and the control. We only measured diameters
for juveniles after settlement was greater than 30% in a given rep-
licate (see Materials and Methods). Error bars represent one SD;
n, number of measurements per treatment. Similar results are seen
at 138C (not shown).

FIG. 6. Both excess food and thyroid hormone both accelerate
development to metamorphosis; low food and thyroid hormone lead
to settlement at a reduced juvenile size. Metamorphosis (A) and
juvenile size (measured as juvenile diameter, Juv. Diam.) (B) in
the plasticity experiment. Mean values 6 one SE. Horizontal bars
indicate significant difference between mean values (P , 0.05)
using univariate analysis of variance with Bonferroni corrections
for multiple comparisons. HFHT (6000cells/ml Dunaliella terti-
olecta; 5 3 10210 M thyroxine), LFHT (2000cells/ml D. tertiolecta;
5 3 10210 M thyroxine), HFLT (6000cells/ml D. tertiolecta; 5 3
10211 M thyroxine), LFLT (2000cells/ml D. tertiolecta; 5 3 10211

M thyroxine), HF (6000cells/ml D. tertiolecta), LF (2000cells/ml
D. tertiolecta). HFHT (n 5 4), LFHT (n 5 6), HFLT (n 5 6), LFLT
(n 5 6), HF (n 5 6), LF (n 5 6). n, numbers of replicate treatments;
five individuals/replicate.

treatment. These authors proposed to uncouple the plastic
response from the food effects by generating larvae with the
high food (short-armed) morphology at a low food level (us-
ing TH), and the reverse (using inhibitors). Due to the con-
founding effects of inhibitors on the algae themselves (not
shown, but described below), the latter experiment is unfor-
tunately not feasible. As for the use of TH, since it also results
in precocious settlement at a small size (via accelerated ru-
diment growth), its usefulness in testing the specific adaptive
hypothesis proposed by Hart and Strathmann (1994) is also
questionable. Still, in our plasticity experiment, we identified
what may be an ideal protocol for a fitness comparison akin
to the one that Hart and Strathmann proposed. Our analysis
of the low food (LF) and low food/low hormone (LFLT)
treatments revealed that the latter developed to metamor-
phosis faster via the short-armed (high food-like) phenotype,

with no ultimate difference in juvenile size (but with pre-
sumed differences in stored nutrition; see below). The con-
sequence of feeding efficiency on fitness can now be tested
by directly comparing postlarval performance in juveniles
derived from the LF and LFLT treatments. We predict that
LF-derived juveniles would grow more quickly after settle-
ment than LFLT-derived juveniles, indicating a selective ad-
vantage to the low food (long-armed, delayed-settlement)
phenotype.

Differences between Thyroid Hormone and Food Effects:
Stomach Size

We found that stomach size is differently affected by food
and hormone treatments. Several food limitation experi-
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FIG. 7. Thiourea delays settlement in the absence of food in Den-
draster excentricus larvae. This suggests that D. excentricus larvae
can synthesize thyroid hormones endogenously. Larvae were
starved after rudiment stage 3 (see Table 1) and exposed to different
treatments (inhibitor experiment, approx. 198C). Relative to the
starved control, settlement occurred earlier when 1029M thyroxine
(TH; see text) was present and settlement was delayed when larvae
were treated with 1023M thiourea (INHIBITOR). However, this
effect was rescued with a mixed treatment: 1029M thyroxine plus
1023M thiourea (MIXED; see text). Error bars represent one SE.

ments, including our own, indicate that larvae from low food
treatments have shrunken stomachs, whereas their well-fed
counterparts have enlarged stomachs. By contrast, our TH-
treated D. excentricus larvae had reduced stomachs, whereas
inhibitor-treated larvae had enlarged stomachs relative to
controls, and these effects were dose-responsive (note, how-
ever, that it is only our measurements of absolute stomach
size [not shown] that show this different pattern between food
and hormone; when calculated relative to rudiment size, the
effects of food and hormone are quite similar; see Fig. 4).

Unlike the larval arms and the juvenile rudiment, which
are larval- and juvenile-specific structures respectively, the
larval stomach in echinoids also acts as a nutritional storage
organ, and is inherited by the juvenile (Chia and Burke 1978).
Since TH-treated larvae have reduced arm growth, they pre-
sumably have lower feeding rates than do control larvae (Hart
and Strathmann 1994). Still, such larvae invest more energy
into juvenile rudiment development than controls, which
must come at the expense of nutritional storage in and growth
of the stomach. Thiourea-treated larvae, by contrast, delay
juvenile rudiment development, and therefore can be hy-
pothesized to invest more of their nutritional intake into stom-
ach storage and growth.

Thyroid Hormones As an Indicator of Larval Nutrition:
Implications for Juvenile Size in Echinoids

Many marine invertebrates have a complex life history,
often involving a feeding planktonic larval stage, which has
an entirely distinct morphology, behavior, and habitat from
the benthic adult. Although some progress has been made in
recent years in identifying possible settlement cues (reviewed
in Hadfield 2000), very little is known about the mechanisms
by which larvae attain the competence to respond to such
settlement cues. In some insects, developmental transitions
(molting and metamorphosis) have been shown to involve
attainment of a critical size, and that structures such as stretch

receptors in the cuticle are involved in sensing body size
(reviewed in Nijhout 1994, 1999).

TH levels might be a crucial component of the signal for
metamorphic competence in echinoids and possibly other
echinoderms as well. We infer from our results, as well as
those of Chino et al. (1994) and Hodin et al. (2001), the
following mechanistic scenario. The TH that is present in
planktonic algae accumulates in the larval body during feed-
ing. During this period, the accumulating TH is directing the
growth and development of the juvenile rudiment. Then,
competence is reached after internal TH levels reach a par-
ticular threshold and the larva becomes responsive to specific
settlement cues. By exposing larvae of D. excentricus to ex-
cess exogenous TH at different food concentrations, com-
petence was reached earlier than in the corresponding con-
trols. However, the shorter larval period of experimental lar-
vae resulted in the acquisition of less total nutrition than in
control larvae, and earlier metamorphic competence was at-
tained by a significantly accelerated development of the ju-
venile rudiment. As a consequence, juveniles from the ex-
perimental high TH treatment, for example, metamorphosed
at about half the normal size (juvenile test diameter). This
degree of juvenile size reduction is unprecedented for plank-
totrophic echinoids reared under any condition. Moreover,
these results suggest that larval TH levels, rather than juvenile
size itself, is a critical indicator of metamorphic competence.

Our unpublished data (with A. Reitzel) for the sand dollar
Leodia sexiesperforata further supports this suggestion that
competence is connected to larval TH levels. Leodia sexies-
perforata larvae develop from eggs with approximately six
times the energy content of D. excentricus eggs, but still need
to feed in order to reach competence (L.R. McEdward lab,
unpubl. data). However, when we treated starved L. sexies-
perforata larvae with TH, they completed metamorphosis and
formed living juveniles (A. Heyland, A. Reitzel, and J. Hodin,
unpubl. ms.). These data suggest not only that TH in the
absence of exogenous food is sufficient to induce develop-
ment through metamorphosis in L. sexiesperforata, but also
that TH levels are somehow connected to the attainment of
metamorphic competence.

The length of the larval period and juvenile size are two
traits that can potentially shape the evolution of life-history
strategies in marine invertebrates. Due to high mortality in
plankton, reduction of the planktonic period should generally
be advantageous (Rumrill 1990; for review see Morgan
1995). However, a reduced larval period could lead to a re-
duced juvenile size (or a reduction in stored energy, as dis-
cussed above), which might have negative fitness conse-
quences. Although such fitness consequences have been pre-
viously discussed (Strathmann 1974, 1977; Kolding and Fen-
chel 1981; Perron 1986; Emlet et al. 1987; Pechenik et al.
1998), experimental tests are relatively rare (but see Emlet
and Hoegh-Guldberg 1997; Gosselin and Qian 1997). Our
results demonstrate for the first time that metamorphosis at
a substantially reduced juvenile size is mechanistically pos-
sible in planktotrophic echinoid larvae (for data on lecitho-
trophic larvae see Okazaki and Dan 1954; Emlet and Hoegh-
Guldberg 1997). This finding lends support to the notion that
such juveniles would suffer reduced fitness, possibly by low-
ering their competitive ability and/or increasing their vul-
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FIG. 8. Similar morphological effects of thyroid hormone and food on echinoid pluteus larvae. (A) Morphological effects of thyroid
hormone (1029M thyroxine; HIGH TH) and a thyroid hormone synthesis inhibitor (1022M thiourea; HIGH INHIBITOR) on Dendraster
excentricus larvae (23 days after fertilization at 138C; morphometrics experiment). (B) Morphological effects of reduced (left), nearly
natural (middle), and enhanced (right) natural plankton on larvae of the sea urchin Paracentrotus lividus Lamarck (11 days after fertilization
at approx. 208C; pictures in B reproduced from Strathmann et al. 1992, pp. 976–977). Arrows indicate the accelerated juvenile rudiments
in the thyroid hormone-treated (A, right panel) and enhanced-food (B, Right panel) larvae when compared to the control (A, middle
panel) and nearly-natural-food (B, middle panel) larvae, respectively. Juvenile rudiments are not visible at this stage in inhibitor-treated
(A, left panel) and reduced-food (B, left panel) larvae.

nerability to predation. Such hypotheses can now be tested
using TH as an experimental tool.

Our conclusion that echinoid larvae use TH levels as an
indicator of larval nutrition depends upon the finding that the
production of TH-like compounds is widespread among dis-
parate algal taxa (Tsuchiya and Ito, reported in Tsuchiya
1969; Ragan 1981; Chino et al. 1994; reviewed in Eales
1997). Production of such a compound has not been reported
for Dunaliella tertiolecta, the unicellular green alga that we
used as larval food in this study. However, our unpublished
results with the TH synthesis inhibitor thiourea demonstrated
a reversible, dose-responsive effect of this inhibitor on D.
tertiolecta growth rates, providing strong indirect evidence
that this alga produces TH-like compounds. A greater di-
versity of phytoplankton species should be investigated for
their relative TH contents, since these would represent the
naturally occurring sources of hormones available to plank-
totrophic larvae such as D. excentricus.

Thyroid Hormones and Life-History Evolution
in Echinoderms

One of the most striking life-history patterns in marine
invertebrates in general, and echinoderms specifically, is that
similar-looking adults can be produced from radically dif-
ferent ontogenetic routes: feeding (planktotrophic) devel-
opment from relatively small eggs, or nonfeeding (lecitho-

trophic) development from large eggs via entirely dissimilar
larvae (reviewed in Strathmann 1985). Although this life-
history diversity seems to indicate a substantial flexibility of
development, further analysis suggests that there might be
constraints on the evolution of lecithotrophy from plankto-
trophic ancestors (see also Hodin et al. 2001).

Lecithotrophic taxa are found in all five extant echinoderm
classes, with the class Crinoidea (sea lilies and feather stars)
being entirely lecithotrophic. In the four other echinoderm
classes, numerous evolutionary transitions from planktotro-
phy to lecithotrophy have been hypothesized (reviewed in
Wray 1996). Still, the taxonomic distribution of lecithotrophs
within these classes appears decidedly nonrandom. In the
echinoids, for example, most of the 20 or so (Emlet 1990,
1995; Wray 1996; G. A. Wray, pers. comm. 2001) indepen-
dently evolved instances of lecithotrophy are concentrated in
a few orders, notably the orders Clypeasteroida (sand dollars
and sea biscuits), Spatangoida (heart urchins) and Cidaroida
(pencil urchins). By contrast, two of the largest and most
diverse orders of regular sea urchins, the orders Diadematoida
and Echinoida, have no and relatively few independently
evolved lecithotrophs, respectively (reviewed in McEdward
and Miner 2001).

We suggest that one factor that might explain such a non-
random distribution of lecithotrophs is differences among
taxa in the ability of their larvae to synthesize TH endoge-
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nously. We hypothesize that endogenous synthesis of TH is
a necessary preadaptation for the evolution of lecithotrophy.
Those taxa that plesiomorphically have the ability to syn-
thesize this hormone endogenously would be expected, there-
fore, to undergo parallel evolutionary transitions from plank-
totrophy to lecithotrophy more frequently.

Endogenous synthesis of TH has been reported for one
lecithotrophic echinoderm, the sand dollar (order Clypeas-
teroida) Peronella japonica (Suyemitsu et al. 1997; Saito et
al. 1998). This, along with our data on the planktotrophic
sand dollar D. excentricus (this study) and the facultative
feeding sea biscuit Clypeaster rosaceus (A. Heyland and A.
Reitzel, unpubl. data ), suggests that clypeasteroid larvae
have the capacity (albeit limited in the case of Dendraster)
for endogenous TH synthesis. By contrast, two planktotroph-
ic sea urchin species from the order Echinoida (which has
relatively few lecithotrophic taxa) do not show obvious in-
hibitor effects, suggesting that they produce little if any TH
endogenously (Chino et al. 1994). These data support our
hypothesis that endogenous TH production can be considered
a preadaptation for the evolution of lecithotrophy.

A broad taxonomic survey of lecithotrophs and their plank-
totrophic relatives (using an approach that we took here for
the inhibitor experiment) should reveal differing effects of
TH synthesis inhibitors on juvenile morphogenesis and de-
velopment to metamorphic competence. We predict that
planktotrophic species from the orders Clypeasteroida, Ci-
daroida, and Spatangoida will consistently show more pro-
nounced inhibitor effects than their counterparts in the orders
Diadematoida and Echinoida. Our recent unpublished data
(in collaboration with T. Capo) with Diadema antillarum lar-
vae provides some support for this prediction.

The above scenario begs the following question: if ability
to synthesize TH endogenously first evolved before the origin
of lecithotrophy in these groups, then what could be a se-
lective advantage of internal hormone synthesis itself? One
possible advantage could be to modify the phenotypically
plastic response that larvae have to ingested TH. Such larvae
might exist in a relatively predictable planktonic environ-
ment, such that there is no adaptive value to maintaining a
great degree of plasticity. The internal production of TH
could dampen the plastic effects of temporary food fluctua-
tions in the environment, as well as those that we see in the
laboratory. Furthermore, planktotrophic echinoderm larvae
developing from relatively large eggs could undergo meta-
morphosis more quickly, thereby escaping the dangerous
planktonic environment (Rumrill 1990; see Morgan 1995)
only if they do not depend upon feeding in the plankton to
obtain all of the required TH. These hypotheses make a test-
able prediction: the ability to synthesize TH endogenously
is inversely proportional to the scope of plasticity, and di-
rectly proportional to egg size in a given taxon. Experiments
with clypeasteroid species representing a tenfold range in egg
volume (D. excentricus, C. rosaceous, and P. japonica) offer
initial support for this prediction. Addressing this hypothesis
further could provide the synthesis of ecological and onto-
genetic mechanisms necessary to account for any such pat-
terns in life-history evolution.
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APPENDIX

ANOVA with simple contrast of morphological character measurements (see Fig. 1) as a function of rudiment stage for all experimental
treatments compared to CONTROL (morphometrics experiment, approx. 138C). The comparison is based on observed means. Values
represent the mean difference between morphological character measurements (negative values: smaller than CONTROL; positive values:
larger than CONTROL).

Values 6 1 SE

Treatment Character

Rudiment stage

1 2 3 4

HIGH TH (1029M thyroxine) Postoral arm
Postdorsal arm
Body midline
Stomach size
Rudiment size

226 6 17
227 6 24

2 6 10
213 6 11

24 6 10**

2110 6 18**
263 6 24**
249 6 19**
244 6 20*
211 6 23

2146 6 39**
276 6 49
274 6 21**

2104 6 23**
250 6 28

2214 6 24**
2211 6 26**
2162 6 21**
2107 6 21**
218 6 23

LOW TH (10211M thyroxine) Postoral arm
Postdorsal arm
Body midline
Stomach size
Rudiment size

225 6 13
220 6 19
216 6 8*
216 6 9
22 6 8

28 6 18
52 6 24*

222 6 19
223 6 19
214 6 22

9 6 37
22 6 47

216 6 20
229 6 22
222 6 26

2 6 26
54 6 29

213 6 23
230 6 22

37 6 25
LOW INHIBITOR (1024M thiourea) Postoral arm

Postdorsal arm
Body midline
Stomach size
Rudiment size

253 6 14**
250 6 20**
227 6 9**
217 6 9
221 6 8**

257 6 18**
2E-02 6 24

1 6 19
19 6 20

23 6 23

275 6 41
251 6 51

13 6 21
8 6 24

22 6 29

253 6 24*
272 6 26**

10 6 21
53 6 20**
16 6 23

HIGH INHIBITOR (1022M thiourea) Postoral arm
Postdorsal arm
Body midline
Stomach size
Rudiment size

254 6 13**
2144 6 18**
212 6 8

6 6 9
211 6 8

293 6 15**
2112 6 20**

31 6 16
64 6 16**
17 6 19

273 6 41
271 6 51

38 6 21
55 6 24*

21 6 29

N/A
N/A
N/A
N/A
N/A

* P , 0.05; ** P , 0.025.

Pp. 413–448 in L. R. McEdward, ed. Ecology of marine inver-
tebrate larvae. CRC Press, Boca Raton, FL.

———. 1996. Parallel evolution of nonfeeding larvae in echinoids.
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mone receptor gene expression with amphibian metamorphosis.
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