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INTRODUCTION

Many marine invertebrates develop through a
planktonic larval phase prior to a dramatic restruc-
turing at metamorphosis and the production of a
juvenile. Species with little maternal investment per
offspring typically spawn many small eggs with
development through feeding (planktotrophic) lar-
vae (Emlet et al. 1987, Jaeckle 1995, Sewell & Young
1997, Sewell 2005, Prowse et al. 2008, Moran & Mc -
Alister 2009, Moran et al. 2013, Falkner et al. 2015).
At a minimum, the eggs of species with plankto -
trophic development must contain sufficient material
for the production of an exotrophic larva capable of

feeding in the plankton. Of the egg components used
to fuel larval construction and development, lipids
appear to be more important than proteins or carbo-
hydrates (Holland 1978, Jaeckle 1995, Moran & Man-
ahan 2003).

Within the Echinodermata, species with plankto -
trophic development have eggs that are dominated
by proteins and structural lipids (e.g. phospholipids)
and which also contain a small amount of  energy-
storage lipids (Sewell 2005, Meyer et al. 2007, Prowse
et al. 2008, 2009, Whitehill & Moran 2012, McAlister
& Moran 2013, Falkner et al. 2015). The latter are
mainly triacylglycerol (TAG), but may also include
other lipids such as diacylglycerol ether (DAGE), ali -
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Patiriella regularis improved their lipid condition index during Phase 3 by accumulating energetic
lipid (triacylglycerol [TAG], diacylglycerol ether [DAGE]) reserves that were then partially used to
fuel settlement and metamorphosis. In contrast, Heliocidaris tuberculata did not accumulate TAG
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hypothesize may be phospholipids.

KEY WORDS:  Larval development · Maternal provisioning · Juveniles · Sea stars · Sea urchins

Resale or republication not permitted without written consent of the publisher



Mar Ecol Prog Ser 583: 149–161, 2017

phatic hydrocarbon and the wax and methyl esters
(Sewell 2005, Falkner et al. 2006, Meyer et al. 2007,
Byrne et al. 2008a,b, Prowse et al. 2008, 2009, Whitehill
& Moran 2012, McAlister & Moran 2013). These ener-
getic lipid classes (see Marangoni 2017) play a major
role in fuelling larval construction (Sewell 2005,
Meyer et al. 2007, Byrne et al. 2008b, Prowse et al.
2008).

Once the larval digestive tract has differentiated,
planktotrophic larvae enter the facultative feeding
period (FFP), during which they do not require food to
continue development because maternal provisions
are still available (Herrera et al. 1996, Reitzel et al.
2005). The exhaustion of energetic lipid reserves in un -
fed larvae appears to mark the end of the FFP (Miner
et al. 2005, Byrne et al. 2008b). Feeding during the
FFP is beneficial as it allows larvae to maintain mater-
nally derived energetic lipid reserves for longer (Byrne
et al. 2008a) and may have positive downstream ef-
fects on developmental duration and the condition of
post-metamorphic juveniles (Reitzel et al. 2005).

Beyond the FFP, the successful recruitment of plank -
totrophic larvae relies on their ability to accumulate
energy reserves to fuel metamorphosis and the peri -
metamorphic period, during which the juvenile diges-
tive tract forms (Fenaux et al. 1988, George et al.
1990b, Vaïtilingon et al. 2001, Pernet et al. 2006). Late-
stage asteroid and echinoid larvae possess substantial
lipid reserves (Fenaux et al. 1985, George et al. 1990a,
1997, Byrne et al. 2008a). Much of this lipid is de-
posited in the stomach epithelium, where it can be
stored for metamorphosis and/or the perimetamorphic
period (Chia & Burke 1978, Reitzel et al. 2004, Byrne
et al. 2008a). Competent settlement stage larvae of
the echinoids Strongylocentrotus droebachiensis and
Tripneustes gratilla, and several marine bivalves, ac-
cumulate significant stores of TAG, the same lipid
class that dominates their eggs, which are thought to
support metamorphosis (Gallager et al. 1986, Boche -
nek et al. 2001, Villinski et al. 2002, Pernet et al. 2004,
Powell et al. 2004, Byrne et al. 2008a).

The dynamics of lipid-class use during the prefeed-
ing stage and accumulation during the feeding larval
stage has not been characterised through develop-
ment of echinoderms with planktotrophic larvae.  We
used 2 echinoderm species with feeding larvae—the
sea star Patiriella regularis (165 µm diameter egg)
and the sea urchin Heliocidaris tuberculata (95 µm
diameter egg) (Raff & Byrne 2006, Prowse et al.
2008)—to investigate the depletion and sequestra-
tion of energetic and structural lipid classes through-
out development to the juvenile. In addition, we used
a nutritional condition index (energetic lipid:sterol

content), as previously used in crustacean, bivalve
and fish larvae, which is independent of organism
size because sterol is largely cell membrane choles-
terol (Fraser 1989, Håkanson 1989, Harding & Fraser
1999, Pernet et al. 2003a, Tremblay et al. 2007, Burke
et al. 2008). Using this index, together with data for
individual lipid classes, we tracked the nutritional
condition of the larvae of P. regularis and H. tubercu-
lata through development to determine the ability of
feeding larvae to improve their nutritional condition
prior to metamorphosis. We addressed 4 questions.
(1) When are lipids utilized and sequestered by plank-
totrophic echinoderm larva as they develop from fer-
tilization to metamorphosis? (2) Are energy-storage
lipids depleted more slowly in fed than starved lar-
vae, as documented for larvae of other sea urchins
(Sewell 2005, Meyer et al. 2007, Byrne et al. 2008b,
McAlister & Moran 2013)? (3) What classes of energy-
storage lipids are accrued by feeding larvae late in
development? (4) How does the nutritional condition
of larvae change as they develop?

MATERIALS AND METHODS

Spawning, egg sampling and fertilization

Patiriella regularis and Heliocidaris tuberculata
were collected in Hobart, Tasmania (42° 53’ 15’’ S,
147° 20’ 20’’ E) and Chowder Bay, Sydney, New South
Wales (33° 50’ 29’’ S, 151° 15’ 11’’ E), respectively. Dis-
sected P. regularis ovaries (2 females) were placed in
10−5 M 1-methyladenine (1-MA) in 1-µm filtered sea-
water (FSW) to induce egg maturation and ovulation.
H. tuberculata (3 females) were induced to spawn
with an intracoelomic injection of 1–2 ml 0.5 M KCl.
All eggs were rinsed 3 times with FSW before sam-
pling and fertilisation. Three samples of eggs from
each female (n = 600 and 700 eggs per sample for
P. regularis and H. tuberculata, respectively) were
collected from egg suspensions of a known con -
centration, as determined using a Sedgewick-Rafter
counting chamber. The egg samples were placed in
microcentrifuge tubes, briefly centrifuged, the excess
seawater removed, and stored at –80°C until analysis.

Feeding larvae to metamorphosis—P. regularis

Eggs from the 2 females were each split between
three 600 ml culture jars of FSW and fertilized with
sperm pooled from 3 males (~105 sperm ml–1). The
embryos (15 ml−1) were reared at 18−19°C. Water
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changes (90%) were conducted daily by reverse fil-
tration. Embryo and larval samples were collected
from each jar (i.e. 3 samples per female) as described
above at 24 h (hatched gastrula), 48 h (developing
bipinnaria) and 72 h (early bipinnaria).

Feeding-stage bipinnaria (3 d) from each female
were transferred into two 20 l plastic containers
(1.5 larvae ml−1). One culture was fed the diatom
Chaetoceros muelleri (20 000 cells ml−1) every second
day, and the other was not fed. As the 1-µm FSW was
not sterilized, this unfed culture may have had small
quantities of food such as microorganisms. The cul-
tures were aerated by gentle bubbling to keep the
larvae in suspension, and water changes (90%) were
conducted every 2–4 d. For the fed cultures, water
changes were carried out just before feeding. Larvae
were sampled (3 microcentrifuge tubes from each
culture) for lipid analysis on Days 7 (bipinnaria), 23
(late bipinnaria) and 35 (brachiolaria). On Days 7 and
23, the number of larvae collected per sample was
600 and 220, respectively.  For the final sample on
Day 35, the number of larvae collected per sample
from the fed and unfed cultures was 50 and 280,
respectively.

To examine the energetics of metamorphosis, eggs
from a third P. regularis were fertilized with sperm
pooled from several males. The larvae were reared in
a single 20 l container and fed (as above) to the bra-
chiolaria stage (30 d). They were then placed in eight
200 ml glass culture dishes (n = 100 larvae per cul-
ture), fed (as above) with water change every 2 d. By
Day 47, most larvae were competent to settle, as indi-
cated by the presence of a well-developed juvenile
rudiment and searching behaviour. Competent larvae
were collected for lipid analysis (n = 25 larvae from
4 dishes). To induce settlement, another set of com-
petent larvae were transferred to four 200 ml glass
dishes (n = 25 larvae per dish) containing fragments
of coralline algae. At Day 53, juveniles were col-
lected (n = 25 juveniles per dish). Juveniles were de -
fined as benthic, mobile individuals (2−3 d post-set-
tlement). As these juveniles originated from a  single
female parent, the mean lipid data for the 4 dishes
are presented, but were not analysed  statistically.

Feeding larvae to metamorphosis—H. tuberculata

Eggs from the 3 females were each split between
three 600 ml culture jars of FSW and fertilized with
sperm pooled from 3 males (~105 sperm ml–1). The
embryos (15 ml−1) were reared at 18−19°C with daily
water changes (90%). Embryo and larval samples

were collected from each jar (3 samples per female
per time point) at 17 h (hatched gastrulae) and 48 h
(early 2-armed echinopluteus) (as above). On Day 3,
feeding echinoplutei from each female were placed
in six 2 l glass beakers at a density of 10 ml−1

(6 beakers per female, 18 beakers total). For each
female, the larvae in 3 beakers were fed (C. muelleri,
20 000 cells ml−1 every 2 d) and those in the other 3
beakers were not fed. The cultures were gently
stirred using an automated paddling system. Larvae
were sampled from each beaker for lipid analysis (as
above) on Days 4 (4-armed larvae), 12 (6-armed
 larvae), 29 (8-armed larvae) and 43 (rudiment-stage
larvae). On Days 4, 12 and 29, 700 individuals were
collected per sample. Depending on availability, on
Day 43, 20−34 larvae were collected. Unfed larvae
were sampled on Day 4 and 12 (500 per sample),
after which time the unfed cultures (from Female 1
only) exhibited developmental arrest and mortality.

On Day 43, rudiment-stage larvae (n = 20) from
each of the 3 beakers were placed in individual 10 ml
wells in 6-well plastic culture dishes containing a
small piece of coralline algae to induce settlement.
Metamorphosis occurred over the following week.
Juveniles were defined as benthic, mobile individu-
als (2−3 d post-settlement). Juveniles (Day 49) from
each female were pooled (9−15 juveniles per female,
n = 3 females) to give sufficient material for lipid
analysis.

Lipid extraction and analyses

Lipid was extracted from frozen egg samples as
described in Prowse et al. (2008). Total lipid extracts
were dissolved in a known volume of chloroform
(5−30 µl). Lipid classes in P. regularis samples were
separated, identified and quantified using an Iatro -
scan Mark Vnew Thin-Layer Chromatography/ Flame
Ionization Detection (TLC/FID) system and the triple-
stage protocol recommended by Parrish (1999) with
the modifications of Sewell (2005). The third stage of
the Parrish (1999) method separates 2 classes of polar
lipid, acetone mobile polar lipids and phospholipid,
from non-lipid material (NLM) present in the sample.
As the results obtained for P. regularis showed that
NLM was negligible, only the first 2 stages were used
for analysis of H. tuberculata samples. Total polar
lipid (phospholipid + acetone mobile polar lipid) was
determined for each sample. The polar lipids are
dominated by phospholipid, the major constituent of
cell membrane, and defined as structural lipids. Iden-
tification of lipid classes was achieved by comparison
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with lipid standards. Details of the different classes
are provided in Marangoni (2017).

Quantification of lipids was achieved using cali -
bration curves produced for each lipid class on a
rack of 10 chromarods. A single DAGE + TAG peak
was quantified using the calibration curve for TAG
(Prowse et al. 2009). The total energetic lipid per
individual was calculated as the sum of aliphatic
hydrocarbon, DAGE + TAG and the methyl and wax
esters if present. A lipid nutritional condition index
was calculated as the ratio of energetic lipid to sterol
content.

The DAGE + TAG peak in the chromatograms of
the larvae of P. regularis was investigated in 1 sample
of brachiolaria (Day 47), and juveniles (Day 53) (n =
25 for each stage) were examined using TLC/FID
after a 1-stage hexanediethyl ether (96:4 v/v) devel-
opment (Phleger et al. 1997, Nelson et al. 1999, Nichols
et al. 2001, Prowse et al. 2009).

Larval morphometry and histochemistry

Fed larvae of P. regularis (Days 7, 23, 35) and H.
tuberculata (Days 12, 29) (n = 5 species−1 d−1) were
placed in a 1.5 ml tube and fixed with 1 drop of
10% formalin. These larvae were photographed and
measured using image analysis software (ImageJ) as
in previous studies of asteroid and echinoid larvae
(George 1999, Sewell et al. 2004, Wolfe et al. 2015).
For P. regularis, larval length was measured as the
distance between the anterior and posterior ends of
the larvae. For H. tuberculata, larval length was cal-
culated by summing the lengths of the postoral arm
rod and the body rod.

Advanced P. regularis larvae (Day 30, n = 10), were
stained with the fluorochrome Nile Red to identify
sites of neutral lipid storage. When bound to neutral
lipids, Nile Red fluoresces yellow under blue light
excitation (Carman et al. 1991). To stain larvae, 5 µl
of a Nile Red stock solution (1.0 mg ml−1 acetone) was
added to 4 ml of FSW (1:800 dilution). Live larvae
were placed in the solution in the dark for 1 h, rinsed
in FSW, placed on a glass slide and photographed
using an Olympus BX60 epifluorescence microscope
with 488 nm excitation. Unstained larvae were used
as controls.

Statistical analyses

For the 2 fed cultures of P. regularis, a sub -
sampled repeated-measures ANOVA (RMANOVA)

(Quinn & Keough 2002) was used to examine tem-
poral changes in 4 variables (energetic lipid, sterol,
polar lipid and lipid nutritional condition index).
This design was employed because larvae from
each P. regularis female were subsampled from a
single culture. For each variable, 3 planned com-
parisons (t-tests) were made between (1) eggs and
bipinnaria (Day 7), (2) bipinnaria and late bipin-
naria (Day 23) and (3) late bipinnaria and brachio-
laria (Day 35).

Data for changes in 4 variables (energetic lipid,
sterol, polar lipid and lipid condition index) for the
fed cultures of H. tuberculata reared to rudiment-
stage larvae (Day 43) were analysed by RMANOVA.
These analyses included female as a random, be -
tween-subjects factor, cultures as the subjects and
time as the re peated measure. To guard against
potential violation of the sphericity assumption, p-
values for the female × time interaction effect were
corrected by using Greenhouse-Geisser adjusted
df. One H. tuberculata culture failed by Day 5,
leaving missing cells for all variables at the re -
maining 3 sampling times. Lipid-class data were
also only partially obtained for one other H. tuber-
culata sample. Missing values were im puted using
the closest match method recommended for re -
peated-measure designs (see Elliott & Haw thorne
2005); specifically, data for 3 missing samples from
the H. tuberculata culture that failed by Day 5
were imputed with lipid-class data from the closest
matching culture as judged by RMSE. The df for
the time × culture (female) interaction term were
de creased by the number of imputed values (prior
to Greenhouse-Geisser adjustment) and the p-value
for the female × time interaction terms calculated
ac cordingly. For each variable, 3 planned compar-
isons (t-tests) were made between (1) eggs and
early 6-arm larvae (Day 12), (2) early 6-arm and
early 8-arm larvae (Day 29), and (3) early 8-arm
and rudiment-stage larvae (Day 43).

To determine when fed and unfed larvae of
H. tuberculata diverged in lipid-class content, a 
1-way ANOVA with 4 levels (unfed larvae of
Female 1 and fed larvae of Females 1, 2 and 3)
was used for data obtained from the fed and unfed
cultures at Days 4 and 12. A  single planned con-
trast (t-test) was used to com pare the unfed culture
with the mean of the fed cultures at these
sampling times. Prior to all ANOVAs, the assump-
tions (normality, homogeneity of group variances)
were checked using residual analysis (Quinn &
Keough 2002); data were log (x + 1) transformed
as required to meet these assumptions.
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RESULTS

Egg lipid profiles

The eggs of Patiriella regularis (165 µm diameter)
contained far more lipid than those of Heliocidaris
tuberculata (95 µm diameter) (140 and 28.6 ng,
respectively), reflecting their larger size. Structural
lipids dominated the eggs of both species (Fig. 1).
Energetic lipids contributed 33.7 and 35.3% of total
egg lipid in P. regularis and H. tuberculata, respec-
tively (Fig. 1). The combined DAGE + TAG peak
dominated energetic lipid reserves in both species,
accounting for 93.4 (P. regularis) and 96.3% (H.
tuberculata) of egg energetic lipid (Fig. 1). The eggs
of P. regularis contained low levels of methyl ester
(Fig. 1), while H. tuberculata eggs contained trace
levels of wax ester (not shown). Proportions of the
lipid groups (aliphatic hydrocarbon, DAGE + TAG,
sterol, polar lipid) were similar in the eggs of both
species (Fig. 1).

P. regularis

Lipid content of the fed bipinnaria larvae of P. reg-
ularis (Fig. 2) decreased rapidly over the first 7 d
(Fig. 3), while the unfed larvae exhibited develop-
mental arrest. In fed larvae (mean ± SE length = 529
± 13 µm, n = 5) (Fig. 2a) the egg stores of energetic

lipid were all but exhausted, being reduced from
47.2 ng egg−1 to 0.7 ng ind.−1 (Table 1, Fig. 3a). There
were also significant decreases in sterol and polar
lipid over the first 7 d (sterol: 5.3 to 2.8 ng ind.−1; polar
lipid: 87.6 to 43.0 ng ind.−1) (Table 1, Fig. 3b,c). The
loss of energetic lipid exceeded that of sterol, so that
the original egg lipid condition index of 8.96 was
reduced to 0.26 (Table 1, Fig. 3d).

In fed larvae, the content of energetic lipid, sterol
and polar lipid increased significantly to the late bi -
pinnaria stage (Day 23) (Table 1, Fig. 3b,c), although
there was no significant change in the larval lipid
condition index (Table 1). These larvae had a mean
(±SE) length of 642 ± 44 µm ( n = 5) (Fig. 2b) and con-
tinued to grow, reaching a mean length of 1067 ±
20 µm (n = 5) by the brachiolaria stage (Day 35)
(Fig. 2c). The larvae accumulated more energetic
lipid than sterol and thereby improved their lipid
condition index from 0.26 to 6.59 (Table 1, Fig. 3).
Brachiolaria (Day 35) from the 2 females contained a
mean total lipid content of 629 ng, including 171 ng
energetic lipid, 26 ng sterol and 432 ng polar lipid.
When viewed under blue light, brachiolaria (Day 35)
stained with Nile Red fluoresced bright yellow in the
brachiolaria arms, the ciliated band and stomach,
indicating the presence of neutral lipids in these
regions (Fig. 2d).

The competent brachiolaria of P. regularis (Day 47)
had a mean (±SE) total lipid content of 865 ± 29.6 ng
(n = 4), including 121 ± 12.3 ng (n = 4) energetic lipid,
40 ± 1.4 ng (n = 4) sterol and 704 ± 26.1 ng (n = 4)
polar lipid (Fig. 4). Following metamorphosis, juve-
nile P. regularis contained a mean total lipid content
of 720 ± 48 ng (n = 4), including 69 ± 6.8 ng (n = 4)
energetic lipid, 46 ± 2.0 ng (n = 4) sterol and 605 ±
4.1 ng (n = 4) polar lipid (Fig. 4). Thus, metamorpho-
sis in the offspring of the single female resulted in a
drop in the lipid nutritional condition index from a
mean (±SE) of 2.89 ± 0.27 (n = 4) in competent larvae
to 1.38 ± 0.13 (n = 4) by the juvenile stage. Separation
of the DAGE + TAG peak into its constituent compo-
nents demonstrated that the DAGE contribution was
similar for competent brachiolaria (31% of the com-
bined peak) and juveniles (39%).

H. tuberculata

By Day 12, fed H. tuberculata larvae (mean ± SE
length = 555 ± 16 µm, n = 5) (Fig. 5a) had 6 arms; the
postoral and anterolateral arms and the posterodor-
sal arms were just beginning to grow (Fig. 5a). Ener-
getic lipids were rapidly depleted during early devel-
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portional contribution of lipid classes to total egg lipid  content.
AH: aliphatic hydrocarbon; DAGE: diacylglycerol ether; 

ME: methyl ester; ST: sterol; TAG: triacylglycerol
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opment of fed H. tuberculata larvae, and by Day 12
the DAGE + TAG peak was below the detection limit
(Fig. 6a, Table 2). Larval content of structural lipids
increased significantly over this period (Table 2,
Fig. 6b,c). Sterol content increased from 2.3 to 3.9 ng
ind.−1 and polar lipid content increased from 16.4 to
35.4 ng ind.−1. Due to the depletion of energetic lipid
reserves and the rise in sterol content, the lipid con-
dition index was reduced from 47.0 in the egg to 0.07
at Day 12 (Table 2, Fig. 6c). The DAGE + TAG peak
remained undetectable in fed larvae for the re -
mainder of the experiment.  Trace levels of aliphatic
hydrocarbon were detected in advanced larvae.
There were no subsequent changes in energetic lipid

 content or the lipid condition index
(Table 2, Fig. 6a,d).

By Day 29, fed cultures contained
early 8-arm larvae (mean ± SE length =
650 ± 18 µm, n = 5). The postero dorsal
arms were well developed and the
pre-oral arms were forming (Fig. 5b).
Between the early 6-arm larva and the
early 8-arm stage (Fig. 5c), larval con-
tent of the structural lipid classes did
not change (Table 2, Fig. 6b,c). Rudi-
ment-stage larvae (Day 43) began to
resorb their arms (Fig. 5d). Larval con-
tent of sterol and polar lipid increased
up to this stage (sterol: 3.2 to 26 ng
ind.−1; polar lipid: 28.2 to 148.1 ng
ind.−1) (Table 2, Fig. 6b,c). Following
exposure to a settlement cue (coral line
algae), the larvae settled and meta -
morphosed over the following week
(Fig. 5e,f). Juveniles (Day 49) began
their benthic existence with 396 ng
ind.−1 of total lipid, which was almost
entirely sterol and polar lipid (Fig. 6).
The lipid condition index of the juve-
niles was only 0.001. There were no
significant differences be tween the
offspring of the 3 females in lipid con-
tent or lipid nutritional condition index
(Table 2, Fig. 6).

Starved larvae of H. tuberculata had
undetectable DAGE + TAG at early 4-
arm larva (Day 4) when this peak was
still present for fed larvae. At this
time, the energetic lipid content of fed
larvae was 0.28 ng ind.−1 and exceeded
the 0.02 ng ind.−1 present in unfed lar-
vae at 4 d (t-test, t8 = 12.5, p < 0.001)
(Fig. 6a). By Day 12, unfed larvae ar -

rested development and their sterol and polar lipid
content was significantly lower than that of fed lar-
vae (t-tests, t7 = 5.9 and 6.2, p = 0.001 and p < 0.001,
respectively) (Fig. 6b,c).

DISCUSSION

This study of the dynamics of lipid classes over
development to the juvenile stage in echinoderms
with planktotrophic larvae shows that changes in
energetic and structural lipids can be divided into 3
distinct phases: (1) early rapid depletion of energetic
lipids; (2) larval growth with no improvement in lipid
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Fig. 2. Patiriella regularis fed larvae. (a) Day 7, bipinnaria; (b) Day 23, late bi -
pinnaria; (c) Day 35, brachiolaria; (d) the same brachiolaria as in (c) stained
with Nile Red and viewed under blue light excitation. BA: brachiolaria arms;
CB: ciliated band; M: mouth; O: oesophagus; S: stomach. Scale bars = 200 µm
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nutritional condition; and (3) accumulation of lipids
in advanced larvae prior to metamorphosis. This is
a modification of the 2-stage hypothesis of Sewell
(2005) as it incudes a period of ‘stasis’ between the
periods of lipid depletion and lipid accumulation.

Phase 1. Rapid depletion of energetic lipids during
embryogenesis and the FFP

The offspring of Patiriella regularis and Helioci-
daris tuberculata quickly utilized their maternal
TAG/DAGE lipid reserves, as found for other aster-
oids and echinoids with planktotrophic development
(Byrne & Cerra 2000, Sewell 2005, Meyer et al. 2007,
Byrne et al. 2008b, Prowse et al. 2008, Moran & Mc -
Alister 2009, Whitehill & Moran 2012, Moran et al.
2013). This reflects the need to fuel the intense mor-
phogenetic activity associated with the production of
a functional feeding larva (Sewell 2005, Moran &
Allen 2007).

Energetic lipid content (TAG) decreased signifi-
cantly more slowly in fed than unfed larvae of H.
tuberculata, as also seen in Evechinus chloroticus
and Tripneustes gratilla (Sewell 2005, Byrne et al.
2008b). Fed echinoplutei may maintain a buffer of
energetic lipid to guard against a temporally variable
food supply (Byrne et al. 2008b). This buffer, how-
ever, is short-lived, as shown here for P. regularis and
H. tuberculata and previously for Evechinus chloroti-
cus (Sewell 2005). It appears that early larvae maxi-
mize growth to achieve feeding competence at the
expense of preserving energetic lipid stores.

Phase 2. Larval growth with little improvement in
nutritional condition

Once energetic lipid reserves were depleted, fed
larvae of P. regularis and H. tuberculata developed
more slowly and accumulated little or no lipid. For P.
regularis, only small amounts of energetic and struc-
tural lipid were accumulated between the bipinnaria
(Day 7) and late bipinnaria (Day 23), and the lipid
nutritional condition index of larvae did not change.
The increase in structural lipid content reflected the
substantial increase in larval size over this period
from 529 to 642 µm in length. For H. tuberculata, no
sig nificant change was detected in any lipid class or
in the lipid condition index from the early 6-arm (Day
12) to early 8-arm (Day 29) larval stages, despite the
addition of one extra pair of arms and the expected
increase in feeding efficiency. Similarly, there is little
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Fig. 3. Patiriella regularis. (a) Energetic lipid, (b) sterol (ST)
and (c) polar lipid content per offspring from egg to the bra-
chiolaria stage. (d) Lipid condition index of the same off-
spring, energetic lipid:sterol ratio. Arrows to larval stages in
(a) apply in all panels to fed larvae only. Error bars (mean ±
SE, n = 3 samples from the same culture after 3 d) are ob-
scured by symbols in some cases. r: unfed offspring of Fe-
male 1; e: fed offspring of Female 1; s: fed offspring of 

Female 2
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change in total lipid content of other feeding echi-
noid larvae in the period immediately following
 larval construction (Cellario & George 1990, George
et al. 1997, Sewell 2005, Whitehill & Moran 2012).
As the lipid condition index of neither P. regularis nor
H. tuberculata improved during this stage, energy
derived from planktonic food is likely to be used
for growth and maintenance rather than being pro-
cessed for storage.

Phase 3. Accumulation of lipids in advanced larvae
prior to metamorphosis

The larvae of P. regularis grew substantially and
accumulated large amounts of structural lipid (sterol

and polar lipid) during the brachiolaria larval stage.
Brachiolaria larvae also deposited energetic lipid
(TAG + DAGE) and improved their lipid condition
index, indicating that increases in energetic lipid
content were not simply due to increased larval
size. Conspicuous increases in the total lipid
content of planktotrophic echinoid larvae occur just
prior to metamorphosis (Fenaux et al. 1985, George
et al. 1990a, 1997, Byrne et al. 2008a). Fluorescence
micro  scopy revealed that the stomach of advanced
P.  regularis brachiolaria serves as a site of storage
of neutral lipid, similar to that indicated by histo-
logical sections of late-stage echinoid larvae (Chia
& Burke 1978, Reitzel et al. 2004, Byrne et al.
2008a). Com p etent echinoplutei of Strongylocentro-
tus droe bachi  ensis and Tripneustes gratilla contain
significant TAG and phospholipid deposits (Villinski
et al. 2002, Byrne et al. 2008a) and those of Evechi-
nus chloroticus and Strongylocentrotus purpuratus
accumulate free fatty acid (Sewell 2005, Meyer et
al. 2007).

The ability for advanced larvae of P. regularis to
improve their lipid nutritional condition is likely to
be important in the success of the early postlarval
stages (Byrne 2008a). Once larvae are close to their
maximum size, improvements in feeding ability
and/or a reduced growth rate of larval structures
(e.g. ciliary band) may allow more energy to be
diverted to storage in the gut wall as a prelude to
metamorphosis.

In P. regularis, the process of metamorphosis is
likely to be metabolically expensive since energetic
lipid content declined by 43% over this period,
although some of this decline may be due to basal
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Fig. 4. Patiriella regularis. Lipid-class content per offspring
and lipid condition index for competent larvae and juveniles
from a single P. regularis female. Error bars are mean ± SE
(n = 4). ST: sterol. ns: not significant; *p < 0.05; **p < 0.01 

Variable Source of df F6,6 p Egg vs. 7 d 7 d vs. 23 d 23 d vs. 35 d
variation t6 p t6 p t6 p

Energetic F 1 No test
lipid T 6 287.84 0.001 25.02 0.001 91 0.003 29.7 0.001

F × T 6 No test
C(F × T) 0
S(C(F × T)) 28
Residual 0

Sterol Time 6,6 132.06 0.001 6.28 0.001 7.99 0.001 16.70 0.001
Polar lipid Time 6,6 63.34 0.001 5.54 0.001 6.02 0.001 12.05 0.001
CI Time 6,6 486.12 0.001 36.05 0.001 1.59 0.163 29.73 0.001

Table 1. Patiriella regularis. Summary of the subsampled RMANOVA used to examine changes in offspring lipid class content
and lipid nutritional condition index (CI) over time. The full design is illustrated for offspring energetic lipid content:
F = female; T = time; F × T = female × time interaction; C = culture, nested within F × T; S = sample nested within culture and
F × T. The effect of time has been tested by calculating the F-ratio using the mean square of the F × T interaction effect as the
de nominator (Quinn & Keough 2002). The results of planned contrasts (t-tests) between certain sampling times are also shown. 

Significant results are highlighted in bold
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maintenance. Newly metamorphosed P. regularis
juveniles retained 69 ng ind.−1 of energetic lipid
(~representing 10% of total lipid) that is presumably
used to fuel subsequent growth and development.
These energetic reserves may be particularly impor-
tant during the peri metamorphic period, before the

juveniles are capable of independent
feeding (Gosselin & Jangoux 1998).
There was no change in polar lipid or
sterol content over the course of
metamorphosis.

The larvae of H. tuberculata accu-
mulated structural lipid between the
early 8-arm and the rudiment stage
larva and, in contrast to P. regularis,
did not sequester energetic lipid re -
serves prior to metamorphosis. The
low lipid nutritional index of compe-
tent H. tuberculata larvae and juve-
niles may indicate either that the
algal diet was sub optimal, or that
there may be a role for non-energetic
lipid classes, such as phospholipids,
in fuelling the last of the 3 larval
phases, as de scribed for the larva to
juvenile transition in  lobsters (Jeffs et
al. 2002). Support for the role of
phospholipids as an energy source in
H. tuberculata is the finding that
spermatozoa of several sea urchin
species use phospholipid to produce
fatty acids to fuel swimming (Mita &
Nakamura 1998). Future work on H.
tuberculata might investigate this
hypo thesis by measuring the activity
of phospholipases during the final
phase of larval development.

If such differences, as we see here
for lipid dynamics in the larvae of
P. regularis and H. tuberculata, are
present in the natural environment,
this will likely contribute to varia-
tion in mortality in the plankton and
after metamorphosis, as observed
in other invertebrate taxa (Pechenik
et al. 1998, Moran & Emlet 2001,
Phillips 2002, 2004, Marshall &
Keough 2004). Larval experience
and ability to accrue nutrients to sup-
port the early juvenile may also influ-
ence size at metamorphosis (Peche -
nik et al. 1998, Emlet & Sadro 2006,
Byrne et al. 2008a). The differing

capacity of the larvae of the 2 species investigated
here to accrue energetic lipid reserves for the juve-
nile, long after the egg energetic lipid reserves are
exhausted, shows that use of egg size as a proxy
for offspring size (e.g. Marshall et al. 2012) has its
limitations.
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Fig. 5. Heliocidaris tuberculata fed larvae. (a) Day 12, early 6-arm larva; (b)
Day 29, early 8-arm larva; (c) Day 36, 8-arm larva; (d) Day 43, rudiment-stage
larva; (e) Day 46, settling larva; (f) Day 49, juvenile sea urchin. AO: antero-
 lateral arm; PO: postoral arm; PD: posterodorsal arm; PreO: preoral arm; P: 

pedicellariae; JS: juvenile spines. Scale bars = (a−c) 200 µm; (d) 100 µm
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Energetic lipids accrued by the larvae of 
P. regularis

Adult echinoderms, including those investigated
here, are apparently capable of de novo DAGE syn-
thesis as this lipid class is relatively rare in marine
food webs and yet is deposited in their eggs (Oude-
jans & van der Sluis 1979, Falk-Petersen & Sargent
1982, Hayashi & Kishimura 1997, Prowse et al. 2009).
It appears that the feeding larvae of P. regularis are
also capable of DAGE synthesis as the Chaetoceros
muelleri algae fed to them are not a source of this
lipid class (Pernet et al. 2003b). Both DAGE and TAG
fuel embryogenesis, metamorphosis and early juve-
nile development in P. regularis.

Energetic lipids played a critical role during the
embryogenesis of the feeding larvae of P. regularis
and H. tuberculata, but the role of lipids in metamor-
phosis is less clear and is likely to vary with phy-
logeny and larval experience (e.g. food supply). Fur-
ther biochemical studies are required to elucidate
how morphogenesis during this crucial life history
transition is fuelled in echinoderms with plankto -
trophic development and whether phospholipids may
also be used as an energy source in this phylum.

Following depletion of maternally derived energy
storage lipids for larval construction, the larvae of P.
regularis and H. tuberculata fed, grew and devel-
oped for weeks without accruing significant stores of
energetic lipid. There appears to be an imperative for
early larvae to grow quickly and increase their food-
capturing ability rather than to immediately accumu-
late storage energy for later development (Young et
al. 1989, McEdward 1997). For feeding echinoderm
larvae, developmental duration is reduced in high
food environments (Fenaux et al. 1994, Reitzel et al.
2004, 2005, Sewell et al. 2004), up to a limit (see
Pedrotti & Fenaux 1993, Wolfe et al. 2015). It is not
known whether planktonic food supply can be suffi-
ciently high to allow feeding larvae to maintain a sig-
nificant energetic buffer throughout their develop-
ment. However, the striking phenotypic plasticity of
many planktotrophic echinoderm larvae in the length
of their feeding apparatus (ciliary band) in response
to environmental food levels with heterochronic
acceleration of rudiment formation in favourable
nutrient conditions (George 1999, Soars et al. 2009,
Wolfe et al. 2015) indicates the potential for fine
 tuning of lipid dynamics.

The larvae of P. regularis sequestered energetic
lipid prior to metamorphosis, indicating the ability to
take advantage of food up to the point of benthic
transition. This may explain the resistance to starva-
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Fig. 6. Heliocidaris tuberculata. (a) Energetic lipid, (b) sterol
(ST) and (c) polar lipid content per offspring from egg to ju-
venile. (d) Lipid condition index of the same offspring, ener-
getic lipid:sterol ratio. Labels in (a) apply in other panels to
fed larvae only. (r) unfed offspring of Female 1; (e) fed off-
spring of Female 1; (s,y) fed offspring of Females 2 and 3,
respectively. Error bars (mean ± SE, n = 3 samples per
 female, except n = 1 per female for juveniles) are obscured
by symbols in some cases. (h+) pooled sample of juveniles 

(n = 3 females)
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tion exhibited by advanced feeding larvae of other
asteroids (Olson & Olson 1989, Allison 1994). Given
that energy-storage lipids are sequestered before
metamorphosis in multiple echinoderm species (Vil -
linski et al. 2002, Sewell 2005, Meyer et al. 2007, Byrne
et al. 2008a), the timing of food pulses may be a criti-
cal factor in determining juvenile condition and per-
formance (Phillips 2004). The feeding larvae of some
species, particularly the ‘boom and bust’ echino-
derms (e.g. Acanthaster planci, Asterias amurensis),
are likely to be highly opportunistic, with food pulses
late in development influencing population increase
through greater numbers completing metamorpho-
sis (Uthicke et al. 2009, Wolfe et al. 2015, 2017). To
test importance of Phase 3 (lipid accumulation) and
whether food pulses occurring late in development
might significantly improve the nutritional condition
of juveniles, larvae should be reared to an advanced
stage and then subjected to different food treatments
(Pechenik et al. 1996a,b).

The ecological consequences of the larval to juve-
nile nutritive condition need to be addressed in
future research. Of particular interest will be com-
parison between H. tuberculata, where low levels of
energetic lipids were found prior to metamorphosis,
and our previous work on T. gratilla where high TAG
 levels remain in the juveniles (Byrne et al. 2008b).
Our proposal that H. tuberculata might be using
phospholipids to fuel metamorphosis is presented
as a working hypothesis, but may require a careful
reassessment of what we think we know about
lipid dynamics during planktotrophic development
of echinoderms.

Acknowledgements. This research was supported by a grant
from the Australian Research Council (M.B.). We thank
S. Bishop for assistance with the lipid analyses. The re -
viewers are thanked for providing insightful comments that
improved the manuscript. This is contribution number 214 of
the Sydney Institute of Marine Science.

LITERATURE CITED

Allison GW (1994) Effects of temporary starvation on larvae
of the sea star Asterina miniata. Mar Biol 118: 255−261

Bochenek EA, Klink JM, Powell EN, Hofmann EE (2001) A
biochemically based model of the growth and de -
velopment of Crassotrea gigas larvae. J Shellfish Res 20: 
243−265

Burke K, Bataller E, Miron G, Ouellette M, Tremblay R
(2008) Larval quality of a nonnative bivalve species
(European oyster, Ostrea edulis) off the east Canadian
coast. J Shellfish Res 27: 701−710

Byrne M, Cerra A (2000) Lipid dynamics in the embryos of
Patiriella species (Asteroidea) with divergent modes
of development. Dev Growth Differ 42: 79−86

Byrne M, Prowse TAA, Sewell MA, Dworjanyn S, Wil -
liamson JE, Vaïtilingon D (2008a) Maternal provisioning
for larvae and larval provisioning for juveniles in the
 toxopneustid sea urchin Tripneustes gratilla. Mar Biol
155: 473−482

Byrne M, Sewell MA, Prowse TAA (2008b) Nutritional ecol-
ogy of sea urchin larvae:  influence of endogenous and
exogenous nutrition on echinopluteal growth in Trip-
neustes gratilla. Funct Ecol 22: 643−648

Carman KR, Thistle D, Ertman SC, Foy M (1991) Nile red as
a probe for lipid-storage products in benthic copepods.
Mar Ecol Prog Ser 74: 307−311

Cellario C, George SB (1990) Second generation of Paracen-
trotus lividus reared in the laboratory:  egg quality tested.
In:  de Ridder C, Dubois P, Lahaye MC, Jangoux M (eds)
Echinoderm research. AA Balkema, Rotterdam

Chia FS, Burke RD (1978) Echinoderm metamorphosis:  fate
of larval structures. In:  Chia FS, Rice ME (eds) Settle-

159

Variable Source of df GG-df F p Egg vs. 12 d 12 d vs. 29 d 29 d vs. 43 d
variation t12 p t12 p t12 p

Energetic F 2,6 – 0.17 0.847
lipid T 6,12 – 153.2 0.001 18.6 0.001 0.07 0.944 1.2 0.256

F × T 12,32 5.7,15 1.67 0.198

Sterol F 2,6 – 0.56 0.600
T 6,12 – 196.7 0.001 5.08 0.001 2.18 0.050 23.0 0.001
F × T 12,32 5.7,15 1.47 0.250

Polar lipid F 2,6 – 0.10 0.906
T 6,12 – 114.12 0.001 6.63 0.001 1.81 0.096 15.0 0.001
F × T 12,32 6.3,16 2.34 0.077

CI F 2,6 – 0.59 0.584
T 6,12 – 204.73 0.001 21.8 0.001 0.33 0.750 1.2 0.269
F × T 12,32 9,13.2 3.29 0.039

Table 2. Heliocidaris tuberculata. Summary of RMANOVA for offspring lipid class content and lipid nutritional condition index
(CI) over the course of development to the rudiment stage at 43 d. The analyses included 1 random, between-subjects factor
(female = F), with cultures as the subjects and time (T) as the within-subjects factor. Greenhouse-Geisser adjusted degrees of
freedom (GG-df) were used for the F × T interaction effects. The results of planned contrasts (t-tests) between certain sampling 

times are also shown. Significant results are highlighted in bold

https://doi.org/10.1007/BF00349792
https://doi.org/10.2983/0730-8000(2008)27%5b701%3ALQOANB%5d2.0.CO%3B2
https://doi.org/10.1046/j.1440-169x.2000.00486.x
https://doi.org/10.1007/s00227-008-1045-5
https://doi.org/10.1111/j.1365-2435.2008.01427.x
https://doi.org/10.3354/meps074307


Mar Ecol Prog Ser 583: 149–161, 2017

ment and metamorphosis of marine invertebrate larvae.
Elsevier North Holland Biomedical Press, New York, NY

Elliott P, Hawthorne G (2005) Imputing missing repeated
measures data:  How should we proceed? Aust N Z J
 Psychiatry 39: 575−582

Emlet RB, Sadro S (2006) Linking stages of life history:  How
larval quality translates into juvenile performance for an
intertidal barnacle (Balanus glandula). Integr Comp Biol
46: 334−346

Emlet RB, McEdward LR, Strathmann MF (1987) Echino-
derm larval ecology viewed from the egg. In:  Jangoux M,
Lawrence JM (eds) Echinoderm studies, Book 2. AA
Balkema, Rotterdam

Falk-Petersen IB, Sargent JR (1982) Reproduction of aster-
oids from Balsfjorden, Northern Norway:  analyses of
lipids in the gonads of Ctenodiscus crispatus, Asterias
lincki and Pteraster militaris. Mar Biol 69: 291−298

Falkner I, Byrne M, Sewell MA (2006) Maternal provision-
ing in Ophionereis fasciata and O. schayeri:  brittle stars
with contrasting modes of development. Biol Bull 211: 
204−207

Falkner I, Sewell MA, Byrne M (2015) Evolution of maternal
provisioning in ophiuroid echinoderms:  characterisation
of egg composition in planktotrophic and lecithotrophic
developers. Mar Ecol Prog Ser 525: 1−13

Fenaux L, Cellario C, Etienne M (1985) Variations in the
ingestion rate of algal cells with morphological develop-
ment of larvae of Paracentrotus lividus (Echinodermata: 
Echinoidae). Mar Ecol Prog Ser 24: 161−165

Fenaux L, Cellario C, Rassoulzadegan F (1988) Sensitivity of
different morphological stages of the larva of Paracentro-
tus lividus to quantity and quality of food. In:  Burke RD,
Mladenov PV, Lambert P, Parsley RL (eds) Echinoderm
biology. AA Balkema, Rotterdam

Fenaux L, Strathmann MF, Strathmann RR (1994) Five tests
of food-limited growth of larvae in coastal waters by
comparisons of rates of development and form of echino-
plutei. Limnol Oceanogr 39: 84−98

Fraser AJ (1989) Triacylglycerol content as a condition index
for fish, bivalve, and crustacean larvae. Can J Fish Aquat
Sci 46: 1868−1873

Gallager SM, Mann R, Sasaki GC (1986) Lipid as an index of
growth and viability in three species of bivalve larvae.
Aquaculture 56: 81−103

George SB (1999) Egg quality, larval growth and phenotypic
plasticity in a forcipulate seastar. J Exp Mar Biol Ecol
237: 203−224

George SB, Cellario C, Fenaux L (1990a) Population differ-
ences in egg quality of Arbacia lixula (Echinodermata: 
Echinoidea):  proximate composition of eggs and larval
development. J Exp Mar Biol Ecol 141: 107−118

George SB, Lawrence J, Fenaux L (1990b) Effect of starva-
tion and the time to first feeding on larvae of Luidia
clathrata (Say) (Echinodermata:  Asteroidea). In:  Ridder
D, Dubois, Lahaye, Jangoux (eds) Echinoderm research.
AA Balkema, Rotterdam

George SB, Young CM, Fenaux L (1997) Proximate compo-
sition of eggs and larvae of the sand dollar Encope
michelini (Agassiz):  the advantage of higher investment
in plankotrophic eggs. Invertebr Reprod Dev 32: 11−19

Gosselin P, Jangoux M (1998) From competent larva to
exotrophic juvenile:  a morphofunctional study of the
perimetamorphic period of Paracentrotus lividus (Echin-
odermata, Echinoida). Zoomorphology 118: 31−43

Håkanson JL (1989) Condition of larval anchovy (Engraulis
mordax) in the Southern California Bight, as measured
through lipid analysis. Mar Biol 102: 153−159

Harding GC, Fraser AJ (1999) Application of the triacylglyc-
erol/sterol condition index to the interpretation of larval
lobster Homarus americanus distribution in close prox-
imity to Georges Bank, Gulf of Maine. Mar Ecol Prog Ser
186: 239−254

Hayashi K, Kishimura H (1997) Content and composition of
diacyl glycerol ethers in the pyloric ceca and ovaries of
the asteroids Solaster paxillatus and Asterias amurensis.
Fish Sci 63: 945−949

Herrera JC, McWeeney SK, McEdward LR (1996) Diversity
of energetic strategies among echinoid larvae and the
transition from feeding to nonfeeding development.
Oceanol Acta 19: 313−321

Holland DL (1978) Lipid reserves and energy metabolism in
the larvae of benthic marine invertebrates. In:  Sargent
DC, Malins JR (eds) Biochemical and biophysical per-
spectives in marine biology. Academic Press, London

Jaeckle WB (1995) Variation in the size, energy content, and
biochemical composition of invertebrate eggs:  correlates
to the mode of larval development. In:  McEdward LR
(ed) Ecology of marine invertebrate larvae. CRC Press,
Boca Raton, FL

Jeffs AG, Phleger CF, Nelson MM, Mooney BD, Nichols PD
(2002) Marked depletion of polar lipid and non-essential
fatty acids following settlement by post-larvae of the
spiny lobster Jasus verreauxi. Comp Biochem Physiol A
Mol Integr Physiol 131: 305−311

Marangoni A (2017) AOCS lipid library. http://lipid library.
aocs.org/

Marshall DJ, Keough MJ (2004) When the going gets rough: 
effect of maternal size manipulation on larval quality.
Mar Ecol Prog Ser 272: 301−305

Marshall DJ, Krug PJ, Kupriyanova E, Byrne M, Emlet RB
(2012) The biogeography of marine invertebrate life his-
tories. Annu Rev Ecol Evol Syst 43: 97−114

McAlister JS, Moran AL (2013) Effects of variation in egg
energy and exogenous food on larval development in
congeneric sea urchins. Mar Ecol Prog Ser 490: 155−167

McEdward LR (1997) Reproductive strategies of marine
benthic invertebrates revisited:  facultative feeding by
planktotrophic larvae. Am Nat 150: 48−72

Meyer E, Green AJ, Moore M, Manahan DT (2007) Food
availability and physiological state of sea urchin larvae
(Strongylocentrotus purpuratus). Mar Biol 152: 179−191

Miner BG, McEdward LA, McEdward LR (2005) The
 relationship between egg size and the duration of the
facultative feeding period in marine invertebrate larvae.
J Exp Mar Biol Ecol 321: 135−144

Mita M, Nakamura M (1998) Energy metabolism of sea
urchin spermatozoa:  an approach based on echinoid
phylogeny. Zool Sci 15: 1−10

Moran AL, Allen JD (2007) How does metabolic rate scale
with egg size? An experimental test with sea urchin
embryos. Biol Bull 212: 143−150

Moran AL, Emlet RB (2001) Hatchling size and performance
in a marine snail:  effects of environmental variation
on the benefits of large offspring size. Ecology 82: 
1597−1612

Moran AL, Manahan DT (2003) Energy metabolism during
larval development of green and white abalone, Haliotis
fulgensi and H. sorenseni. Biol Bull 204: 270−277

Moran AL, McAlister JS (2009) Egg size as a life history
character of marine invertebrates:  Is it all it’s cracked up
to be? Biol Bull 216: 226−242

Moran AL, McAlister JS, Whitehill EAG (2013) Egg as
energy:  revisiting the scaling of egg size and energy con-
tent among echinoderms. Biol Bull 224: 184−191

160

https://doi.org/10.1080/j.1440-1614.2005.01629.x
https://doi.org/10.1093/icb/icj023
https://doi.org/10.1007/BF00397494
https://doi.org/10.2307/4134542
https://doi.org/10.3354/meps11217
https://doi.org/10.3354/meps024161
https://doi.org/10.4319/lo.1994.39.1.0084
https://doi.org/10.1139/f89-235
https://doi.org/10.1016/0044-8486(86)90020-7
https://doi.org/10.1016/S0022-0981(98)00205-6
https://doi.org/10.1016/0022-0981(90)90217-Z
https://doi.org/10.1080/07924259.1997.9672599
https://doi.org/10.1007/s004350050054
https://doi.org/10.1007/BF00428275
https://doi.org/10.3354/meps186239
https://doi.org/10.2331/fishsci.63.945
https://doi.org/10.1016/S1095-6433(01)00455-X
http://lipidlibrary.aocs.org/
https://doi.org/10.3354/meps272301
https://doi.org/10.1146/annurev-ecolsys-102710-145004
https://doi.org/10.3354/meps10420
https://doi.org/10.1086/286056
https://doi.org/10.1007/s00227-007-0672-6
https://doi.org/10.1016/j.jembe.2005.01.008
https://doi.org/10.2108/zsj.15.1
https://doi.org/10.2307/25066591
https://doi.org/10.1890/0012-9658(2001)082%5b1597%3AOSAPIV%5d2.0.CO%3B2
https://doi.org/10.2307/1543598
https://doi.org/10.1086/BBLv216n3p226
https://doi.org/10.1086/BBLv224n3p184


Prowse et al.: Lipid dynamics of planktotrophic larvae

Nelson MM, Nichols PD, Leighton DL (1999) The occur-
rence and possible significance of diacylglyceryl ether
lipids in abalone. Lipids 34: 423−427

Nichols PD, Mooney BD, Elliot NG (2001) Unusually high
levels of non-saponifiable lipids in the fishes escolar and
rudderfish:  identification by gas and thin-layer chro-
matography. J Chromatogr A 936: 183−191

Olson RR, Olson MH (1989) Food limitation of plankto -
trophic marine invertebrate larvae:  Does it control re -
cruitment success? Annu Rev Ecol Syst 20: 225−247

Oudejans RCHM, van der Sluis I (1979) Storage and deple-
tion of lipid components in the pyloric caeca and ovaries
of the seastar Asterias rubens during its annual repro-
ductive cycle. Mar Biol 53: 239−247

Parrish CC (1999) Determination of total lipid, lipid classes,
and fatty acids in aquatic samples. In:  Arts MT (ed)
Lipids in freshwater ecosystems. Springer, New York,
NY

Pechenik JA, Estrella MS, Hammer K (1996a) Food limita-
tion stimulates metamorphosis of competent larvae and
alters postmetamorphic growth rate in the marine proso-
branch gastropod Crepidula fornicata. Mar Biol 127: 
267−275

Pechenik JA, Hammer K, Weise C (1996b) The effect of
 starvation on acquisition of competence and post-meta-
morphic performance in the marine prosobranch gastro-
pod Crepidula fornicata (L.). J Exp Mar Biol Ecol 199: 
137−152

Pechenik JA, Wendt DE, Jarrett JN (1998) Metamorphosis is
not a new beginning. Bioscience 48: 901−910

Pedrotti ML, Fenaux L (1993) Effects of food diet on the
 survival, development and growth rates of two cultured
echinplutei (Paracentrotus lividus and Arbacia lixula).
Invertebr Reprod Dev 24: 59−69

Pernet F, Tremblay R, Bourget E (2003a) Biochemical indica-
tor of sea scallop (Placopecten magellanicus) quality
based on lipid class composition. Part I:  Broodstock con-
ditioning and young larval performance. J Shellfish Res
22: 365−375

Pernet F, Tremblay R, Demers E, Roussy M (2003b) Varia-
tion of lipid class and fatty acid composition of Chaeto-
ceros muelleri and Isochrysis sp. grown in a semicontin-
uous system. Aquaculture 221: 393−406

Pernet F, Tremblay R, Langdon C, Bourget E (2004) Effect
of additions of dietary triacylglycerol microspheres on
growth, survival, and settlement of mussel (Mytilus sp.)
larvae. Mar Biol 144: 693−703

Pernet B, Bricelj VM, Cartier S (2006) Lipid class dynamics
during larval ontogeny of sea scallops, Placopecten
magellanicus, in relation to metamorphic success and
re sponse to antibiotics. J Exp Mar Biol Ecol 329: 
265−280

Phillips NE (2002) Effects of nutrition-mediated larval con -
dition on juvenile performance in a marine mussel.
 Ecology 83: 2562−2574

Phillips NE (2004) Variable timing of larval food has con -
sequences for early juvenile performance in a marine
mussel. Ecology 85: 2341−2346

Phleger CF, Nichols PD, Virtue P (1997) Lipids and buoy-
ancy in Southern Ocean pteropods. Lipids 32: 1093−1100

Powell EN, Bochenek EA, Klink JM, Hofmann EE (2004)
Influence of short-term variations in food on survival of
Crassotrea gigas larvae:  a modelling study. J Mar Res 62: 
117−152

Prowse TAA, Sewell MA, Byrne M (2008) Fuels for develop-
ment:  evolution of maternal provisioning in asterinid sea
stars. Mar Biol 153: 337−349

Prowse TAA, Falkner I, Sewell MA, Byrne M (2009) Long-
term storage lipids and developmental evolution in
echinoderms. Evol Ecol Res 11: 1069−1083

Quinn GP, Keough MJ (2002) Experimental design and data
analysis for biologists. Cambridge University Press,
Cambridge

Raff RA, Byrne M (2006) The active evolutionary lives of
echinoderm larvae. Heredity 97: 244−252

Reitzel AM, Webb J, Arellano S (2004) Growth, develop-
ment and condition of Dendraster excentricus (Esch -
scholtz) larvae reared on natural and laboratory diets.
J Plankton Res 26: 901−908

Reitzel AM, Miles CM, Heyland A, Cowart JD, McEdward
LR (2005) The contribution of the facultative feeding
period to echinoid larval development and size at meta-
morphosis:  a comparative approach. J Exp Mar Biol Ecol
317: 189−201

Sewell MA (2005) Utilization of lipids during early develop-
ment of the sea urchin Evechinus chloroticus. Mar Ecol
Prog Ser 304: 133−142

Sewell MA, Young CM (1997) Are echinoderm egg size
 distributions bimodal? Biol Bull 193: 297−305

Sewell MA, Cameron MJ, McArdle BH (2004) Developmen-
tal plasticity in larval development in the echinometrid
sea urchin Evechinus chloroticus with varying food
ration. J Exp Mar Biol Ecol 309: 219−237

Soars NA, Prowse TAA, Byrne M (2009) Overview of pheno-
typic plasticity in echinoid larvae, ‘Echinopluteus trans-
versus’ type vs. typical echinoplutei. Mar Ecol Prog Ser
383: 113−125

Tremblay R, Olivier F, Bourget E, Rittschof D (2007) Physio-
logical condition of Balanus amphitrite cyprid larvae
determines habitat selection success. Mar Ecol Prog Ser
340: 1−8

Uthicke S, Schaffelke B, Byrne M (2009) A boom and bust
phylum? Ecological and evolutionary consequences of
large population density variations in echinoderms. Ecol
Monogr 79: 3−24

Vaïtilingon D, Morgan R, Grosjean P, Gosselin P, Jangoux M
(2001) Effects of delayed metamorphosis and food rations
on the perimetamorphic events in the echinoid Paracen-
trotus lividus (Lamarck, 1816) (Echinodermata). J Exp
Mar Biol Ecol 262: 41−60

Villinski JT, Villinski JC, Byrne M, Raff RA (2002) Conver-
gent maternal provisioning and life-history evolution in
echinoderms. Evolution 56: 1764−1775

Whitehill EAG, Moran AL (2012) Comparative larval ener-
getics of an ophiuroid and an echinoid echinoderm.
Invertebr Biol 131: 345−354

Wolfe K, Graba-Landry A, Dworjanyn SA, Byrne M (2015)
Larval phenotypic plasticity in the boom-and-bust
crown-of-thorns starfish Acanthaster planci. Mar Ecol
Prog Ser 539: 179−189

Wolfe K, Graba-Landry A, Dworjanyn SA, Byrne M (2017)
Superstars:  assessing nutrient thresholds for enhanced
larval success of Acanthaster planci, a review of the evi-
dence. Mar Pollut Bull 116: 307−314

Young CM, Cameron JL, Eckelbarger KJ (1989) Extended
pre-feeding period in planktotrophic larvae of the
bathyal echinoid Aspidodiadema jacobyi. J Mar Biol
Assoc UK 69: 695−702

161

Editorial responsibility: Steven Morgan, 
Bodega Bay, California, USA

Submitted: April 11, 2017; Accepted: September 14, 2017
Proofs received from author(s): October 31, 2017

https://doi.org/10.1007/s11745-999-0381-9
https://doi.org/10.1016/S0021-9673(01)00894-9
https://doi.org/10.1146/annurev.es.20.110189.001301
https://doi.org/10.1007/BF00952432
https://doi.org/10.1007/BF00942112
https://doi.org/10.1016/0022-0981(96)00010-X
https://doi.org/10.2307/1313294
https://doi.org/10.1080/07924259.1993.9672332
https://doi.org/10.1016/S0044-8486(03)00030-9
https://doi.org/10.1007/s00227-003-1234-1
https://doi.org/10.1016/j.jembe.2005.09.008
https://doi.org/10.1890/0012-9658(2002)083%5b2562%3AEONMLC%5d2.0.CO%3B2
https://doi.org/10.1890/03-3097
https://doi.org/10.1007/s11745-997-0141-x
https://doi.org/10.1357/00222400460744645
https://doi.org/10.1007/s00227-007-0809-7
https://doi.org/10.1038/sj.hdy.6800866
https://doi.org/10.1093/plankt/fbh077
https://doi.org/10.1016/j.jembe.2004.11.018
https://doi.org/10.3354/meps304133
https://doi.org/10.2307/1542932
https://doi.org/10.1016/j.jembe.2004.03.016
https://doi.org/10.3354/meps07848
https://doi.org/10.3354/meps340001
https://doi.org/10.1890/07-2136.1
https://doi.org/10.1016/S0022-0981(01)00281-7
https://doi.org/10.1111/j.0014-3820.2002.tb00190.x
https://doi.org/10.1111/j.1744-7410.2012.00277.x
https://doi.org/10.3354/meps11495
https://doi.org/10.1016/j.marpolbul.2016.12.079
https://doi.org/10.1017/S0025315400031076



