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Abstract. Plasticity in hatching can balance risks of benthic and pelagic development and
thereby affect the extent of larval dispersal. Veligers of the nudibranch Phestilla sibogae hatched
from their individual capsules if the encapsulated embryos were scattered from a torn gelat-
inous egg ribbon. Hatching occurred as early as day 4 at 231–251C. The early hatchlings lacked
a propodium, swam, and were not yet competent to settle andmetamorphose. Hatchingmay be
induced by predation: crabs consumed egg ribbons, and a portunid crab, caught in the act of
tearing an egg ribbon, scattered encapsulated embryos. Undisturbed egg masses hatched as late
as 9–11d at 231–251C, or as early as 8 d in a trial at 261C. Late hatchlings had a well-developed
propodium, and 20–100% metamorphosed within a day of exposure to the inducer from the
nudibranch’s coral prey. A few metamorphosed nudibranchs were found within hatching egg
masses. Thus, the veligers can hatch so late that many are competent to metamorphose or so
early that the obligate planktonic period can last 4 or more days. An attack by a predator
means the benthic habitat is dangerous for the embryos, and swimming is presumably the safer
option. In the absence of disturbance, the veligers hatch when ready or nearly ready to settle.
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Many animals protect embryos in aggregations,
but the aggregations may also be attacked by preda-
tors. Hatching in response to an attack can adjust
the risks of aggregated development in an egg mass
or capsule versus solitary development as a hatched
larva or juvenile (Warkentin 2000; Gomez-Mestre
et al. 2008; Miner et al. 2010). For benthic animals
with swimming larvae, plasticity in hatching could
affect dispersal as well as mortality. Precompetent
larvae have not yet developed the capacity to settle
and metamorphose in response to stimuli that indi-
cate favorable benthic sites. If adults are sedentary
and if hatching at an earlier stage of development
greatly extends the duration of precompetent pelagic
development, then hatching in response to predation
or other disturbance could greatly increase the
distance that hatchlings travel from parents and sib-
lings. Here, we examine the extent to which plasticity
in hatching extends the duration of precompetent
swimming for a benthic marine invertebrate.

The veligers of the nudibranch gastropod Phestilla
sibogae BERGH, 1874, can develop to metamorphic
competence without food (Kempf & Hadfield 1985).
As far as nutritional requirements are concerned,
these nudibranchs could potentially hatch as meta-
morphosed crawling juveniles. The precompetent
period of obligate swimming and dispersal of the
larvae do not depend on an obligate period of feed-
ing and growth for the development of metamorphic
competence. Nevertheless, they have been observed
to hatch as swimming veligers. Because a planktonic
precompetent period does not result from a require-
ment for larval feeding and growth, the minimum
period of larval swimming may be an indication of an
adaptation for dispersal (Strathmann 2007).

Timing of hatching is flexible, however, and affects
more than dispersal. Plasticity in stage at hatching
may also indicate a capacity to become planktonic
when benthic development becomes dangerous (Had-
field & Strathmann 1996). The adults of P. sibogae lay
gelatinous egg ribbons with a tough outer envelope
(Fig. 1). Each embryo is in a separate capsule within
the gel of the egg ribbon (Harris 1975). When the egg
ribbon is torn, the capsules are scattered, and the
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veliger larvae hatch from their capsules, but hatching
occurs later when ribbons are undisturbed (Miller &
Hadfield 1986; Hadfield et al. 2000). Thus, the hatch-

ing of P. sibogae provides information about swim-
ming larval stages as an adaptation for dispersal and
as a migration to a habitat with benefits and risks
different from that of the sea floor.

Two other aspects of the veligers’ behavior also
affect their dispersal. One is habituation to the meta-
morphic stimulus before hatching. The adults eat the
coral Porites compressa DANA, 1846, and deposit their
egg ribbons on the lower part of branches of the coral.
The larvae settle and metamorphose in response to a
chemical stimulus released into the water by the coral
(Harris 1975; Hadfield 1977; Hadfield & Scheuer 1985;
Hadfield & Pennington 1990; Koehl & Hadfield 2004;
Koehl et al. 2007; Ritson-Williams et al. 2009).
Veligers within an egg ribbon can become habituated
to the metamorphic stimulus before hatching, and af-
ter hatching do not respond to the inducer until they
have been in water free of the stimulus for 1–5h
(Hadfield & Scheuer 1985). Thus, hatching veligers
may be dispersed from the coral head occupied by the
parents for a period of hours before they are capable
of responding to the inducer. One interpretation
is that enforced and obligate dispersal of a few hours
is adaptive. Another is that habituation is an inci-
dental consequence of exposure to the inducer.

Dispersal may also be enhanced by a positive
phototaxis in swimming of young hatched veligers
(at 5–7d postfertilization at 261C) (Miller & Hadfield
1986). The positive phototaxis decreases with age.
The effect of this age-dependent phototaxis on dis-
persal presumably depends on the age at hatching.

The duration of obligate larval swimming of
P. sibogae is the greatest, however, when egg ribbons
are damaged. For experiments on larval behavior, egg
ribbons can be artificially hatched by tearing (Hadfield
& Scheuer 1985; Miller & Hadfield 1986; Pechenik
et al. 1995). One interpretation is that hatching in
response to damage of the egg ribbon is an adapta-
tion in which veligers change habitat in response to
risk. If damage to an egg ribbon is from a predator,
unhatched veligers may soon be eaten. Even if the
damage is from other causes, embryos that are scat-
tered on the seafloor in capsules that are o350mm in
length may be at a greater risk than embryos in an egg
ribbon at a site selected by the mother. Hatching in-
duced by damage to an egg mass increases the dura-
tion of precompetent swimming and thus increases
larval dispersal, but the increased dispersal may be
incidental to avoiding risk on the sea floor.

Our objective in this study was to observe the
range of stages and ages at which hatching can oc-
cur, vulnerability of egg ribbons to predation, and
the consequences for the period of larval swimming
before competence to settle. The minimum duration

Fig. 1. Egg ribbons of Phestilla sibogae. A. Four egg

ribbons on a coral fragment. Scale bar5 1 cm. B. Layers

between a developing veliger and the sea. Arrows indicate

the veliger surrounded by intracapsular fluid, the capsule

wall, gel of the egg ribbon, and the envelope of the egg

ribbon. Scale bar5 200 mm. C. A suspension of ink

particles (dark) excluded by a fragment of gel (light) that

was cut from an egg ribbon with included capsules and

embryos. Scale bar5 400 mm.
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of precompetent larval swimming may indicate the
extent of larval dispersal that is adaptive for these
nudibranchs. The maximum duration of precompe-
tent larval swimming indicates their maximum flexi-
bility in avoiding risks of benthic development.

Methods

Collection and maintenance

Porites compressawas collected fromKaneohe Bay,
Oahu, and held in continuously renewed flowing sea-
water in aquaria at Kewalo Marine Laboratory.
Juveniles of Phestilla sibogae accompanied the col-
lected corals and grew in the aquaria to adults. The
adults deposited egg ribbons on fragments of P. com-
pressa. Ribbons were laid on portions of the branches
without polyps, including broken surfaces, areas from
which the coral tissue had been removed by feeding of
adult P. sibogae, and surfaces with encrusting algae.
New ribbons were gathered within a day of deposition
so that ages from deposition were 0–1d greater than
age since discovery in the aquarium.

Vulnerability

Vulnerability of egg ribbons to predators was tested
with two crabs that had been accidentally introduced
to the aquaria with collections of P. compressa and
other shallow water invertebrates. One was Thalamita
sp. (a portunid) of 42mm width across the carapace;
the other was Platypodia sp. (a xanthid) of 28mm
width across the carapace (Fig. 2). Members of a
Thalamita sp. and xanthids of a different genus had
been previously shown to prey on individuals of P. si-
bogae (Gochfeld & Aeby 1997). The crabs were
housed in an aquarium with continuously renewed
seawater, each separately on a plastic tray in a plastic
basket with coral rubble for shelter. The same arrange-
ment without a crab was the control. Each day, a piece
of P. compressa with one to three egg ribbons depos-
ited on it was added to each tray and examined for loss
the next day. Between trials, the coral rubble was ex-
changed between control and experimental treatments
to assure that predation was not from a cryptic pre-
dator in the coral rubble.

Early hatching

Ribbons were maintained in two ways before
observations of early hatching. Ribbons detached
within the day of deposition were held in aerated sea-
water in beakers in an incubator or water bath
at 251C. Other ribbons were left attached to pieces
of P. compressa in an aquarium with continuously

renewed flowing seawater at 23.51C (SD 0.51C).
Ribbons of known age were torn with forceps to scat-
ter encapsulated embryos. Times of hatching from the
scattered capsules were recorded during the 10-min
interval from first observed hatching. Observations
were discontinued 10min from the time that a ribbon
was torn if no veligers had hatched. By 5d of age,
hatching from scattered capsules was nearly 100%
within 10min.

Late hatching

Adults were placed with pieces of coral in an
aquarium and their egg ribbons were collected daily.
These ribbons were held for observation in two ways.
With the first batch, in 2002, egg ribbons were de-
tached from the coral without tearing them, and then
were clamped between the flexible cut ends of strands
of polyethylene plastic mesh (trial 1). Each ribbon
with its polyethylene mesh was supported B1 cm
above the bottom of an aerated 100mL beaker in a
water bath at 251C (SD 0.71C).

The later sets of egg ribbons remained attached
to pieces of coral in an aquarium with continuously

Fig. 2. Crabs used as predators. A. Thalamita sp., a

portunid. B. Platypodia sp., a xanthid. Scale bars5 2 cm.
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renewed seawater. For one set, the temperature was
23.51C (SD 0.51C) during 16 d of observations. In the
first observations, eight ribbons were known to be
from seven different mothers (trial 2). In the remain-
ing observations, the ribbons were from a changing
pool of seven to nine mothers (trial 3). In a later set of
two ribbons from each of eight adults, the tempera-
ture in the sea table was 261C (trial 4).

Stage at hatching

Hatching veligers were inspected for the presence/ab-
sence of a propodial bulge and for opacity of the vis-
cera. Early-stage veligers lacked a propodial bulge and
had dark viscera. Late-stage veligers had a propodial
bulge and lighter colored, mostly translucent viscera.

Metamorphic competence at hatching

For the first tests of competence of hatchlings, ve-
ligers were collected from the aerated beakers that
contained ribbons. For later tests, suction from a pi-
pet withdrew hatching veligers from previously undis-
turbed hatching ribbons that were attached to coral
fragments.

In some tests of competence, veligers were placed
in 10–20mL of seawater in dishes with the tip of a
branch of P. compressa (Miller &Hadfield 1986). The
number of veligers depended on numbers available
from hatching egg masses and ranged to 4200.

For most tests of competence for metamorphosis,
B20 veligers were placed in 2mL of coral water. For
each ribbon, four to six batches of 20 veligers were
placed in multiwell plates. Coral water was water that
had been aerated with branches of P. compressa for 1d
(Hadfield & Scheuer 1985; Hadfield & Pennington
1990; Koehl & Hadfield 2004). This water was used ei-
ther fresh or after refrigeration for storage (up to several
days), followed by warming for the test of competence.

After a day of exposure to the inducer, percent
metamorphosis was estimated from counts of swim-
ming veligers, empty shells (left by metamorphosed
veligers), and shell-less metamorphosed slugs. Counts
of slugs were often less than counts of empty shells
shed at metamorphosis because slugs were difficult to
find at the edges of wells in plates or with branch tips
of coral in dishes. Tests for metamorphic competence
were at 251C.

Results

Ribbons

The egg ribbons had a tough outer envelope that
enclosed a softer gel. Each veliger was in a fluid-filled

capsule surrounded by gel (Fig. 1). The gel could be
seen by its exclusion of particles and by staining with
alcian blue. Egg capsules could be scattered when the
ribbon was torn, even at an early stage of develop-
ment, and the gel became even less firm over time.
At early stages of development, the gel blocked
a Pasteur pipet, but at late stages, when ribbons
were beginning to hatch, capsules were easily sucked
into a pipet, indicating a decrease in the viscosity of
the gel.

Vulnerability

Egg ribbons placed with a crab as predator disap-
peared within 1d, whereas the control ribbons never
disappeared (Table 1). The crabs were a portunid
(Thalamita sp.) and a xanthid (Platypodia sp.) (Fig. 2).

The portunid crab was observed once in the act of
tearing an egg ribbon. Encapsulated embryos scattered
from the ribbon, even though at an early (four-cell)
stage (Fig. 3).

Earliest age and stage of hatching

Veligers with no propodial bulge and a dark visceral
mass were capable of hatching and swimming away.
Veligers hatched when capsules were scattered from
torn egg ribbons that were B4d since deposition
or older (Fig. 4). However, there was a minimum age
and stage for hatching. At 251C, no veligers hatched
from scattered capsules from three ribbons at 2d from
discovery (between 2 and 3d from deposition). For
ribbons held at B23.51C in the aquarium, no veligers
were observed to hatch from capsules scattered from
four ribbons at 3.2–3.4d from discovery (between 3.2
and 4.4d from deposition). A few veligers did hatch
from scattered capsules of one of these ribbons, but not
from the ten capsules under observation.

Disruption of the outer envelope of the egg ribbon
at an early stage was not sufficient to induce early
hatching of embryos that later developed into

Table 1. Predation by crabs on egg ribbons of Phestilla

sibogae

Predator (Numbers of egg ribbons intially)/

(number of ribbons a day later)

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5

Thalamita sp. 1/0 3/0 2/0 1/0 1/0

Platypodia sp. 3/0 2/0 2/0 1/0 1/0

Control 1 2/2 2/2 1/1 1/1 2/2

Control 2 1/1 1/1 2/2
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veligers while their capsule remained surrounded by
gel. Three ribbons were cut from the outer edge to the
base when embryos were at early stages: two with em-
bryos at eight cells and one with embryos at a later
cleavage stage. These ribbons lost a few capsules from
the cut edge, but the tear in the ribbon envelope did
not result in early hatching of veligers throughout the
ribbon. Veligers were still hatching from these ribbons
at 10d from deposition, after developing at B23.51C.

Latest age and stage at hatching and metamorphic

competence

For the five ribbons kept in aerated beakers at
251C (trial 1), the mean time from discovery of the
ribbon to beginning of hatching was 9.3 d (SD 0.8),
and for most of these ribbons, hatching was com-
pleted within a day. The stage of development when
the ribbons were found in the aquarium ranged from

four cells to a pregastrula stage. The three ribbons
discovered with embryos at early stages (4–24 cells)
were hatching at 9.1, 9.9, and 10.2 d. Some, but not
all veligers metamorphosed in response to water from
Porites compressa within a day of hatching (Table 2).

Ages at hatching were also observed for ribbons
that remained attached to fragments of coral and were
kept with minimum disturbance on a sea table with
rapidly flowing water at B23.51C (trial 2). Hatching
of the veligers from a ribbon was gradual, sometimes
lasting for more than a day. Veligers swam within a
ribbon after hatching from their capsules but while
retained by the ribbon’s envelope. In a first trial,
six ribbons were from six different adults, and two
ribbons were from a seventh adult. The time from

Fig. 3. Egg ribbon of Phestilla sibogae torn by the portunid

crab Thalamita sp. A. Damaged egg ribbon. Scale bar5

3.7 mm. B. Capsules (containing four-cell stage embryos)

scattered from the egg ribbon. Scale bar5 400 mm.

Fig. 4. Early hatching of larvae of Phestilla sibogae from

scattered egg capsules. Each line is cumulative number

hatched of ten capsules from one ribbon. A. Egg ribbons

that developed at 251C in aerated beakers. Solid lines indicate

ribbons 5 d from collection, and dashed lines indicate ribbons

3 d from collection. B. Egg ribbons that developed in an

aquariumwith continuously flowing water atB23.51C. Solid

lines indicate ribbons 4.2 d from collection, and the dashed

line indicates a ribbon 3.36 d from collection. Ages from

deposition were r1 d greater than days since collection.
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discovery of the deposited ribbon to hatching was
10.570.7 d (mean7SD), with a range of 9.2–11.1 d.

Additional estimates of hatching times in the
aquarium were for ribbons from a changing pool of
adults (trial 3). For 40 egg ribbons, hatching time
from discovery of the egg ribbon was 10.7 d (SD 0.5),
with a range of 10.1–11.6 d. The stage at which de-
posited ribbons were discovered had little, if any,
effect on the time to hatching. The mean hatching
times were 10.8 d for the 17 ribbons found with em-
bryos at one to eight cells and 10.7 d for those found
with embryos at later cleavage stages (424 cells).

Egg ribbons that were left attached to coral pieces
in an aquarium were used for tests of metamorphic
competence if they had retained a sufficient number
of hatching veligers. These were six ribbons from five
adults in the initial group (with known mother, trial
2), with branch tips of coral as the stimulus, and 12
ribbons from the later group (with a changing pool of
adults, trial 3), with water from coral as the stimulus.
In these tests of competence, metamorphosis was es-
timated in two ways: from the number of empty
shells (shed at metamorphosis) relative to the total
of shells plus veligers and from the number of juve-
nile slugs out of the total of slugs plus veligers. Esti-
mates of metamorphosis based on slugs were lower
than estimates based on empty shells, but trends were
similar with both estimates of metamorphosis (Fig.
5). Much of the variation in percent metamorphosing
was explained by time from discovery of an egg rib-
bon to the time of hatching and the start of the test
for metamorphic competence (r2 5 0.83 with the es-
timate based on shells, and r2 5 0.70 for the estimate
based on slugs, Pearson’s correlation). In contrast,
the proportions metamorphosing were similar,
whether ribbons were discovered at an earlier or a
later stage of embryonic cleavages (Fig. 5).

Some veligers began metamorphosis soon after
exposure to the stimulus. In trials with hatchlings
from five ribbons (with branch tips of coral as stim-
ulus, trial 2), metamorphosis had begun within
4.5–6h. In general (trials 2 and 3), after a day of
exposure to coral or coral water, many of the meta-
morphosed juveniles were elongated, indicating
a passage of 44 h after the initiation of metamor-
phosis (Hadfield 1978).

Small numbers of metamorphosed slugs (one to
five) were found in material removed by pipet from
five of 17 hatching ribbons that had been left on coral

Table 2. Metamorphosis of newly hatched veligers of

Phestilla sibogae in response to water from the coralPorites

compressa. Percent metamorphosis is of 70–100 veligers in

each of three replicates

Egg

ribbon

Collection

to start of

test (d)

Exposure

to coral

water (d)

Percent

metamorphosis:

Mean (SD)

Coral

water

Seawater

control

A 9.3 0.7 33.7 (9.0) 0 (0)

B 9.3 0.7 42.7 (9.2) 0 (0)

D 8.4 0.7 52.7 (2.1) 0 (0)

E 10.2 1.05 72.3 (5.7) 0 (0)

Fig. 5. Proportion metamorphosed of veligers of Phestilla

sibogae hatching at different ages. Age is days from discovery

of the egg ribbon (within a day of deposition) to hatching and

exposure to the stimulus for metamorphosis. Metamorphosis

was estimated the next day. Open symbols indicate ribbons

discovered with embryos at one to eight cells. Dark symbols

indicate ribbons discovered at later cleavage stages. A.

Metamorphosis estimated from counts of empty shells

relative to empty shells plus veligers. Metamorphosis was

stimulated by a piece of coral (squares) or water from the

coral (diamonds). B. Metamorphosis estimated from counts

of juvenile slugs relative to juvenile slugs plus veligers.

Metamorphosis was stimulated by a piece of coral (circles)

or water from the coral (triangles).
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pieces in the aquarium (trial 3). Slugs were inferred to
be from the hatching ribbon because they were not
observed with egg ribbons at earlier stages of devel-
opment, either in the ribbon or on the associated
coral fragment. Metamorphosis, therefore, occasion-
ally occurred without the veliger leaving the site at
which the ribbon was deposited, and possibly with-
out the veliger leaving the ribbon.

In a subsequent observation of ages at hatching,
egg ribbons developed at B261C in an aquarium
with flowing seawater (trial 4). Hatching occurred
at 7 and 8 d from discovery of the ribbons. Egg rib-
bons were 0–1d old when discovered, implying a
median age at hatching of between 8 and 9 d. Meta-
morphic competence was tested by exposure to the
coral stimulus during the day after veligers had
hatched. The percent metamorphosing ranged
widely, from 22% to 100%. The means and standard
deviations for percent metamorphosis for six ribbons
hatching at 7 d from discovery and ten ribbons
hatching at 8 d from discovery were similar: 48%
(SD 22%) and 51% (SD 24%). Metamorphosed
slugs were found on one of the coral fragments asso-
ciated with ribbons.

Discussion

Ages at hatching and metamorphic competence

The obligate pelagic larval duration, before meta-
morphic competence, can be very brief, as indicated
by hatching at and near metamorphic competence.
Undisturbed egg ribbons hatched at 7–11 d (of age
following the day of deposition), most often between
8 and 10d. The duration of obligate larval swimming
can exceed 4 d, however, if ribbons are disturbed.
Veligers hatched as early as 4 d after egg deposition
when egg capsules were scattered from torn egg
ribbons. Duration of dispersal of larvae during a
stage in which they swim and cannot metamorphose
depends in large part on when and whether the egg
ribbons are disturbed.

The ages at hatching and proportion metamor-
phosing within a day of hatching from undisturbed
egg ribbons varied considerably, even at the same
temperature. The variation in age at competence has
been noted in previous studies (Hadfield 1984;
Pechenik et al. 1995). The percent of metamorphosis
also varied with age at hatching (Fig. 5). An
increase in competence over this interval of ages
agrees with previous studies, which have demon-
strated that the percent of metamorphic competence
increases between day 7 and day 12 (Hadfield 1984;
Hadfield & Scheuer 1985; Miller & Hadfield 1986;

Pechenik et al. 1995). Some of the hatching ages in
Fig. 5 could have been underestimated because still
encapsulated veligers were induced to hatch when
veligers were withdrawn from hatching egg masses by
pipet, but capsules may be similarly induced to hatch
when naturally released from a hatching ribbon. The
variation in ages at hatching and ages for the devel-
opment of metamorphic competence indicates that a
portion of hatching veligers will swim and therefore
be dispersed even when egg ribbons are undisturbed.

Other enhancement of larval dispersal

Habituation to metamorphic inducer, before
hatching, can also enforce a duration of obligate
larval swimming of several hours. Metamorphic in-
ducer is present within coral heads where egg ribbons
are deposited. Concentrations of inducer can be suffi-
ciently high between the branches of a coral head to
induce the settlement of veligers (Hadfield & Scheuer
1985; Hadfield & Koehl 2004). Habituation to the
inducer should, under most circumstances, impose
on hatchlings a brief pelagic duration of several
hours (Hadfield & Scheuer 1985). Nevertheless, local
recruitment of many veligers is predicted from the
brief period required for dehabituation and the late
stage at hatching from undisturbed egg ribbons.
Habituation of precompetent larvae to a metamor-
phic inducer is reported for larvae in other phyla:
larvae of a sponge, with a natural inducer (Degnan &
Degnan 2010), and larvae of an ascidian (Degnan
et al. 1997) and an abalone (Trapido-Rosenthal &
Morse 1986) with artificial inducers. The period of
precompetent larval swimming differs among these
larval types. Presumably, the dispersal of larvae with
a long precompetent pelagic duration would be less
enhanced by habituation to a metamorphic inducer
than would the dispersal of those with a brief period
of precompetent larval swimming.

Metamorphosed slugs were sometimes associated
with egg ribbons that hatched in aquaria, indicating
that veligers can be induced to metamorphose at the
egg ribbon in some circumstances. The laboratory
conditions differed from field conditions in that the
fragments of coral included only small areas with
live coral tissue and currents were unidirectional.
In the field, the currents low in the coral are slow
(0.02–0.04m s�1) and oscillating, and so that the
metamorphic inducer accumulates (Hadfield &
Koehl 2004; Koehl & Hadfield 2004). The laboratory
result was nonetheless a surprise because if an in-
ducer is present locally, habituation of the veligers is
expected, and if an inducer is not present locally,
metamorphosis of veligers is not expected.
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In the cephalaspidean ophisthobranch Haminoea
japonica PILSBRY, 1895 (formerly known asHaminoea
callidegenita GIBSON & CHIA, 1989), some veligers
metamorphose before leaving the egg mass, but the
stimuli for metamorphosis are different in this spe-
cies; some of the veligers are induced to metamor-
phose by a stimulus from the egg mass jelly (Gibson
& Chia 1989).

When veligers are hatched early, photopositive
swimming is pronounced at 5–7 d from deposition
and decreases with age over the next days (Miller
& Hadfield 1986). Initial photopositive swimming in-
dicates that veligers that hatch early from a torn egg
ribbon will leave the coral head and be dispersed. The
effect of photopositive swimming on dispersal
presumably decreases with increased age at hatching.

Veligers of Phestilla sibogae can remain swimming
much longer during their period of metamorphic
competence than during their precompetent period.
Although the veligers do not grow during their com-
petent period, they can maintain competence for 45
weeks by feeding (Kempf & Hadfield 1985; Miller &
Hadfield 1990). Dispersal during this part of plank-
tonic larval life ceases when the larva encounters the
metamorphic stimulus. As noted by Thompson
(1958), the dispersal of competent larvae is a search
for suitable habitat, whereas the dispersal of precom-
petent larvae is obligate to the extent that inability to
settle and metamorphose results in dispersal.

Protection, risk, and planktonic durations

For larvae of P. sibogae, hatching before compe-
tence appears to be a flexible response to benthic risk,
with flexibility in stage at hatching reducing mortality
from benthic predators. Duration of precompetent
larval swimming depends on an immediate indication
of risk: scattering of capsules from the egg ribbon.
Obligate dispersal increases when a ribbon is attacked.

In general, long (41d) periods of planktonic larval
development before metamorphic competence are rare
when (1) embryos are initially protected in broods or
egg masses, and (2) larvae do not need to feed and
grow to reach competence. This pattern is consistent
with the hypothesis that long planktonic larval dura-
tions are not adaptations for dispersal (Strathmann
2007). Our observations suggest that P. sibogae falls
within the prevailing pattern of a brief planktonic pre-
competent stage for larvae hatching from a protective
egg or brood mass, when there is no requirement for
planktotrophy. Benthic development in a protective
egg mass is usually safer than the plankton for marine
embryos and larvae (Strathmann 1985; Rumrill 1990);
however, scattering of the egg capsules is an indication

that the protection has failed and that the encapsu-
lated veligers are now at risk. Presumably, early hatch-
ing and planktonic development then becomes the
safer option.

There are, however, exceptions to the pattern of
leaving protection only when near competence or
requiring food. One possible exception is the
nudibranch Adalaria proxima (ALDER & HANCOCK,
1854). Its larvae may obligately swim for 1 or 2 d
(Thompson 1958). Like the larvae of P. sibogae, the
larvae of A. proxima do not need food to become
competent for metamorphosis, and yet are capable of
ingesting food (Thompson 1958; Kempf & Todd
1989). Thompson (1958) observed hatched larvae to
swim upward for 1 or 2 d of an ‘‘obligatory phase of
pelagic larval life’’ before a ‘‘searching phase’’ in
which larvae metamorphosed in response to a stim-
ulus from a bryozoan. However, Todd et al. (1988)
found that some larvae were capable of metamor-
phosis immediately upon hatching, while others did
not metamorphose until days after hatching. Disrup-
tion of eggmasses may not be a sufficient stimulus for
early hatching because artificial hatching required, in
some cases, puncturing of individual egg capsules
(Todd et al. 1991). An indication of short dispersal
distances for A. proxima is the differences in allele
frequencies at sites separated by a few kilometers
(Todd et al. 1998). The reports indicate variation in
stage at hatching and limited larval dispersal. Addi-
tional observations of the timing of hatching and
metamorphic competence would be of interest.

Barnacles that hatch from broods as non-feeding
nauplii present a different kind of exception. The
acrothoracicans and the kentrogonid rhizocephalans
hatch as non-feeding nauplii that are not competent
to metamorphose into juveniles during the several
naupliar instars before they reach the cyprid stage
(H^eg 1995). Is the period of precompetent larval
swimming of these nauplii an adaptation for dis-
persal or the result of an ancestral constraint that
prevents brooding to advanced stages? If there is a
constraint, it is circumvented by those barnacles that
release their broods as cyprid larvae. Barnacles that
brood until the cyprid stage include the akentrogonid
rhizocephalans (H^eg 1995). In a verrucomorph bar-
nacle with non-feeding nauplii, a late-stage nauplius
develops antennules similar to those of a cyprid (Wa-
tanabe et al. 2008). The non-feeding nauplius does
not appear to be a means of enforcing dispersal if
these antennules are a compensatory adaptation
allowing naupliar settlement (Watanabe et al. 2008).

Hatching in response to stimuli from predators is
probably not rare. Tree frogs hatch in response to
stimuli from predators, with a change in habitat and
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risks (Warkentin 2000; Gomez-Mestre et al. 2008).
But although acceleration or delay of hatching in
response to predators has been reported for a variety
of terrestrial and freshwater animals (Miner et al.
2010), there have been few reports for marine ani-
mals. Miner et al. (2010) observed delayed hatching
from capsules of a muricid gastropod in response to
a predator. In this snail, delay may decrease risk
because the hatchlings are benthic. Hadfield & Strath-
mann (1996) describe a broad range in age at hatch-
ing for a keyhole limpet, with hatching enhanced by
mechanical disturbance. Oyarzun (2010) observed
variation in the stage of development at which a
spionid annelid opens capsules of her brood, which
suggests the possibility of hatching in response to
maternally perceived risks. In this worm, time of re-
lease can affect the proportion of planktonic and
benthic hatchlings. On the other hand, many opis-
thobranchs may not be stimulated to hatch by dis-
ruption of the egg mass in the manner of P. sibogae.
Egg capsules in gelatinous egg masses of many gas-
tropods are, during much of veliger development,
held more firmly in the gel than are those of P. si-
bogae (pers. obs.). Additional comparative studies
will clarify the taxonomic distribution of this kind
of hatching plasticity.
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