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Abstract Intraspecific polymorphism during develop-
ment, such as poecilogony or dispersal polymorphism, has
rarely been observed in the marine environment. The
ecological advantages of this bet-hedging strategy,
whereby the offspring from one species exhibit multiple
developmental modes, include the potential for rapid
colonization of new habitats while simultaneously
achieving a degree of gene flow between populations. The
muricid gastropod, Ocenebra erinaceus, is a common,
shallow-water marine predator found across England and
France. Historically, O. erinaceus caused significant
damage to shellfisheries, but more recently it has been
impacted by TBT-induced imposex. Despite the previous
attention given to this species, little is known about its
encapsulated development. Studying O. erinaceus egg
capsules from the Solent, UK, we describe intracapsular
development at 15 °C, the in situ temperature at time of
oviposition. Within each capsule, all embryos developed;
no nurse eggs were present. Development was categorized
into eight ontogenetic stages, although not all individuals
displayed every stage; embryos hatched as either swim-
ming late-pediveliger larvae or crawling juveniles after
59-69 days, indicating dispersal polymorphism to occur in
this species. Swimming late-pediveliger larvae completed
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metamorphosis within 72 h of hatching. As O. erinaceus
continues to recover from TBT pollution, dispersal poly-
morphism may facilitate a rapid expansion in both
population size and range. If this occurs, O. erinaceus has
the potential to, once again, become a serious problem for
shellfisheries around Europe.
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Introduction

The dispersal capacity and the potential for range expan-
sion in benthic marine invertebrates are directly related
their developmental mode (Jablonski 1986; Poulin et al.
2001; Cowen and Sponaugle 2009). Pelagic development
typically indicates a high dispersal potential through time
spent in the plankton, whereas non-pelagic (benthic) de-
velopment usually dictates a reduced dispersal capacity due
to limited mobility during development (e.g. Pechenik
1999; Grantham et al. 2003). Although dispersal capacity is
decreased, survival rate is generally greater for embryos
with benthic development; these offspring are typically
brooded by an adult or develop inside an egg capsule where
nutritional reserves and some degree of protection are
available (Vance 1973). In contrast, embryos exhibiting
pelagic development, which are usually planktotrophic and
with limited protection, often have reduced survival, and
many individuals are lost in the plankton during develop-
ment. Some species also exhibit mixed development,
whereby all offspring undergo both a non-pelagic and
pelagic stages during development (Vance 1973; Pechenik
1979; Jablonski 1986; Poulin et al. 2001).
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Although rarely observed, some marine invertebrates
display intraspecific polymorphism in their developmental
mode (e.g. Toonen and Pawlik 2001; Krug 2007; Oyarzun
and Strathmann 2011). This may be observed as poe-
cilogony, whereby offspring from the same individual or
species exhibit multiple modes of development—i.e.
pelagic or benthic—or as dispersal polymorphism whereby
the offspring from one female, which have the same mode
of development, have multiple morphs at hatching (Chia
et al. 1996; Toonen and Pawlik 2001; Collin 2012). In the
rare examples of dispersal polymorphism in marine in-
vertebrates with benthic development, offspring display
this trait by varying the timing of their metamorphosis to
the benthos; some individuals hatch as crawling juveniles,
while other individuals, often from the same egg capsule,
spend a period of time in the plankton prior to settling
(Krug 2007). Dispersal polymorphism and poecilogony are
both forms of bet-hedging that allow species to retain some
individuals for immediate recruitment into adult popula-
tions while simultaneously achieving a degree of dispersal.
This increases the potential for offspring survival and may
allow the species to achieve gene flow between populations
while, at the same time, contributing to the parent
population (Chia et al. 1996; Krug 2009).

It has been suggested that species exhibiting multiple
modes of development can achieve range expansions more
rapidly than species exhibiting a single mode of develop-
ment (Elliot and Cornell 2012). Consequently, dispersal
polymorphism and poecilogony may be associated with
greater dispersal potential and ability to colonizing new
environments, and may facilitate the range expansion of
invasive species including predators (native or invasive)
that may be damaging to local marine ecosystems or
commercial fisheries. Additionally, such characteristics
may accelerate the expansion of recovery of a previously
declining species. Across many parts of Europe, the mu-
ricid gastropod Ocenebra erinaceus has historically caused
significant damage to shellfisheries, including oyster and
mussel beds (Hancock 1960). This species, which is native
to Europe, is predominantly found in the subtidal and in-
tertidal, around the UK and French coasts. Adults use their
radula to drill a hole in the shell of their prey to gain access
to the flesh (Hancock 1960; Laing and Spencer 2006).
When present in large numbers, they can decimate entire
shellfish beds. Throughout the 1970s-1990s, however,
populations of O. erinaceus were highly impacted by
tributyltin (TBT), which induced imposex in many gas-
tropods (Oehlmann et al. 1992; Gibbs 1996). This species
has a similar—or possibly higher—sensitivity to TBT as
Nucella lapillus, the primary species used for monitoring
TBT pollution within Europe, and prior to 1986 it was also
used as a TBT monitoring tool (Huet et al. 1995; Oehlmann
et al. 1996; Gibbs et al. 1997; Gibbs 2009). As populations
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of O. erinaceus declined, its impact on shellfisheries was
reduced. Recent studies indicate that the proportion of
sterile females in heavily polluted areas is still high and
reaching over 75 % (Gibbs 2009). Consequently, the re-
covery of these populations remains questionable. As-
suming they do recover, O. erinaceus may, once again,
become a serious problem for shellfisheries in European
waters (Laing and Spencer 2006).

In order to comprehend the future status and potential
impact of O. erinaceus on shellfisheries, it is important to
understand their development. Embryos develop within
individual egg capsules, which are laid directly onto a hard
substrate by females during spring (Hancock 1960; Martel
et al. 2004). Despite the attention this species has received
in the past, initially as a pest to shellfisheries and later as a
monitoring tool for TBT pollution, the intracapsular de-
velopment of O. erinaceus has never been described fully.
Hawkins and Hutchinson (1988) commented on a mucus
plug in the mouth of each capsule, which dissolves when
juveniles are ready to hatch, and Gibbs (1996) reported that
all juveniles went through a short planktonic phase of up to
5 days following hatching. This latter observation indicates
that offspring may have a mixed developmental mode.
Evidence regarding whether embryos consume nurse eggs
during development remains conflicting (Lebour 1937,
Hancock 1956, 1960). Here, we describe the complete in-
tracapsular development of O. erinaceus from a population
collected from the south coast of England.

Materials and methods
Collection and maintenance of egg masses

In order to study the intracapsular development in O. eri-
naceus, approximately 30 adult whelks were randomly
collected in mid-May 2012 from the Solent, UK (50°39'N,
001°37'W). Ocenebra erinaceus females spawn one clutch
of egg capsules each year during spring (Hancock 1960;
Martel et al. 2004). Collection took place at approximately
10-m water depth, using a beam trawl deployed from on
board RV Callista. Adults were maintained in a large
outdoor tank with continuous seawater flow-through in the
aquarium at the National Oceanography Centre,
Southampton, and monitored daily. Adults ranged
27-33 mm in shell length. They were fed on scrap fish
ad libitum three times each week. Egg capsule laying oc-
curred on hard substrate in the aquaria, on the shells of
other adult O. erinaceus, and on the walls of the aquaria,
between the 16 May 2012 and 23 May 2012. Water tem-
perature was recorded daily. During the laying period,
water temperature ranged between 14 and 16 °C. Each egg
mass was removed from the aquaria approximately 24 h
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after laying had ceased, transferred individually to 1.8-1
tanks, and maintained in an incubator at 15 °C and for the
duration of embryo development. In total, 13 egg masses
were used in this investigation, each consisting of 11-34
(average 21) capsules.

Embryonic development and intracapsular contents

All egg masses were examined twice per week; one egg
capsule was removed at random from each egg mass and its
contents inspected. Capsules were bilaterally flattened, urn-
like structures with a concave/convex face, as described by
Hawkins and Hutchinson (1988) (Fig. la, b). Each indi-
vidual egg capsule was connected to a hard substrate by a
thin stem and a basal disc. The top of each capsule had a
rounded face with a small, outward pointing plug. Upon
removal, the length of each egg capsule (excluding the
stem but including the plug) was measured using digital
calipers (£0.01 mm). The capsule was then dissected un-
der a compound microscope; the number of embryos inside
was counted, and the ontogenetic stage of each was de-
scribed. Each individual embryo or juvenile was measured
along the longest linear axis observed under a compound
microscope. Measurements were taken to the nearest
40.01 mm using an eyepiece graticule. Prior to hatching,
16 capsules were randomly removed from across the egg
masses and were placed in individual 100-ml vials in order
to investigate dispersal polymorphism. Upon hatching, the
numbers of swimming late-pediveliger larvae and crawling
juveniles from each capsule were counted. They were then
observed once every 24 h and until no swimming late-
pediveligers remained. Ontogenetic stages were defined as
egg, trochophore, early veliger, veliger, pediveliger, late
pediveliger/pre-hatching juvenile, and swimming late-pe-
diveliger/hatching juvenile; for descriptions see further
below. Developmental timing was determined through
comparison of the ontogenetic stages observed in all egg
capsules and throughout development.

Change in number of embryos per capsule during de-
velopment was examined in order to investigate whether all
embryos completed development. To do this, an unpaired
t test was carried out to compare all capsules that were
examined at egg stage (n = 45) and all capsules that were
examined at the late-pediveliger/pre-hatching juvenile
stage (n = 37). For both stages, this included capsules
collected from at least 10 egg masses laid by multiple fe-
males. The relationship between capsule length and num-
ber of embryos per capsule was examined using regression
analysis. Following the confirmation of no change in
number of embryos per capsule during development, the
contents of all egg capsules investigated through develop-
ment were included in the analysis (n = 146).

Results
Ontogenetic stages

Eight early ontogenetic stages were identified (described
below) although not all individuals displayed all eight
stages. All eggs were fertilized and developed into em-
bryos. They are therefore classified as ‘fertilized eggs’ for
the ontogenetic description.

Fertilized eggs

Each capsule contains 21-80 (mean 48) pale yellow,
spherical fertilized eggs that initially show no definition.
No nurse eggs are present. The first cellular cleavage be-
comes evident within approximately 24 h. Fertilized eggs
have an average diameter of 587 pm (range 540-680 pm)
(Fig. 2a; Table 1). They are visible within egg capsules for
approximately 16 days (Fig. 2a; Table 1).

Trochophore

After 16-23 days, developing embryos become elongated
and a translucent membrane becomes obvious around them.
The outer membrane first separates from the developing
embryo at the anterior and then at the posterior; the anterior
separation is equal across the developing embryo, but the
posterior separation is directional. Cilia are present but not
obvious at the base of the anterior outer membrane separa-
tion. Pale yellow, oval-shaped larval kidneys become obvi-
ous on either side of the trochophore, approximately half
way down the body and behind the anterior membrane
separation. A white visceral mass then becomes visible
posterior of the larval kidneys. Each trochophore has an
average length of 717 pum (range 660-800 um). Developing
embryos remain within the trochophore stage for ap-
proximately 4 days (Fig. 2b; Table 1).

Early veliger

The early veliger remains elongated, and the body begins
to extend sideways, beginning to fill the posterior section of
the membrane. The anterior membrane separation flattens a
little and extends laterally to form paired velar lobes with
short marginal cilia. Larval kidneys remain obvious, but
the positioning of them is more anterior, directly behind the
velar lobes. Visceral mass also remains obvious. Early
veligers are mobile and turn slowly in circles aided by the
cilia. Each early veliger has an average length of 754 pm
(range 670-870 pm). Developing embryos retain the
characteristics of the early veliger stage for approximately
8 days (Fig. 2c; Table 1).

@ Springer



252

Helgol Mar Res (2015) 69:249-258

Fig. 1 Intracapsular
development in Ocenebra
erinaceus. a Front view of egg
capsule. b Side view of egg
capsule with concave/convex
face visible. ¢ Crawling
juvenile. d Swimming late-
pediveliger. e Juvenile with
normal development (/eft) and
juvenile with retarded
development (right). The
retarded juvenile is transparent
and lacks shell. p plug, de
developing embryo, st stem, bd
basal disc, s shell, e eye,

t tentacle, f foot, p protoconch,
c cilia, vl velar lobe, sg siphonal
groove

200 pm

1 mm

Veliger

As the embryo reaches the veliger stage of development,
the body becomes more rounded and the transparent
mantle edge and mantle cavity become obvious. The
velar lobes become more defined and the cilia lining
their edge increase in length; veligers become more
mobile. Foot and eye development begins. The larval
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kidneys and visceral mass continue to be obvious; at this
stage, the larval kidneys are positioned anterior of the
mantle edge and the visceral mass is positioned just
posterior of it, inside the mantle cavity. Each veliger has

an average length of 784 pm (range 660-910 pm).
Developing embryos retain the characteristics of the
veliger stage for approximately 12 days (Fig. 2d;
Table 1).
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Pediveliger

At the pediveliger stage, the protoconch (larval shell)
thickens and begins to colour very slightly as it becomes
pigmented and the siphonal groove forms. The first whorl
also becomes obvious in the shell. The velar lobes continue
to increase in size and become more defined. The foot and

eyes also become more distinct and the tentacles develop.
The larval kidneys are still present but are less pronounced
and darker in colour. The visceral mass remains obvious
through the thin shell. Each pediveliger has an average
length of 800 um (range 720-870 pm). Developing em-
bryos retain the characteristics of the pediveliger stage for
approximately 12 days (Fig. 2e; Table 1).

Fig. 2 Intracapsular developmental stages of Ocenebra erinaceus.
a fertilized eggs/embryos, b trochophore, ¢ early veliger, d veliger,
e pediveliger, f late pediveliger/swimming late-pediveliger, and g pre-
hatching juvenile/hatching juvenile (crawling). fe fertilized egg/

embryo, om outer membrane, vm visceral mass, c¢ cilia, lk larval
kidney, vl velar lobe, me mantle edge, mc mantle cavity, e eye, f foot,
fw first whorl, p protoconch, sg siphonal groove, ¢ tentacle, o oper-
culum, si siphon, s shell
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Table 1 Developmental periods for intracapsular development in Ocenebra erinaceus from the south coast of England (50°39’N, 001°37'W) at

15 °C
Ontogenetic stage Mean time in days spent Time at developmental Mean size  Mean number n n (Capsules)
at each stage (individual) stage in days (whole egg (um %+ SE) per capsule
mass) (£SE)
Fertilized egg 16 0-18 587 (£3) 48.2 (£2.14) 2170 45
Trochophore 4 16-23 717 (£4) 43.8 (£2.82) 482 11
Early veliger 8 19-32 754 (£5) 41.4 (£5.15) 455 11
Veliger 12 27-48 784 (£5) 44.3 (£2.89) 1063 24
Pediveliger 12 41-56 800 (£5) 44.2 (£2.57) 795 18
Late pediveliger/pre- 12 50-69 849 (£5) 45.9 (£1.49) 1698 37
hatching juvenile (850 + 6)2\ (10034)
(847 £ 6)° (695")
Hatching: swimming late- n/a 59-69 856 (£7) 44.6 (£1.80) 714 16
pediveliger/crawling (855 + S)C (6 + 4.6)C (3450)
juvenile d d q
(856 £ 5)° (38.6 £9.3) (3699

Mean size (measured along longest axis) at each ontogenetic stage is displayed (um). Each measurement was determined from 100 individuals
measured from a minimum of 10 capsules. n dictates total number of individuals examined for ontogenetic stage. n (capsules) dictates number of
capsules that were examined at each stage and that individuals were measured from. Where n/a is stated, value was inapplicable

* Late pediveliger

® Pre-hatching juvenile

¢ Swimming late-pediveliger
d Crawling juvenile

Late pediveliger/pre-hatching juvenile

As embryos reach this stage, development becomes asyn-
chronous within each capsule. Some individuals retain
pronounced velar lobes throughout this stage (late pedi-
veligers), while other individuals lose them completely and
become pre-hatching juveniles. The loss of velar lobes
indicates the disappearance of the remaining larval traits
and the metamorphosis from larval stage to juvenile stage.
In all individuals, the protoconch/shell thickens and be-
comes a little more pigmented, but remains semi-trans-
parent. The siphonal groove becomes more defined and the
siphon forms. The foot, tentacles, and eyes also become
more prominent although all of these features are notice-
ably more pronounced in individuals that lack velar
lobes (pre-hatching juveniles). The operculum develops on
the foot. The larval kidneys disappear. There is no differ-
ence in size between late pediveliger and pre-hatching ju-
veniles (two-sample ¢ test, p = 0.993). Each individual has
an average length of 849 pm (range 740-930 pm).
Developing embryos retain the characteristics of late pe-
diveliger or pre-hatching juveniles for approximately
12 days prior to hatching (Fig. 2f, g; Table 1). The number
of individuals retaining velar lobes reduces gradually dur-
ing this period.
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Hatching: swimming late-pediveliger/crawling juvenile

All of the features described for pre-hatching juveniles and
late pediveligers become more pronounced. At hatching,
individuals emerge through the plug on the top of the egg
capsule, when the mucus bung that seals the capsule
throughout development dissolves. Most individuals hatch
as crawling juveniles, but some hatch as swimming late-
pediveligers hatch with pronounced velar lobes. Swimming
late-pediveligers are negatively buoyant but can move
rapidly upwards in the water column when beating their
velar lobes. Individuals hatching as crawling juveniles lack
this swimming stage (Figs. lc—e, 2f, g; Table 1). There is
no difference in size between crawling juveniles and
swimming late-pediveligers (two-sample 7 test, p = 0.928);
individuals are identical in appearance, apart from the
presence of velar lobes. They have an average length of
856 pum (range 710-1040 pum).

Dispersal polymorphism

Approximately 14 % of individuals from each capsule
hatched as swimming late-pediveligers bearing full velar
lobes (range 2-36 % or 1-17 individuals per capsule, mean
6 individuals) (Table 1). The remaining 86 % hatched as
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crawling juveniles. Swimming late-pediveligers moved
actively but without obvious direction, until the velar lobes
reduced and disappeared. They continued to swim actively
for up to 72 h after hatching, although most settled and
began crawling within approximately 24 h; only 2 % of
individuals remained as a swimming late-pediveliger after
24 h (Fig. 3b).

Embryonic development and intracapsular contents

Each egg capsule took between 59 and 69 days to complete
intracapsular development (Table 1). Between egg masses,
development was asynchronous by up to 4 days initially
and by up to 10 days by hatching. Within each egg mass,
development was asynchronous by 1 or 2 days. Within
each capsule, development was synchronous initially but
became asynchronous by the late-pediveliger/pre-hatching
juvenile stage. Every embryo developed, and there were no
nurse eggs present. Embryos initially increased in size
quite rapidly. Growth then slowed and became relatively
linear from the early veliger stage throughout the remain-
der of development (Fig. 3a). Occasionally, one individual
was observed at hatching that appeared to have used up all
of its energetic reserves and was completely transparent,
with no obvious internal content; these individuals ap-
peared to be slightly retarded in development.

Each female laid an average of 21 egg capsules of
lengths ranging from 5.78 to 1097 mm (mean
8.55 mm =+ 0.08 SE). The number of fertilized eggs per
capsule averaged 48.2, giving an approximate laying effort
of 1012 fertilized eggs per female. The number of late
pediveligers/pre-hatching juveniles per capsule averaged
45.9 (Table 1). An unpaired ¢ test indicated there to be no
difference between number of fertilized eggs and number
of late pediveliger/pre-hatching juveniles (p = 0.372).
Regression analysis indicated there to be a significant re-
lationship between capsule volume and the number of
fertilized eggs per capsule (* = 0.1524; p < 0.001).

Discussion
Embryonic development and intracapsular contents

The intracapsular development of O. erinaceus has never
been fully described, although several previous studies
have commented on aspects of it. The distribution of O.
erinaceus ranges from the Shetland Islands, north of
Scotland, to Greece and the Azores (http://iobis.org/map
per/). The species is, however, most prevalent in waters
around southern England and northern France, and repro-
duction and development have only been commented on
for these areas (e.g. Hancock 1960; Gibbs 1996; Martel
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Fig. 3 a Change in size of Ocenebra erinaceus embryos during
intracapsular development. Measurements taken along longest axis.
Size displayed is mean length of individual at each stage in pm. For
each mean, n = 100. b Percent of individuals from each capsule
crawling (black) and swimming (grey) during first 72 h following
hatching. Error bars indicate standard error

et al. 2004). In the present study, we observed egg laying
during May, when water temperatures ranged between 14
and 16 °C (authors, pers. obs.). A similar period for egg
laying in O. erinaceus has previously been reported
although the temperature at spawning appears to vary. Over
three successive years, Hancock (1960) observed egg lay-
ing to occur in April and May, once water temperatures
reached 10-11 °C, whereas Gibbs (1996) successfully in-
duced spawning in this species during February and March,
and by artificially increasing water temperatures to
10-15 °C. These results suggest that spawning is—at least
in part—dependent on temperature. Other seasonal effects
such as light or food availability may also affect spawning.

The number of egg capsules per female (mean 21) for O.
erinaceus observed in the current study was similar to
figures reported by Gibbs [mean 15 capsules per female
(1996)] and Martel et al. [mean 24 capsules per female
(2004)] but lower than those reported by Hancock [mean
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38 capsules per female (1960)]. The earlier study (Hancock
1960) indicates females laying at least 58 % more capsules
than any study from the last two decades. This general
pattern is less apparent if we consider reproductive effort
per female (number of capsules per female x number of
eggs per capsule). In the present study, reproductive effort
was approximately 1,012 embryos per female (21 capsules/
female * 48.2 eggs/capsule). By comparison, Martel et al.
(2004) observed a reproductive effort of ~ 1830 eggs per
female, Gibbs (1996) reported a reproductive effort of
~476 eggs per female, and Hancock (1960) reported a
reproductive effort of ~2356 eggs per female. Some of
these differences are likely caused by plasticity in maternal
provisioning, but it is also possible that the differences are
related to TBT pollution. The effects of TBT are still
prevalent in O. erinaceus (Gibbs 2009), and prior to ster-
ilization, females experience suppression in oogenesis
(Huet et al. 1995). The lowest reproductive effort reported
here (Gibbs 1996) was from Falmouth, UK, which was
heavily polluted by TBT from the ship building industry
located there (Gibbs 2009). In contrast, the highest repro-
ductive effort (Hancock 1960) is from earlier studies,
which also took place around Falmouth, UK, but were
carried out prior to the widespread use of TBT. If the ob-
served differences in reproductive effort are related to
TBT, then the effort reported in this study and by Martel
et al. (2004) suggest that populations of O. erinaceus are
slowly recovering, but perhaps at different rates in different
areas.

Another possible explanation for the reported differ-
ences in reproductive effort in O. erinaceus is variation in
habitat. If this was an important factor, however, one would
expect the results presented here to be to be similar to those
of Hancock (1960), because both studies examined
populations of O. erinaceus collected from the subtidal. In
contrast, our results are most similar to those of Gibbs
(1996) and Martel et al. (2004), who examined populations
collected from the intertidal. This indicates that habitat
type does not contribute to the between-study differences
in reproductive effort.

During intracapsular development, the presence of nurse
eggs is species specific (e.g. Spight 1976b). For O. eri-
naceus, past studies offer conflicting views on the source of
nutrition available during development (Lebour 1937,
Hancock 1956, 1960). In the present study, all embryos
within a capsule completed development, indicating there
to be no nurse eggs present. These results agree with those
of Lebour (1937) but are contradictory to findings by
Hancock (1956, 1960), who reported the presence of nurse
eggs in the egg capsules of this species. This discrepancy is
surprising; we found no reduction in embryos per capsule
during development in the present study. Instead, we ob-
served maternal partitioning of energetic reserves directly
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to each developing embryo. Additionally, although data are
scant, besides Hancock (1956, 1960), no other authors have
previously suggested the presence of nurse eggs in O.
erinaceus egg capsules. It is, however, possible that em-
bryos obtain some additional nutrition from the intracap-
sular fluid. We suggest that the early observations were due
to a higher than average number of unhealthy cohorts per
capsule. Alternatively, the reported differences could be
considered a further example of plasticity in O. erinaceus.
Environmental factors affect both maternal provisioning to
embryos and the rate at which bioenergetic reserves are
depleted during development (e.g. Crean and Marshall
2009; Smith et al. 2013). It is possible that variable envi-
ronmental conditions are responsible for the reduction in
the number of embryos per capsule observed by Hancock
(1956, 1960). Under this scenario, an offset between ma-
ternal provisioning and energetic requirements for devel-
opment may result in the occurrence of sibling
cannibalism, a hypothesis that remains to be tested.

Duration of intracapsular development was ap-
proximately 59-69 days in the present study. Similar du-
rations of 60 and 70 days have previously been reported by
Hawkins and Hutchinson (1988) and Gibbs (1996), re-
spectively, while a longer period of 84-91 days was re-
ported by Hancock (1960). These differences are likely due
to variations in temperature during development; the pre-
sent study and that by Hawkins and Hutchinson (1988)
maintained a temperature of 15 °C throughout develop-
ment and Gibbs (1996), of 13-16.5 °C. In contrast, Han-
cock (1960) indicated developmental temperature to be
lower, at 10-11 °C, at least initially. Considering the
known effects of temperature on development (e.g. Johns
1981; Sewell and Young 1999; Anger et al. 2004; Smith
et al. 2013), differences in developmental period can be
expected. Furthermore, and for the present investigation, it
should also be noted that it is possible that hatching was
delayed by a couple of hours or days due to a lack of
current flow, which egg masses would typically experience
in their natural environment.

In the present study, all embryos developed success-
fully and attained a similar size at hatching, with the ex-
ception of the occasional embryo with retarded
development. The occurrence of the occasional retarded
embryo, which lacks apparent internal content, is often
observed during intracapsular development in gastropods
(e.g. Cumplido et al. 2011; Smith and Thatje 2013a, b).
Hatching sizes for O. erinaceus have previously been ob-
served to range 800-1000 pm (Lebour 1937; Gibbs 1996),
which is similar to the average 856 um size observed in
this investigation.

There are similarities and differences between the in-
tracapsular development of O. erinaceus and that of other
species of Ocenebra. For example, like O. erinaceus, no
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nurse eggs are present during the intracapsular develop-
ment of O. aciculata (Franc 1940). In contrast, nurse eggs
are present during intracapsular development in O. japo-
nica (Fotheringham 1971) and O. poulsoni (Amio 1963).
Stage at hatching also varies; O. aciculata, O. inornatus,
and O. japonica all hatch as crawling juveniles (Franc
1940; Fotheringham 1971; Martel et al. 2004), whereas O.
poulsoni hatch as swimming veliger (Amio 1963). Finally,
time to hatching also varies, and other species of Ocenebra
typically have a shorter developmental period than O.
erinaceus; hatching in O. aciculata occurs after ap-
proximately 46 days (Franc 1940), in O. poulsoni it occurs
after approximately 21-28 days (Fotheringham 1971), and
in O. japonica it occurs after 30 days (Amio 1963).

Dispersal polymorphism

Dispersal polymorphism offers a trade-off between the
traditional modes of development (pelagic and benthic),
which enables a species to take advantage of the benefits
of both. Bet-hedging strategies such as this can maximize
individual fitness, in particular in areas of environmental
uncertainty, and may also facilitate rapid range expansion
(Marshall et al. 2008; Krug 2009). While pelagic devel-
opment offers a mechanism for broad dispersal, a de-
creased likelihood of inbreeding, and an increased ability
to withstand local extinctions, benthic development in-
stead facilitates rapid population growth and the potential
for local adaptation within a population (Pechenik 1999;
Grantham et al. 2003; O’Connor et al. 2007). The dis-
persal polymorphism we observed in O. erinaceus could
be considered a model approach for development; the
majority of offspring remain within the parental popula-
tion, while a small proportion of offspring, instead, dis-
perse to other areas. Additionally, because development is
direct and the mother provides nutritional reserves, sur-
vival is likely to be high for all hatchlings. Dispersal
polymorphism has rarely been described in marine inver-
tebrates; it has been reported most commonly for
opisthobranch gastropods (for review see Krug 2009), but
has also recently been observed in another muricid gas-
tropod, Hexaplex trunculus (Giiler and Lok 2014). To our
knowledge, dispersal polymorphism has not been reported
in any other group of marine invertebrates and, until now,
has not been described for any gastropod with encapsu-
lated development, apart from H. trunculus. It should be
noted, however, that this has previously been confused
with poecilogony (Krug 2009). In contrast to O. erinaceus,
where most (~86 %) offspring hatched as crawling ju-
veniles and the remaining few metamorphosed within
24-72 h of hatching, in H. trunculus, only a small number
of offspring hatched as crawling juveniles and the majority
spent a minimum of 2 days in the plankton prior to final

metamorphosis (Giiler and Lok 2014). The proportion of
crawling juveniles to swimming late-pediveligers at
hatching is most likely species-dependent, and therefore
the differences observed between O. erinaceus and H.
trunculus are not surprising. Differences may also be ob-
served within a species; for example, in opisthobranch
gastropods, the proportion of juveniles hatching with velar
lobes has been shown to be dependent on temperature
(Clemens-Seely and Phillips 2011). Temperature has long
been recognized as a significant factor determining de-
velopmental rates in marine invertebrates (e.g. Johns 1981;
Sewell and Young 1999; Anger et al. 2004; Smith et al.
2013), and for species exhibiting dispersal polymorphism,
it is also likely to impact duration spent in the plankton.
This may explain the differences in proportion of swim-
ming late-pediveligers observed in the present study and
by Gibbs (1996), who indicated all juveniles of O. eri-
naceus to experience a period in the plankton following
development at temperatures ranging 10-15 °C, which
would on average be cooler than the 15 °C maintained in
this study. Additionally, the earlier study indicated larvae
to remain swimming for up to 5 days, as opposed to the
3 days observed here. It should be noted that, to date,
dispersal polymorphism has not been reported in any other
species of Ocenebra.

The dispersal polymorphism observed in O. erinaceus
offers an ecological advantage that has rarely been reported
in marine invertebrates. Flexibility in development and
dispersal give offspring an opportunity to dominate in their
parent population while simultaneously entering other
populations. As a reproductive pattern, this allows O. eri-
naceus to potentially benefit from constant gene flow be-
tween populations, while ensuring the parent population
continues to be sufficiently contributed to. The rapid
colonization that dispersal polymorphism facilitates also
offers this species an advantage with regard to colonizing
new areas. Considering this, in the future, and as TBT-
induced imposex becomes less prevalent in this species, O.
erinaceus may once again become a serious problem for
shellfisheries throughout its distribution.
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