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Abstract The Chilean gastropods Crepipatella dilatata
and C. fecunda have different development modes: brood-
ing and direct development in C. dilatata and brooding and
planktotrophic development in C. fecunda. Unlike many
other congeneric invertebrate species pairs, recent genetic
evidence suggests that C. fecunda may have evolved from
C. dilatata. To explore the changes involved in this unusual
evolutionary path, this study examined the biochemical,
energetic, and morphological characters during early devel-
opment of both species. Mean egg size was slightly smaller
for the direct-developing species C. dilatata, and initial
energy content was lower—by about 27%—for eggs of that
species. In both species, protein content in the eggs was the
principal biochemical component. Although females of
C. fecunda produce 180 times more eggs than C. dilatata,
females of C. dilatata invest 20 times more energy in each
of their offspring, through nurse eggs; their embryos have
approximately eight times more energy at hatching and
about 5 times more energy when they enter the benthos,
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despite a long planktonic feeding period in the larvae of
C. fecunda. Evolutionary switching between modes of
development in these species is reflected in shifts in mater-
nal energy investment.

Introduction

Benthic marine invertebrates show a wide range of repro-
ductive patterns. In particular, many species disperse by
means of microscopic, planktonic larvae that may spend
weeks or months in the plankton before metamorphosing
(Thorson 1950; Vance 1973; Scheltema 1986), whereas
some other species bypass a free-living larval stage and
develop to the juvenile stage within egg cases, egg masses,
or even protected directly by the mother (Thorson 1950;
Pechenik 1986; Collin 2003; Chaparro et al. 2008a, 2011).
The ecological consequences and selective forces associ-
ated with shifts in reproductive pattern have been much dis-
cussed over many years (e.g., Thorson 1950; Vance 1973;
Pechenik 1999; Allen and McAlister 2007). In most cases,
it seems that planktonic development is the ancestral condi-
tion, with so-called direct development being derived
(Strathmann 1978, 1985, 1993; Pechenik 1999).

However, a few species with planktonic larval stages
have apparently emerged from ancestors with direct, non-
planktonic development (McEdward 1995; Collin et al.
2007). One of the best examples of this reverse evolution-
ary trajectory is two species in the genus Crepipatella: in a
recent analysis based on cytochrome oxidase I gene
sequences, C. fecunda nested within a clade of species with
direct development, implying that it had re-evolved free-
living larvae from an ancestor with direct development and
it nested particularly within C. dilatata (Collin et al. 2007).
Females of Crepipatella dilatata release relatively small
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numbers of fully formed juveniles (Chaparro et al. 1999,
2005a; Collin 2003), while those of the sympatric (Véliz
et al. 2003; Schmidt et al. 2006) species C. fecunda release
many thousands of planktonic larvae that feed on phyto-
plankton for at least 2 weeks before metamorphosing
(Gallardo 1977; Chaparro and Flores 2002). In both spe-
cies, females package the embryos within thin egg capsules
(Gallardo 1979) and brood those capsules in the mantle
cavity for at least several weeks until offspring are released.
The goal of this paper is to shed light on the energetic and
biochemical shifts that accompany—or make possible—
such life history transitions. Such a transition must involve
the conversion of nurse egg production to the production of
developing embryos and could also involve shifts in egg
size, egg numbers, egg and embryo biochemistry, and egg
energy content, all of which are considered here along with
a synthesis of all available relevant information for the two
species from the literature.

The two Crepipatella species considered here are ideal
for such an investigation. The females of both species are
sedentary suspension feeders (Navarro and Chaparro 2002;
Chaparro et al. 2008b), so that no energy is expended in
searching for suitable sites to deposit egg capsules or for
seeking food. The brooding period is longer in C. dilatata,
but energy during this extended period of development is
provided to the developing embryos by a large number of
specialized nurse eggs that are enclosed within the same
capsules and ingested during development (Gallardo and
Garrido 1987; Chaparro and Paschke 1990; Chaparro et al.
1999). Both species are found both subtidally and intertid-
ally and co-occur at some locations, although populations
of C. fecunda are more common intertidally than are popu-
lations of C. dilatata. Finally, adults of the two species are
morphologically similar and, indeed, are difficult to tell
apart by eye (Gallardo 1979; Véliz et al. 2003; Schmidt
et al. 2006).

Materials and methods

Adult specimens were collected during the 2006-2007
reproductive seasons (November to January). Individuals of
Crepipatella dilatata were obtained subtidally (shell length
[SL] range: 20-35 mm) from the estuary of the River Que-
mpillén, Ancud, Chiloé (41°52'S; 73°46' W), while individ-
uals of Crepipatella fecunda were collected intertidally (SL
range: 29-60 mm) from Pelluco beach, Puerto Montt
(41°28'S; 72°56'W), south of Chile. In the laboratory, lim-
pets were removed from the substrate to collect the egg
capsules (“spawning egg mass”) from which nurse eggs,
embryos, and larvae were obtained for analysis.
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Collection of eggs, embryos, and larvae
Crepipatella dilatata

Collected capsules of C. dilatata were put into a Petri dish
with filtered seawater (0.45 um), and the capsules were
sorted while viewing them through a stereomicroscope.
Pre-shelled stages were sorted into the following categories
for separate analysis: nurse eggs (NE), embryos (E),
morulae + blastulae (M), and trochophores (T). Capsules
containing shelled veliger larvae were sorted by SL (shell
length): 400—499 pm, 500-599 pm, 600—699 pm, etc. up to
1,300 pm SL. The nurse eggs were obtained only from cap-
sules whose embryos had developed sufficiently to make
distinctions between nurse eggs and embryos. The
“embryo” category (E)included only embryos that had
already cleaved at least several times, which allowed us to
tell them apart from nurse eggs contained in the same cap-
sules. Morula and blastula stages were classified in a single
category (M) due to the difficulty of collecting enough
material of both development stages. Samples were depos-
ited in Eppendorf tubes and lyophilized.

Crepipatella fecunda

Encapsulated eggs (E), trochophores (T), and early veligers
(V) (Ojeda and Chaparro 2004) of C. fecunda were ana-
lyzed separately. In addition, advanced pre-hatched veli-
gers were divided into 5 categories based on the differences
in SL (220-280, 281-340, 341400, and 401-460 um) for
separate analysis. The samples of each developmental stage
were pipetted into 1.5-mL Eppendorf tubes and lyophilized.

Biochemical changes during development were also
determined for planktonic larvae of this species. Adults of
C. fecunda were maintained in a single aquarium. All lar-
vae that hatched naturally during a period of 12 h were
carefully filtered from the water using Nitex mesh (100 pm
pore opening) and transferred to 2-L aquariums of seawater
(salinity 30, 15°C % 1) that had been filtered to 0.45 um.
The initial concentration of larvae was approximate 1,000
larvae L™!. Larvae were fed ad libitum daily with the
microalgae Isochrysis galbana, and the seawater was
replaced every 2 days. Dead or moribund larvae were
removed at each water change, and the aquariums were
washed before returning the remaining larvae to the culture
aquarium. Water was continuously oxygenated by means of
moderate bubbling. Cultured larvae were sampled at 4
different ages: 1 (“recently hatched”), 5, 10, and 15 days
after hatching. Larvae of this species typically begin set-
tling and metamorphosing when they are approximately
15 days old (Chaparro et al. 2002a, 2005b).
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Determining length and weight of eggs, embryos,
and larvae

For C. dilatata, egg diameters were measured on eggs that
had undergone at least a few cell divisions; measurements
were not made if egg capsules contained uncleaved
embryos; since for newly deposited egg masses, it was not
possible to distinguish eggs that will form embryos from
those that will serve as nurse eggs, as described earlier. For
C. dilatata and for C. fecunda, we measured the diameter of
approximately 100 eggs from 5 young egg masses.

Veliger shell lengths for both species (encapsulated and/
or planktonic stages) were measured for 30—80 individuals
by depositing them in a small chamber with filtered seawa-
ter and then filming them using an inverted microscope
equipped with a video camera (Pulnix). The tapes were pro-
cessed using standard image-capturing software. SL was
determined by measuring along the anteroposterior axis as
described by Cubillos et al. (2007).

Total, organic, and inorganic dry weights (DW) of each
development stage were determined from batches of 100-
300 individuals; since the number of individuals per sample
was known, we calculated those characteristics per individ-
ual. Samples were put on 24-mm-diameter washed, com-
busted, and pre-weighed filters of borosilicate (Advantec
MEFS, Inc.) and quickly rinsed with distilled water to elimi-
nate salts. Filters with samples were dried at 60°C for 48 h,
cooled in a desiccator, and then weighed. Filters with sam-
ples were then incinerated at 475°C for 4 h to combust
organics, cooled in a desiccator, and re-weighed to deter-
mine the inorganic content by subtraction. Average total,
organic, and inorganic DW average per individual were
thus determined.

Biochemical analysis and energy conversions

Lyophilized samples were used to quantify the lipid, carbo-
hydrate, and total protein content for individuals at each
development stage. For the quantification of total lipids, we
used the colorimetric method of Marsh and Weinstein
(1966). Lipids from 1-2 mg of samples were extracted in
chloroform/methanol, dried at 200°C in concentrated sulfu-
ric acid, and read at 375 nm with a spectrophotometer, with
cholesterol as the standard. Total carbohydrates were quan-
tified using the phenol-sulfuric acid method described by
Dubois et al. (1956). A sample of 1-2 mg was used for each
analysis, and all readings were recorded in triplicate. For
the extraction of carbohydrates, samples were treated using
the method of Barnes and Heath (1966). The samples were
boiled in a solution of 5% trichloroacetic acid containing
0.1% silver sulfate. Glucose was used as the standard. Total
protein content was determined using the bicinchoninic
acid (BCA) reagent (Pierce Laboratories). Samples of

1-2 mg were used for each determination, and bovine
serum albumin (BSA) served as the standard.

The values of the biochemical analyses were converted
to energy equivalents using the conversion factors of 24,
39.5, and 17.5 ) mg~! of sample for proteins, lipids, and
total carbohydrates, respectively (Gnaiger 1983).

Statistical analysis

Differences among the measured variables throughout
development to the juvenile stage were determined using
one-way ANOVA, followed by Tukey pairwise a posteriori
analysis when overall statistical significance was found.
Development was split into three categories for analysis:
(1) embryonic (pre-shell stage), (2) encapsulated veliger
stage for both species, and (3) the pelagic larval stage for
C. fecunda and the post-metamorphic pre-hatching stage
for C. dilatata. Because the data for lipid, carbohydrate,
and total protein content were not normally distributed, these
data were arcsin transformed before analysis (Underwood
1997).

Results
Length and weight of eggs, embryos, and larvae

The average diameter of eggs for Crepipatella dilatata was
240 pm (SD =18.2, N=100), and the average DW was
3.0 pg (SD =0.5, N =10). Approximately 92% of the early
embryonic DW was organic matter. During intracapsular
development, embryonic DW increased to an average of
95.7 ng (SD = 0.1, N = 6) just prior to hatching, more than
10 times the weight of C. fecunda veligers at metamorpho-
sis (see below). The increase in total DW for C. dilatata
was especially substantial for encapsulated individuals
growing from SL of ~650 to 1,000 um (Fig. 1a). At that
length, almost all nurse eggs had been consumed by encap-
sulated embryos. Encapsulated veligers showed their maxi-
mal value for organic DW (approximately 60.3 ng
veliger’l), at SL of about 1,000 um, with organic content
accounting for about 68% of total weight. However, as the
encapsulated veligers continued to grow beyond about
1,000 pm in shell length, individual organic weight
decreased. The DW of organic matter in the post-metamor-
phic but still encapsulated juvenile, which was very close to
hatching, decreased from an average of 60.03 pg individ-
ual~! to 47.9 g individual ' (Fig. 1a). Juveniles hatched at
SL between about 1200 and 1300 pm.

For the nurse eggs of this species, average diameter was
242 pum (SD =21.7, N =436) and average DW was 2.58 nig
(SD=0.54, N=5). The average diameter of the eggs of
Crepipatella fecunda was 259.4 pm (SD = 19.2, N =100),
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only slightly larger than those of C. dilatata, and the average
DW was 2.5 ug egg~! (SD=0.5, N=6), about 17% less
than that for eggs of C. fecunda. Approximately 83% of total
DW corresponded to organic matter. As encapsulated devel-
opment progressed within the egg capsules, the most devel-
oped veligers, with average shell lengths of about 430 pm,
increased their total DW by about 60% to an average of
4.2 ng veliger—! just before hatching. Of this weight, 68.2%
corresponded to organic matter, a decline of 18% from the
initial condition. In the step from encapsulated veliger to
pelagic larva, organic content decreased further and the aver-
age total DW decreased from 4.2 ug veliger™! to 3.3 ug veli-
ger ! (SD=0.5, N=4). However, during the subsequent
period of pelagic development, larvae increased both in
organic and inorganic weight. At the end of 15 days in the
plankton, the total DW of larvae averaged 7.9 pg (SD = 2.1,
N =4), of which approximately 60% was organic weight
(Fig. 1b). Inorganic content increased by five times between
early encapsulated veliger and settling pelagic veliger. The
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T trochophore, V very early veliger. Note that the X- and Y-axis scales
differ for the two species

encapsulated veligers hatched with an average SL of 441 pm
(SD =36, N =30) and, by the time they became competent
to metamorphose 15 days later, they had reached an average
SL of 690 pm (SD =97, N=30). Inorganic content also
increased substantially throughout the development for both
species (Fig. 1), probably reflecting increased shell calcifica-
tion (Martinez et al. 2008).

Biochemical composition

In C. dilatata, the average concentration of proteins, lipids,
and total carbohydrates in the eggs was 1.06 pg (SD = 0.08,
N=3), 009pg (SD=0.02, N=6), and 0.044 png
(SD =0.026, N=35), respectively (Fig.2a). During the
period of pre-shelled embryonic development, protein
(Fg3.8)=190.49, P =0.0001) and total lipid (F3 9, = 3.96,
P =0.0238) content decreased significantly, whereas no
significant differences in carbohydrate content were seen
during this period (P = 0.5555).
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Comparing veligers with shell lengths of 450 um with
those at the approximate length at metamorphosis
(950 pm), we documented significant differences in the
content of proteins (F o4 =32.841, P =0.0001), lipids
(F(s, 42)=39.740, P =0.0001), and total carbohydrates
(F(s, 26)=35.538, P =0.0001). The maximal values of the
biochemical components in the encapsulated embryos were
evidenced when the veligers reached approximately 1,000—
1,100 pm in shell length. At that length, the average bio-
chemical content of these advanced, pre-metamorphic
embryos was 22.27pg (SD=6.27, N=5), 4.82pug
(SD=0.84, N=7), and 0.99 pg (SD =0.23, N=3) pg for
proteins, lipids and carbohydrates, respectively.

Between the time that larvae reached a SL of 1,000 pm
and the time of hatching from the egg capsule as juve-
niles, we documented significant declines in both pro-
tein (F, 14y=5.54, P=0.017) and carbohydrate content
(Fo, 8= 12.53, P =0.003). In both, the smallest values
were identified in specimens in the process of hatching. No
significant changes in lipid content were identified during
this post-metamorphic, pre-hatching incubation period
(P =0.179) (Fig. 2a).

Proteins were the major biochemical components during
both encapsulated and pelagic development of C. fecunda
(Fig. 2b). For C. fecunda, the average content of proteins,
lipids, and total carbohydrates for uncleaved eggs was
1.45 pg (SD=0.04, N=6), 0.27 ng (SD=0.02, N=19),
and 0.039 pg (SD =0.0099, N = 19), respectively, so that
protein was again the dominant biochemical component.
Protein content was significantly higher in pre-hatching
veligers than in eggs (P =0.0369). Lipids and carbohy-
drates also showed significant increases during encapsu-
lation (lipids F 57, =8.36, P <0.0001, carbohydrates
Fu4. s7=5.91, P=0.0005). In recently hatched larvae of
C. fecunda, average proteins, lipids, and total carbohydrates
were 1.104 (SD =0.09), 0.27 (SD =0.02), and 0.058 pg
larva~' (SD =0.01), respectively, rising 15 days later to
2.64 pg (SD=0.16), 0.64 png (SD=0.09), and 0.18 pg
(SD =0.0028), respectively. Biochemical composition
changed significantly during pelagic development, with
increases in protein (Fa. 8= 75.74, P =0.0001), lipids
(F(S, 8= 29.62, P =0.0001), and carbohydrates (F(z, 9) = 9.69,
P =0.0057) from the time of hatching to the pre-settlement
stage.

Embryonic and larval energy dynamics

The energy contained in each egg of C. dilatata declined
from 29.9 to 16.3 mJ toward the trochophore stage. Subse-
quently, however, for developing embryos that were
approximately 350 pm in shell length, energy levels
increased almost continuously as nurse eggs were con-
sumed, reaching a maximum of 742.3 mJ embryo~' for

veligers with shell lengths of approximately 1,000—
1,050 pm. The encapsulated nurse eggs had an average
energy of 40.5 mJ (Table 1). During this phase of intracap-
sular development, energy reserves were mostly in the form
of proteins, with lipids and carbohydrates present in smaller
amounts. From veligers of 1050 pm SL until the end of
encapsulated development (hatched juvenile), there was a
40% decrease in the energy content of each individual,
eventually reaching average values of 467 mJ (Figs. 3b, 4b;
Table 2).

In C. fecunda, the energy contained in the eggs was ini-
tially 46.4 mJ egg~' (Table 1), mainly due to the high
protein content. This is not only greater than that of the
C. dilatata eggs, but even somewhat greater than that of the
C. dilatata nurse eggs (see above). At the end of encapsu-
lated development, pre-hatching veligers had a slightly
higher equivalent total energy of 51.1 mJ veliger !
(Table 2). In the transition from encapsulated veliger to
pelagic larva, energy content decreased, associated with a
corresponding decrease in protein content (Fig. 2b). How-
ever, energy content increased throughout the planktonic
period, reaching a maximum of 89.0 mJ larva—! in 15-day-
old veligers. This energy increase was mostly caused by an
accumulation of proteins and lipids (Figs. 3a, 4a).

Discussion

Females of Crepipatella fecunda, the species with free-
living larvae, produce about 180 times as many embryos
as Crepipatella dilatata does, by producing more egg cap-
sules as well as greater numbers of embryos per capsule
(Table 1). When embryos of both species are about 340—
350 um in SL, their energy content per embryo was simi-
lar. However, the total maternal energy investment for
each embryo deposited in the capsules of the direct-devel-
oping C. dilatata was 914 mJ, of which 884 mJ per
embryo is accounted for by consumption of nurse eggs. In
C. fecunda, the comparable maternal investment was only
50 mJ per embryo. Thus, C. fecunda actually invests only
about 10 times more energy in each egg mass than C. dila-
tata does.

For both C. dilatata and C. fecunda, early development
was fueled mainly by the metabolism of proteins and lipids,
as reported previously for several other marine inverte-
brates (e.g., Lucas et al. 1979; Petersen and Anger 1997;
Moran and Manahan 2003; Martinez et al. 2008; Garcia-
Guerrero 2009). The energetic importance of carbohydrates
in embryonic and larval development is, in general, very
small (Pandian 1969; Mizrahi and Achituv 1991; Petersen
and Anger 1997; Videla et al. 1998; Labarta et al. 1999;
Moran and Manahan 2003, Garcia-Guerrero 2009), as was
also found here for C. dilatata and C. fecunda.
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Table 1 Comparison of reproductive characteristics and total energy investment for C. dilatata and C. fecunda

Variables Crepipatella dilatata Crepipatella fecunda
Mean Range References Mean Range References
Fecundity characteristics
Capsules female ™! 17 15-19 Chaparro et al. (1999) 46 23-69 Chaparro and Flores (2002)
Embryos capsule ™! 15 0-50  Chaparro et al. (1999) 1,000 400-1,600 Gallardo (1979)
Nurse eggs embryo ! 20 8-38  Chaparro et al. (1999) - Gallardo (1977)
Offspring female ™ 255 Estimated from 4.6 x 10* Estimated from Gallardo (1979),
Chaparro et al. (1999) Chaparro and Flores (2002)
Maternal energy investment
Nurse eggs (mJ capsule™) 1.2 x 10* PR - Gallardo (1977)
Embryos (mJ capsule™") 449 PR 4.64 x 10* PR
Capsule wall energy content 1,096 Chaparro et al. (1999) 4,031 Chaparro and Flores (2002)
(mJ capsule™)?
Total energy (mJ capsule™!)  1.37 x 10* Estimated from PR, 5.04 x 10* Estimated from PR,
Chaparro et al. (1999) Chaparro and Flores (2002)
Total energy invested 233 x 10° Estimated from PR, 2.32 x 10° Estimated from PR,
(m]J capsule mass™") Chaparro et al. (1999) Chaparro and Flores (2002)
Invested energy per 914 Estimated from PR, 50 Estimated from: PR,

embryo (mJ embryo~)

Chaparro and Flores (2002)

Chaparro and Flores (2002)

Values are per reproductive event for an average-sized female (C. dilatata: SL 27 mm, Chaparro et al. 1999; C. fecunda: 42 mm, Chaparro et al.

2005b)
PR present research

# Value estimated assuming it represents 8% of the total energy of each egg capsule
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In other respects, development is quite different for the
two species. During the intracapsular development of
C. dilatata, from the initial veliger to juvenile phase, the
veligers greatly increased their weight by consuming nurse
eggs; inorganic content of the embryonic shell also
increased, but to a smaller degree. Chaparro and Paschke
(1990) also reported only a small increase in inorganic
weight for the embryos of this species, suggesting only
weak calcification of the protoconch during this phase of
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that the X- and Y-axis scales differ for the two species

encapsulated life. In contrast, the organic content of
C. fecunda embryos change little during encapsulation,
with most of the increases in total weight accounted for
through increased calcification of the shell. Energy content
also changed little during the encapsulated stages for
C. fecunda; the veligers hatch (at shell lengths of about
340-350 pum, Supplementary material 1) with an average
energy content of only 51 mJ veliger™!, about 10% higher
than the initial energy content of the eggs, implying the use
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Table 2 A comparison of developmental characteristics and per individual energy investment for the direct developer C. dilatata and the plankton

developer C. fecunda

Variables Crepipatella dilatata Crepipatella fecunda
Reference Reference
Energy investment
Egg energy (embryonic) (mJ egg™") 29.94 PR 44.9 PR
Energy at hatching (mJ juvenile™") 467.1 (59.43)° PR 51.1% PR
Extraembryonic energy gain (mJ offspring ™) 682.9 PR 37.9 PR
Cost for metamorphosis (mJ juvenile ') 275.2 PR NI
Energy at settlement (mJ juvenile™!) 467.1¢ PR 89.0¢ PR
Morphology and functionality of velum
Cilia length?® (um) 15¢ Chaparro et al. (2002b) 75f Chaparro et al. (2002b)
Velum area® (mm?) 0.03¢ Chaparro et al. (2002b) 0.045 Chaparro et al. (2002b)
Size at first exogenous feeding >300 pm# Chaparro and Paschke (1990) 337 (um)" Chaparro et al. (2002b)
430 (pm)" PR
Embryonic and larval growth
Instantaneous shell growth rate (um d =) 49.7° Chaparro and Paschke (1990) 19.95° Chaparro et al. (2002b)

NI No information available, PR present research
? Veliger 375 pm shell length

® Energy if offspring should hatch at a size similar to that of C. fecunda (441 pm)

¢ Juvenile 1000 pm shell length

4 Settlement size 690 um shell length
¢ Encapsulated embryos

f Pelagic veliger

¢ Ingesting pieces of nurse eggs

" Planktonic feeders

of only a modest source of extraembryonic nutrition within
the egg capsules. This suggests that C. fecunda possesses
only limited extraembryonic food resources while encapsu-
lated, and, as in many other species, its embryos must
depend mainly on endogenous reserves to meet their energy
requirements (Strathmann 1985; McEdward et al. 1988).
However, possible energy supplements for the encapsulated
embryos are intracapsular fluid (De Mahieu et al. 1974;

Pechenik et al. 1984; Moran 1999), progressive disintegra-
tion of the internal capsular wall (Hendler and Franz 1971;
De Mahieu et al. 1974; Ojeda and Chaparro 2004), or the
consumption of dead siblings or embryos with stunted
development (Miloslavich and Penchaszadeh 2001; Collin
2003; Cubillos etal. 2007). Encapsulated veligers of
C. fecunda can capture and ingest extraembryonic parti-
cles when they have been manipulated experimentally
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(Chaparro et al. 2002a, b; Cubillos et al. 2007). Ojeda and
Chaparro (2004) demonstrated that the spongy internal
layer of the capsule decreased in thickness during embry-
onic development, which would contribute mostly proteins
(approx 15 pg capsule™') to intracapsular fluid. Although it
has not been demonstrated directly that the dissolved pro-
teins are ingested by the embryos of C. fecunda, as has been
described for some other gastropod species, the continuous
decrease of proteins in the intracapsular fluid during veliger
development suggests that these are adsorbed by the encap-
sulated embryos or captured by the velum and ingested
(Shilling et al. 1996; Vavra and Manahan 1999; Martinez
et al. 2008). The progressive disintegration of the internal
wall could represent an energy source during the encapsu-
lated development of some gastropod species (Hendler and
Franz 1971, De Mahieu et al. 1974, Ojeda and Chaparro
2004).

One advantage of a planktotrophic larval stage is that
most of the development is independent of maternal
energy, and embryos are not forced to compete for food
with their capsule mates to fuel further development. Dur-
ing the transition from brooded veliger to pelagic larva in
C. fecunda, we documented a decrease in per embryo
organic content, and particularly in protein content, sug-
gesting that proteins in particular were the major energy
source during that phase of development, and that the first
few hours of pelagic development are energetically
expensive. Previous research has demonstrated that aver-
age clearance rates of newly hatched larvae are much
larger than those for encapsulated veligers of the same
length, probably because hatched larvae have a filtering
surface area (area of the velum periphery covered by
active velar cilia) that is approximately 80% bigger than
that of pre-hatched larvae (Chaparro et al. 2002a). In this
way, the energy demand during the first hours of pelagic
development would basically be covered by endogenous
reserves, while veligers increase their capacity for suspen-
sion feeding. The increase in inorganic weight during the
pelagic phase is due to the development of the shell, but
the increase in organic weight is explained by a secondary
increase in protein and lipid content, as a product of the
exogenous energy consumption obtained from the avail-
able microalgae in the aquarium in which larvae had been
cultured.

In C. dilatata, the increase in total DW of the veliger
stage is powered mainly by the consumption of nurse eggs,
which are ingested most rapidly during the early and mid-
dle periods of development (Chaparro and Paschke 1990).
Our results also show that the energy content of the nurse
eggs of this species exceeds that of the eggs that develop
into embryos by 30%. The energy content of C. fecunda
eggs is closer to that of these nurse eggs than to that of the
developing embryos.
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In many direct-developing species (e.g., Crepidula
adunca, Collin 2000), the velar lobes are substantially
reduced in size. In the development of C. dilatata, however,
the ciliated velum is used by developing embryos to manip-
ulate the nurse eggs prior to their ingestion (Chaparro et al.
2002b), so that the velar lobes are well developed in both
species (Chaparro et al. 2002b). Indeed, the velum plays a
key role in the development of C. dilatata: the shorter velar
cilia of C. dilatata (15 pm long versus 75 pm long in
C. fecunda of similar length) seem to facilitate the manipu-
lation of the large nurse eggs on the velar lobes and their
subsequent ingestion (Chaparro et al. 2002b). Early veli-
gers of C. dilatata can also capture and ingest small parti-
cles, even before reaching the development stage in which
they consume the large nurse eggs, again attesting to the
considerable functional capacity of the velum. Embryos
have been observed capturing small particles coming from
the rupture of nurse eggs, or from dead or damaged
embryos, material that could constitute an important
resource during early nutrition (Chaparro et al. 2002b). The
substantial increase in protein content seen in early and
medium stage veligers of C. dilatata in this study coincides
with the period of active ingestion of nurse eggs. A similar
situation has been also described by Martinez et al. (2008)
for the gastropod Chorus giganteus.

The literature reports considerable variation in hatching
size for C. dilatata (Gallardo 1977, 1979; Chaparro and
Paschke 1990), probably due to the differential consump-
tion of nurse eggs by encapsulated embryos (Spight 1976a;
Rivest, 1983). Chaparro et al. (1999) also indicate that the
juveniles of C. dilatata with the largest sizes at hatching
come from the largest females, reflecting a relationship
between nurse egg number and female size; in contrast, the
number of developing embryos per capsule appear to be
independent of the mother’s shell length (Chaparro et al.
1999), which in turn affects the availability of nurse eggs
per embryo (12-22 Gallardo 1979; 8-38 Chaparro and
Paschke 1990). Using our estimate of 20 nurse eggs per
embryo (the average of values reported previously), and
using the energy value of each nurse egg reported in the
present study (40.53 mJ nurse egg~"), each embryo should
be able to obtain about 8§10.6 mJ by ingesting nurse eggs.
This exceeds the average energy actually quantified in
embryos with shell lengths of 1,000-1,100 um (742.3 mJ
embryo~!) by 68.3 mJ. This energy deficit probably reflects
the energetic cost of intracapsular development. Indeed, we
may be underestimating the magnitude of this energy
expenditure, since, as noted earlier for the development of
C. fecunda, we cannot rule out a possible additional
nutritional contribution from the internal capsular wall
(Hendler and Franz 1971; De Mahieu et al. 1974; Ojeda
and Chaparro 2004) or intracapsular fluid (De Mahieu et al.
1974; Pechenik et al. 1984; Moran 1999), or intracapsular
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cannibalism (Chaparro and Paschke 1990; Miloslavich and
Penchaszadeh 2001; Collin 2003; Cubillos et al. 2007).
Energy expenditure during lecithotrophic larval develop-
ment has also been estimated for several other invertebrate
species. For example, Haliotis fulgens and H. sorenseni
expended 6.5 mJ larva~' (Moran and Manahan 2003) and
Florometra serratissima expended 36.1 mJ individual ™!
(McEdward et al. 1988). Similarly, Haliotis rufescens had
an energy cost from embryo to juvenile of 42-55 mJ (Shilling
et al. 1996).

The direct-developing embryos of C. dilatata lose about
37% of their energy between the time that they finish con-
suming all nurse eggs (at shell lengths of about 1,000 pm)
and the time of hatching (this study). Similarly, high energy
costs during metamorphosis have been documented for
some other invertebrate species. For example, the costs of
metamorphosis have been estimated at 64.5% for the
bivalve Ostrea chilensis (Videla et al. 1998) and 52, 28,
40% for the bryozoans Bugula stolonifera, B. neritina, and
B. simplex, respectively (Wendt 2000).

When comparing feeding for similarly sized embryos of
both species, the different energy sources—nurse eggs in
C. dilatata and microalgae in C. fecunda—seem to have a
large impact on veliger growth rates. For C. dilatata, nurse
eggs generated an estimated instantaneous growth rate
(IGR) 2.5 times higher than that achieved through the con-
sumption of microalgae by C. fecunda. The extent to which
this reflects greater nutritional value of nurse eggs and/or
the lower cost of food acquisition for encapsulated embryos
remains to be determined.

The veliger larvae of C. fecunda hatched with an energy
content of only 51 mJ and began the process of metamorpho-
sis several weeks later, with an energy content of 89 mJ
larva™'. Thus, the difference in energy content of 38 mJ must
reflect the net energy contributed by the microalgae used as
food during the pelagic phase. Larvae of C. fecunda used in
this study were reared on a unialgal diet in the laboratory; the
energy content of veligers in the field could be different.

Hatching size varies between 49 and 130% for C. dila-
tata (online resource 1). In contrast, hatching size in
C. fecunda varies only 12-45% relative to the smallest veli-
gers hatching from an egg capsule. The relatively narrow
range of hatching sizes in C. fecunda probably reflects
fairly small differences in per embryo energy content and in
individual metabolic rates in the absence of substantial
extraembryonic nutritional resources inside the egg cap-
sules. In contrast, encapsulated embryos of C. dilatata can
feast upon nurse eggs, with some individuals ingesting
many more nurse eggs than other individuals, resulting in a
wide range of sizes at hatching. Competition for nurse eggs
can be intense; in the gastropod Thais emarginata, some
embryos can be twice the size of others hatching from the
same capsule (Spight 1976a).

C. dilatata has both a functional radula and functional
gills at hatching (SL 1,200-1,300 um), allowing for food
collection from both the substratum and the water column
starting from the first day after hatching (Chaparro et al.
2005a). In contrast, veligers of C. fecunda metamorphose at
a SL of approximately 690 pm and must then rely on the
radular rasping of biofilms for food during the first days of
benthic life. The production of mucous cords, linked to an
effective gill filtration system, becomes evident only 9 days
post-settlement in this species when gill filaments have
developed conspicuous branchial ciliation and the SL is
approximately 800 um (Montiel et al. 2005).

Not surprisingly then, juveniles of C. fecunda present an
instantaneous growth rate (IGR) of only 16 um d~' during
the first 9 days of benthic life, whereas for C. dilatata, the
IGR is 22 um d~!, about 37.5% faster. Although the ability
to feed with both the radula and the gill may explain this
faster growth of early C. dilatata juveniles, a latent energy
effect stemming from the previous consumption of nurse
eggs during intracapsular development is also possibly at
work, with some of the ingested energy stored in the diges-
tive system for future use. In the field, actual growth rates
may differ from what we have reported here, owing to the
differences in food availability and temperature, for exam-
ple.

Surprisingly, over the first 30 days of benthic life, the
initial growth advantage reverses for the 2 species: over the
first 30 days, juveniles of C. fecunda grow 3 times faster
than juveniles of C. dilatata of the same age. This could be
adaptive for C. fecunda, which metamorphoses at a SL of
only 690 pm, since rapid growth might allow them to reach
a size refuge from predation, compensating for their ini-
tially greater vulnerability with respect to that for C. dila-
tata (Spight 1976b; Griffiths and Gosselin 2008). How does
C. fecunda achieve this eventual growth spurt? Additional
studies are needed to examine this issue. In particular, the
increased growth rate might be explained by increased
length or number of gill filaments, increased density of cilia
on the gills, or increased ciliary beat rate or capture
efficiency.

In an evolutionary shift from direct development to
planktonic development, as seems to have happened in the
evolutionary trajectory leading to C. fecunda (Collin et al.
2007), one might have expected to see simply a conversion
of nurse eggs to larger numbers of smaller developing
embryos, but that is not the case. In fact, egg size is slightly
higher for the species with planktonic development
(C. fecunda) than for the species with direct development
(C. dilatata), and the energy content of the eggs is 50%
higher, while egg DW and percent organic content is lower.
Remarkably, the average energy content of the eggs of
C. fecunda exceeds that of the nurse eggs for C. dilatata. In
addition, the reacquisition of free-living, planktotrophic
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veligers would require increased velar surface area,
increased cilia length, and a shift in hatching time from
after metamorphosis to before metamorphosis.

The general direction of evolutionary change in marine
invertebrate life histories has generally involved the loss of
larvae from the life cycle (reviewed by Pechenik 1999; but
see McEdward 1995; Collin 2004; Collin et al. 2007 for
exceptions). Indeed, such a loss of planktonic larvae pro-
vides many advantages to a species, including the ability of
parents to determine the benthic environment into which
offspring will grow to adulthood (reviewed by Pechenik
1999). Such an evolutionary shift from an ancestral life his-
tory characterized by indirect larval development requires
decreasing reliance on external food sources for develop-
ment through metamorphosis and an increased reliance on
internal energy stores (e.g., females must either increase the
energy content per egg, or provide extraembryonic food
resources to embryos, or both). When extra nutrients are
included in each egg, typically, there is a decline in the
development of the food-collecting organs (e.g., velar lobes
and ciliation) during development. The timing of hatching
must also be altered, so that hatching will now occur after
metamorphosis rather than before metamorphosis. Such
shifts are clearly seen in the development of C. dilatata,
which presumably evolved from an ancestor with plank-
tonic development (Collin et al. 2007).

A shift in the opposite direction—a reversal to plank-
tonic development from a life cycle exhibiting direct devel-
opment—is feasible for an ancestor like C. dilatata, since it
retains a large, functional velum even though it lacks a free-
living larval stage, as noted by Collin et al. (2007). How-
ever, it is difficult to understand the selective forces driving
such a reversion to plankton development. Although plank-
tonic larval development promotes dispersal and may
reduce the likelihood of inbreeding (but see Li and Peche-
nik 2007), the prevalence of larval development in marine
life histories may reflect the difficulties of losing larvae
from life cycles more than the benefits of retaining them
(reviewed by Pechenik 1999).

One apparent disadvantage of such a shift in energy allo-
cation for C. fecunda is that the veligers now enter the ben-
thos at a substantially smaller size than the size at which its
direct-developing ancestor probably entered the benthos,
possibly making the newly metamorphosed snails more
vulnerable to hermit crabs and other benthic predators (e.g.,
Spight 1976b; Pechenik et al. 2010). One wonders why the
larvae of C. fecunda do not simply remain planktonic for a
longer time and metamorphose at sizes comparable to those
at which the juveniles of C. dilatata emerge from their egg
capsules. But they do not; at metamorphosis, they have less
than 20% of the energy content exhibited by hatching juve-
niles of C. dilatata (Table 2). High planktonic mortality
rates might select against such a prolonged stay in the
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plankton (reviewed by Pechenik 1999), but such high rates
of planktonic mortality should also select against the reac-
quisition of free-living larvae in the first place, once such
larvae have been lost from the life history. Many tropical
gastropods produce long-lived larvae that spend months in
the plankton and grow to shell lengths exceeding 2 mm
(e.g., Scheltema 1971), arguing against both the impracti-
cality of spending additional time in the plankton and the
difficulty of attaining large size before metamorphosis.
And, in fact the larvae of Crepidula fornicata can reach
shell lengths of about 1.4 mm before metamorphosing
(Pechenik and Lima 1984), again showing that there is no
obvious biomechanical constraint preventing the veligers of
C. fecunda from reaching a larger size.

We suggest that future studies should consider compara-
ble data for more Crepidula species for which planktonic
larvae appear to be the ancestral condition. It might also be
worth considering the extent to which differences in some
reproductive characteristics might be influenced by habitat
within a species. In our study, individuals of one species
were collected intertidally, while individuals of the other
species were collected from subtidal populations. It might
be interesting to gather comparable data for subtidal and
intertidal populations of the same species.
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