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Abstract. Unlike lamellibranch bivalves, suspension-
feeding calyptraeid gastropods lack siphons and paired shell
valves to regulate water inflow. This study was designed to
determine if calyptraeid gastropods use the solid surface to
which they attach to facilitate food particle capture. Juve-
niles of both Crepidula fornicata and Crepipatella peruvi-
ana were maintained with phytoplankton for 3 to 6 wk in
the laboratory, either attached to solid substrate or without
solid substrate. Individuals of C. fornicata and C. peruviana
that were reared on solid substrate grew about five to ten
times more, or two times more, respectively, than those
deprived of solid substrate. Final tissue weights were also
significantly greater for individuals of both species that had
been reared on solid substrate. For the two species, phyto-
plankton clearance rates were about two to three times
higher for individuals attached to solid substrate than for
those without solid substrate; rates of food cord production
from the gills were also significantly higher. About 50% of
C. peruviana that were deprived of solid substrate died
during the first 3 wk of observation, and about 60% were
dead by 6 wk. In contrast, most individuals of C. peruviana
that were attached to solid substrate survived for the entire
6-wk study period, and all of the C. fornicata survived
whether or not they were attached to solid substrate. The
solid substrate to which calyptraeid gastropods attach

clearly plays an important role in their feeding biology,
although the precise role remains to be explored.

Introduction

The Calyptraeidae are a large family of nearly 100 marine
gastropod species (Collin, 2003, 2004), whose gills are
modified for suspension-feeding (reviewed by Yonge, 1928;
Jørgensen, 1955, 1966; Jørgensen et al., 1984; DeClerck,
1995; Montiel et al., 2005; Riisgård and Larsen, 2010;
Shumway et al., 2014). The mechanism of suspension-
feeding has been described in detail for several of these
species over the past approximately 100 years, particularly
for Crepidula fornicata Linnaeus, 1758 and Crepipatella
peruviana Lamarck, 1822 (�Crepipatella fecunda, for-
merly Crepidula fecunda; Véliz et al., 2012) (e.g., Orton,
1912; Werner, 1953; Chaparro et al., 2002, 2013; Beninger
et al., 2007; Riisgård and Larsen, 2010; Shumway et al.,
2014). These studies have focused on the roles played by
gill cilia in generating water currents, moving water through
the mantle cavity and between ctenidial filaments, and col-
lecting and transporting food particles. The mechanisms of
particle capture and transport are similar to those seen in
lamellibranch bivalves, in that the beating of lateral gill cilia
draws water into the mantle cavity while other cilia capture
particles on the gill surface for subsequent entanglement in
mucus (Ward et al., 1994, 1998; Ward, 1996; Ward and
Shumway, 2004; Beninger et al., 2007; reviewed by De-
Clerk, 1995; Shumway et al., 2014). However, unlike bi-
valves, in which the mucus food cord is moved directly
along the gill to the labial palps, and then to the mouth
(Jørgensen, 1955; Ward et al., 1994, 1998; Garrido et al.,
2012; Ward and Shumway, 2004), in Crepidula and Crepi-
patella, a mucus food cord is formed in a “food groove” at
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the distal end of the gill filaments, and then exits from a
tubular “food canal” (Chaparro et al., 2002, 2004) or
“neck canal” (Beninger et al., 2007; Shumway et al.,
2014) along the right side of the head, below the right
tentacle; the food cord must then be captured by the radula
before it can be ingested (Chaparro et al., 2002; Shumway
et al., 2014). The mouth from which the radula protrudes is
located a short distance to the left of the opening of the food
canal (about 640 �m to the left of the opening in two males
examined, which were about 16–18 mm in shell length;
J. A. Pechenik, pers. obs).

Although we now know a great deal about how water
currents are generated, how particles are captured, and how
food is then compacted and transported to the mouth for
ingestion in Crepidula and Crepipatella (Orton, 1912;
Chaparro et al., 2002, 2013; Beninger et al., 2007; reviewed
by Shumway et al., 2014), we know surprisingly little about
how incoming water is regulated and how it reaches the gill
surface. Whereas lamellibranch bivalves typically have si-
phons or highly modified, siphon-like portions of the mantle
tissue edge and a pair of shell valves to direct water into the
mantle cavity and to adjust the rate of inflow, calyptraeid
gastropods have no siphons and only a single shell valve.

Adults of Crepidula fornicata from the east coast of the
United States and Crepipatella peruviana from Chile––our
two study species––typically live in stacks, with smaller,
younger individuals attached by the foot to larger, older
individuals below; the bottom-most individual is attached
by the foot to a rock or other hard substrate (Orton, 1912;
Chaparro et al., 2004; Henry et al., 2010). In the present
study, we hypothesized that the firm substrate to which
calyptraeid gastropods attach plays an important role in
their feeding biology.

In an initial set of studies using juveniles of both species,
we compared the growth rates (both shell and tissue mass
increases) and survival of juveniles attached to solid sub-
strate with the growth and survival of individuals that were
prevented from attaching to solid substrate. To explain the
substantial differences in growth rates (and survival, for one
of the species) that we documented, we then determined
particle clearance rates for attached and unattached individ-
uals of both species, and monitored food cord production
and the fate of food cords that were released from the food
canal.

Materials and Methods

Growth rates on and off the substrate

Growth rates were determined in the laboratory for juve-
niles of Crepidula fornicata, which were maintained on a
diet of phytoplankton and with and without solid substrates.
Adults were collected from Nahant, Massachusetts, in late
summer 2013, and held in the laboratory at room tempera-
ture until larvae were released. Larvae were reared for about

10 d to metamorphic competence (Pechenik and Heyman,
1987) at room temperature on a diet of the phytoplankton
Isochrysis galbana (clone T-ISO), using standard tech-
niques (e.g., Pechenik and Gee, 1993), and were then in-
duced to metamorphose by elevating ambient KCl concen-
tration by 20 mmol l–1 for 6 to 8 h (e.g., Pechenik and Gee,
1993; Pechenik et al., 2007). Juveniles were then reared on
a mixed diet of T-ISO and Dunaliella tertiolecta (clone
DUN) at approximately 15�104 cells ml–1 at room temper-
ature (23 °C) for several weeks until they reached shell
lengths (longest dimension) of approximately 3.5 to 3.8 mm
and were actively suspension-feeding. Thirteen of the juve-
niles (mean shell length, 3.75 mm; SD, 0.19 mm) were then
allowed to attach individually to glass coverslips (22 � 22
mm). The following day, each attached juvenile was mea-
sured and then sewn into a small mesh bag (approximately
4 cm long and 3 cm wide; mesh openings were about 1.6
mm � 1.2 mm, and fiber width was about 0.35 mm) using
monofilament nylon. Except for one escapee, all individuals
remained attached to the coverslip for the duration of the
study. Another 13 juveniles (mean shell length, 3.66 mm;
SD, 0.30 mm) from the same population were individually
measured and sewn into individual mesh bags, without any
other substrate for attachment; thus, these individuals were
on a perforated rather than a solid substrate. Mean shell
lengths did not differ significantly for individuals in the two
treatments (Student’s t test, t � 0.89, df � 24, P � 0.39).
Another 13 juveniles covering the same range of shell
lengths were used to estimate initial tissue weight.

The mesh bags were then suspended from monofilament
nylon in a single 20-l aquarium tank filled with 1-�m
filtered seawater (salinity � 30 ppt), and left to grow for 3
wk at room temperature (23 °C) with constant aeration. The
cultured phytoplankton T-ISO and DUN were added to the
aquarium at least once each day to reach a concentration of
approximately 15�104 cells ml–1. Note that all individu-
als—those with and those without a solid substrate—were
reared in a common aquarium tank, and thus had access to
exactly the same food supply throughout the study. Approx-
imately half of the seawater was replaced in the aquarium
every 3 d. Survival was monitored weekly.

At the end of the rearing period, all individuals were
remeasured, and then used to determine the final dry tissue
weight. One individual from the “on substrate treatment”
group escaped from its mesh bag, and three individuals from
the “no hard substrate treatment” escaped from their mesh
bags; these escapees were excluded from all analyses.

A similar experiment was conducted using field-collected
juveniles of Crepipatella peruviana. Fifty juveniles were
collected from the rocky, intertidal area at Pelluco Beach,
Puerto Montt, Chile (41°28� S; 72°56� W) in October 2013
(initial shell lengths: 6.965 mm; SD � 0.922 mm; n � 50)
and held in the laboratory in flowing seawater (salinity
about 30 ppt). Several days later, animals were gently
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detached from the substrate. Half were then kept inside
small mesh bags without solid substrate, as described above
for C. fornicata, while the other 25 individuals were al-
lowed to attach to glass coverslips, and then also sewn into
individuals mesh bags. Mean initial shell lengths did not
differ significantly between the two treatments (Student’s t
test, t � 0.433, df � 48, P � 0.667). All enmeshed indi-
viduals were then maintained at room temperature (�22 °C)
at a salinity of about 30 ppt in a single aquarium, as
described above for C. fornicata, and fed with T-ISO at
approximately 15�104 cells ml–1. Phytoplankton was added
daily, and water in the aquarium was changed every 2 to 3 d.
Animals were maintained, as described, for 6 wk before
final shell lengths and dry tissue weights were determined.
Survival was monitored weekly.

Clearance rates on and off the substrate

For experiments using Crepidula fornicata, adults were
collected from Nahant, MA, in late May 2014, and main-
tained in the laboratory for about 1 wk until they released
larvae. The larvae were reared to metamorphic competence
and induced to metamorphose, as described above; the
juveniles were then reared on a mixed diet of T-ISO and
DUN for several weeks until they reached shell lengths of
approximately 8 to 11 mm. Ten individuals were then
allowed to attach to glass coverslips and sewn into mesh
bags, as previously described. An equal number of individ-
uals were sewn into mesh bags without being provided any
other substrate. All juveniles were allowed to acclimate to
the new conditions for approximately 4 h before the feeding
rate studies were initiated. Enmeshed juveniles were then
placed into 250-ml glass jars containing 100 ml of phyto-
plankton suspension (DUN) in well aerated, 0.45-�m fil-
tered seawater at an initial concentration of either 1�104

cells ml–1 (n � 5 individuals on solid substrate and 5
individuals without solid substrate) or 3�104 cells ml–1

(n � 5 individuals on solid substrate and 5 individuals
without solid substrate). All experiments were conducted at
room temperature (21 °C). Phytoplankton concentrations
were determined using an electronic particle counter
(Coulter Model ZM; Beckman Coulter Life Sciences, Brea,
CA). The suspensions were gently agitated every 15 min,
and 0.5-ml samples were withdrawn after approximately 1 h
to determine changes in cell concentrations. About 18 h
later on the following day, all individuals that had been on
solid substrate were now sewn into mesh bags without solid
substrate, and those that had been without solid substrate
were now given solid substrate and resewn into mesh bags.
Clearance rates (CR) were then determined again for the
same individuals; and individuals were tested at the same
food concentration that they had experienced the previous
day. The only difference was, those individuals that had
started the experiment on hard substrate were now deprived

of it, and those that started without it, now had solid sub-
strate.

During each experiment, we included control dishes (two
for each phytoplankton concentration), which contained
phytoplankton suspensions, mesh bags, and coverslips—but
no animals—to determine the rates at which phytoplankton
settled out of suspension or reproduced through fission.

Similar experiments were conducted using 10 juveniles
of Crepipatella peruviana that had been collected intertid-
ally at Pelluco Beach, Puerto Montt, Chile (41°28� S;
72°56� W). Juveniles were acclimated to laboratory condi-
tions (�18 °C) for 1 wk before being used in the feeding
studies, and shell length ranged between approximately 12.8
and 16.8 mm (mean shell size, 14.51 mm; SD, 1.534 mm;
n � 10). Juveniles were enclosed in a small mesh bag either
on a solid coverslip (n � 5 individuals) or without such
substrate (n � 5 individuals), as described for C. fornicata,
and allowed to feed on the phytoplankton Isochrysis gal-
bana at an initial concentration of 3�104 cells ml–1, in
individual, 500-ml glass jars (300 ml of phytoplankton
suspension per jar). This experiment was conducted at 18
°C, following procedures similar to those used for C. for-
nicata. Cell concentrations were determined initially, then
after 1 h and 2 h, using an electronic particle counter
(Coulter Model Z2; Beckman Coulter Life Sciences). After
clearance rates were determined, each individual was then
switched to the other treatment (e.g., individuals that had
been tested without solid substrate were now placed on
glass coverslips); the measurements were repeated after a
3-h acclimation period using those same individuals. Sea-
water was gently aerated at all times for oxygenation and to
keep the phytoplankton well mixed. The following day, the
study was repeated using the same individuals, but at a
lower food concentration, 1�104 cells ml–1.

Clearance rates (CR) were determined according to
Coughlan (1969):

CR � V���LogeC0 � LogeCt�-a�/t	

where V is the volume of suspension, C0 is the initial
concentration, Ct is the final concentration, a is the rate at
which particle concentration changed in the control suspen-
sion, and t is the duration of the experiment. Phytoplankton
concentrations never declined more than 20% during these
feeding studies (Chaparro and Thompson, 1998).

Production and ingestion of food cords

Four to eight juveniles or adults of each species, ranging
from 9.2 mm (male) to 25.6 mm (female) in shell length,
were each observed feeding for 20 to 30 min at phytoplank-
ton concentrations (DUN) of 3�104 cells ml–1 to 5�104

cells ml–1. All individuals were oriented with the foot facing
upwards, first while attached to a glass microscope slide,
and then without any substrate. The microscope slides were
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each supported by two pieces of clay so that the shells of
the inverted, attached individuals were not in contact with
the bottom of the glass dish; individuals tested without
substrate were placed upside down on a small rubber cork or
a piece of clay to prevent them from righting themselves
during the observations. In two cases for C. fornicata, an
individual was allowed to re-attach to solid substrate, and
food cord production was observed again. Whenever a food
cord was released from the food canal at the right side of the
head (Fig. 1), we noted whether the food cord was captured
by the radula, and then whether it was ingested. Observa-
tions were made directly for C. fornicata, and from video
recordings for C. peruviana.

We also noted the total number of food cords produced
within each observation period, to determine rates of food
cord production. All individuals were given a 10-min accli-
mation period before we initiated observations or filming.

Data analysis

All data were examined for adherence to parametric
parameters before further analysis. Initial and final shell
lengths were compared using one-way ANOVA, followed
by Tukey’s multiple comparisons tests. Initial and final
tissue weights were compared using Kruskal-Wallis tests,
followed by Dunn’s multiple comparisons tests. To com-
pare clearance rates for individuals that were or were not
attached to solid substrate, a repeated measures, two-way
ANOVA was used, with initial phytoplankton concentration
and substrate status (on a solid substrate or without solid
substrate) as factors. For C. peruviana, survival curves
obtained over the 6-wk rearing period were compared for
the two treatments using the Kaplan-Meier method. Rates of

food cord production for individuals of each species at-
tached to solid substrate and deprived of solid substrate
were compared using paired t tests. Numbers of food cords
ingested for individuals in the different treatments were
expressed as percentages of the food cords produced during
the observation periods; those data were arcsin transformed
before analysis with paired t tests. All analyses were conducted
using GraphPad Prism software version 5.0 (GraphPad Soft-
ware, San Diego, CA).

Results

Survival

No juveniles of Crepidula fornicata died during the 3-wk
study period, whether they were attached to solid substrate
or prevented from attaching to solid substrate. For Crepi-
patella peruviana, none of the 25 juveniles attached to solid
substrate died in the first 5 wk of the growth study, whereas
about 60% of the juveniles not attached to a solid substrate
died during that time (Fig. 2). Kaplan-Meier survival curves
for C. peruviana differed significantly for individuals in the
two treatments (Mantel Cox log-rank test, �2 � 16.72, df �
1, P 
 0.0001).

Growth

Individuals of both species grew significantly more
quickly when attached to a solid substrate than when they
were in similar mesh bags without solid substrate. For C.
fornicata, individuals attached to the glass substrate were

Figure 2. Influence of solid substrate on survival of Crepipatella
peruviana juveniles in the laboratory. At time zero, 50 juveniles of similar
size were sewn into mesh bags either on a glass slide (n � 25 individuals)
or without solid substrate (n � 25 individuals), and maintained at room
temperature (�22 °C) on a diet of T-ISO phytoplankton for 6 wk. Indi-
viduals were held in a common aquarium tank, and examined once each
week, as indicated.

Figure 1. Ventral view of Crepidula fornicata about to ingest a food
cord (arrow) that is about to leave the food canal at the right side of the
head (left side of photograph). The individual is being viewed through the
glass microscope slide to which it has attached. A supportive lump of clay
is visible at the top of the photo.
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significantly larger at the end of the 3-wk study than those
reared in the absence of solid substrate (one-way ANOVA,
F3,42 � 47.93, P 
 0.0001; Fig. 3A). Note that most
individuals grew even without being on solid substrate;

however, the final mean shell length at the end of the 3-wk
rearing period for individuals not attached to a solid sub-
strate was only about 9.2% larger than their mean initial
size. In contrast, those reared while attached to coverslips in
the same aquarium tank increased in shell length by over
80% during the same time. Similarly, by the end of the 6-wk
experiment with C. peruviana, individuals attached to solid
substrate had increased their mean shell length by more than
18%, while those without solid substrate increased in mean
shell length by less than 8% (F3,79 � 9.92, P 
 0.0001; Fig.
3B).

Differences in final dry tissue weights between individ-
uals that had been reared on, and those without, solid
substrate were even more dramatic. Individuals of C. for-
nicata that had been reared while attached to solid substrate
increased their average tissue weight by nearly 5.5 times
during the study (Kruskal-Wallis H � 23.58, P 
 0.0001;
Dunn’s multiple comparisons test, P 
 0.05), whereas those
reared without solid substrate showed a non-significant in-
crease in mean tissue weight (Dunn’s multiple comparisons
test, P � 0.05) (Fig. 4A). There is no indication, however,
that juveniles maintained without solid substrate lost tissue
weight. For C. peruviana, the final mean tissue weight for
individuals that had been reared while attached to solid
substrate was nearly twice that of those reared without solid
substrate (Student’s t test, t � 4.18, df � 31, P � 0.0002;
Fig. 4B).

Clearance rates

Juveniles of both species were able to capture phyto-
plankton whether or not they were attached to solid sub-
strate at both phytoplankton concentrations tested (Fig. 5A,
B). For C. fornicata, both initial concentration (two-way
ANOVA, F1,18 � 7.98, P � 0.011) and whether or not
juveniles were attached to the substrate (two-way ANOVA,
F1,18 � 7.77, P � 0.012) had significant effects on mean
clearance rate (interaction not significant, P � 0.783). Ju-
veniles of C. fornicata attached to solid substrate exhibited
clearance rates that were about 121% greater at the higher
food concentration, and 200% greater at the lower food
concentration, compared with the clearance rates exhibited
by the same individuals when deprived of solid substrate.
For Crepipatella peruviana on solid substrate, juveniles fed
at equivalent rates at both of the tested phytoplankton con-
centrations (Fig. 5 B), but fed about twice as fast when they
were on the solid substrate than when they were not (1�104

cells ml–1: t � 2.24, df � 18, P � 0.038; 3�104 cells ml–1:
t � 2.35, df � 18, P � 0.030).

Production and ingestion of food cords

For both species, food cords were produced more quickly
when the tested animals were on solid substrate (Fig. 6; Stu-
dent’s paired t tests, C. fornicata, t � 4.57, df � 4, P � 0.010;

Figure 3. Mean juvenile shell lengths (�1 SD) (A) after 3 wk of
growth in a common aquarium at room temperature for Crepidula forni-
cata (n � 11–13 juveniles per treatment, at T0), or (B) after 6 wk of growth
for Crepipatella peruviana (n � 25 juveniles per treatment, at T0). For both
species, each snail was sewn into a porous mesh bag at the start of the
study, either on a solid substrate or without solid substrate, and fed a
mixture of phytoplankton daily. Different letters above bars indicate sig-
nificant differences (P 
 0.05) between means (one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test). Dotted bars, individuals on
solid substrate; white bars, individuals without solid substrate.
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C. peruviana, t � 3.98, df � 7, P � 0.005). Several
individuals of both species produced no food cords during
30–60-min observation periods when deprived of solid
substrate. Two individuals of C. fornicata (16.0 mm and
18.4 mm in shell length) were allowed to attach to solid
substrate after having produced 0 or 1 food cord, respec-
tively, during a 35–40-min observation period while de-
prived of solid substrate; those individuals began producing
food cords at a rapid rate (about one food cord every 2–3
min) within 2 min of their attachment.

The presence or absence of solid substrate had no signif-
icant effect on food cord capture success for either species
(C. fornicata: paired t � 1.85, df � 3, P � 0.161; C.
peruviana: paired t � 1.98, df � 11, P � 0.074), although
individuals of both species were, on average, somewhat
more likely to capture food cords if they were attached to
solid substrate (Fig. 7). At least one individual of each
species captured all food cords produced without being on a
solid substrate, even though all individuals not provided
with solid substrate or enclosed within mesh bags spent
most of their time actively swinging the head and foot far to

Figure 5. Clearance rates (CR) of juveniles (A) Crepidula fornicata,
and (B) Crepipatella peruviana, tested individually with or without solid
substrate at the two initial phytoplankton cell concentrations indicated
(Dunaliella tertiolecta for Crepidula and Isochrysis galbana for Crepipa-
tella). Individuals were allowed to feed for 1 or 2 h before final cell
concentrations were determined. Each bar is the mean (�1 SD) of mea-
surements made using the same juveniles for each treatment. Mean shell
lengths of tested individuals were 9.79 mm (SD � 1.00 mm, n � 20
individuals) for Crepidula fornicata and 14.51 mm (SD � 1.53 mm, n �
10 individuals) for Crepipatella peruviana. *Significant effects of substrate
(P 
 0.05).

Figure 4. Initial and final dry tissue weights (means 
 1 SD) for (A)
juvenile Crepidula fornicata living for 3 wk either on solid substrate (n �
10) or without solid substrate (n � 10) in a common aquarium at room
temperature of about 23 °C; and for (B) juvenile Crepipatella peruviana
living for 6 wk either on solid substrate (n � 25) or without solid
substrate (n � 10 survivors) at room temperature of about 20 °C.
Different letters above bars indicate significant differences (P 
 0.05)
between means (one-way ANOVA followed by Dunn’s multiple com-
parisons test).
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the left and right, trying to make contact with a solid surface
(Fig. 8A). Individuals in mesh bags did not exhibit this
behavior.

One individual of C. fornicata (18.4 mm shell length) that
had been placed upside down in a mesh bag, without solid
substrate, caught seven of the eight food cords produced
during the observation period (as also seen for individuals
of C. peruviana). Another individual (15.0 mm shell length)
treated in the same way caught all 10 of the 10 food cords
produced, again without being on a solid surface.

In several cases for both species, food cords were cap-
tured, but then released.

Observations on mantle cavity morphology

In both species, a shelf of muscular tissue protrudes
inwards from the mantle edge on the snail’s left side; in the
animal’s normal orientation, this tissue would lie directly
under a portion of the gill, where water enters the mantle
cavity (Fig. 8). There is no comparable extension of the
mantle tissue on the other side of the mantle cavity.

Discussion

Suspension-feeding animals generally have mechanisms
for efficiently directing water to food-collecting surfaces,
and then efficiently and effectively capturing available food

particles from the incoming seawater (reviewed by Yonge,
1928; Jørgensen, 1955, 1966; Shimeta and Jumars, 1991;
Ward and Shumway, 2004; Riisgård and Larsen, 2010). The
sedentary polychaete Chaetopterus variopedatus, for exam-
ple, draws water into the U-shaped tube in which it lives
through a single, narrow opening, and spreads a mucus net
across the inside of the tube so that all incoming water is
sieved of food particles by the mucus mesh filter before
exiting (reviewed by Jørgensen, 1955; Jørgensen et al.,
1984; Riisgård and Larsen, 2010). Similarly, bivalves have
two shell valves in addition to folds of the mantle (i.e.,
siphons in most species) that regulate the inflow of water
into the mantle cavity (reviewed by Jørgensen, 1955; Ward
and Shumway, 2004; Riisgård and Larsen, 2010).

Calpytraeid gastropods, however, have only a single
shell, and no siphons. Our results suggest that the substrate
to which calpytraeid gastropods attach plays an important
role in their suspension-feeding; individuals that were not
allowed to attach to solid substrate showed significantly
lower phytoplankton capture rates and slower growth than
individuals that were attached to solid substrate. Those
without solid substrate also took longer to produce food

Figure 7. Effect of solid substrate on the capture and ingestion of food
cords by Crepidula fornicata (dotted bars) (shell lengths 16.3–21.0 mm)
and Crepipatella peruviana (striped bars) (shell lengths 9.0–25.1 mm).
Individuals were observed for up to 60 min while feeding on phytoplankton
at room temperature. C. fornicata produced a total of 71 food cords during
these observations, while Crepipatella peruviana produced a total of 23
food cords. Numbers within bars indicate sample sizes. No significant
differences were found for either species (paired t tests, P � 0.05). Note
that sample sizes are, in some cases, smaller than those reported in Figure
6, because some individuals produced no food cords during the period of
observation.

Figure 6. Effect of solid substrate on the rate at which individuals of
Crepidula fornicata (dotted bars) and Crepipatella peruviana (striped bars)
produced food cords when feeding on phytoplankton at room temperature.
Individuals were first monitored for up to 60 min while attached to solid
substrate, then monitored for up to 60 min while deprived of solid sub-
strate. Shell lengths varied from 16.0–23.1 mm for C. fornicata, and from
9.0–25.1 mm for C. peruviana. Data are means � 1 SD; numbers within
bars indicate n. *Significant differences between means (P 
 0.05), by
paired t tests.
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cords for ingestion. Moreover, individuals of Crepipatella
peruviana that were not attached to solid substrate showed
significantly higher mortality rates than those that were
attached, a result that is consistent with greatly reduced rates
of food intake.

Although we can only speculate about the cause of these
differences, we suspect that the solid substrate to which
these gastropods attach contributes to more effective rates
of particle capture by the gill, either by increasing the rate
of particle contact with the gill surface, or by increasing the
efficiency of particle capture (reviewed by Yonge, 1928;
Shimeta and Jumars, 1991; Jørgensen, 1996; Shimeta and
Koehl, 1997). Indeed, the lateral extension of mantle tissue
on the left side of the snail’s mantle cavity (Fig. 8) may
function somewhat as a siphon in these animals, by pressing
against the substrate and directing water flow through a

narrow opening to the gill surface. Such action may also
increase the velocity of the incoming water (Orton, 1912;
Yonge, 1928; Jørgensen, 1955). Orton (1912) notes that
during normal feeding in the oyster Ostrea edulis, which
lacks siphons, the water enters only through a restricted
portion of the ventral surface, the mantle edge preventing
inflow from elsewhere: “. . . the opening thus produced
forms practically an inhalant aperture” (Orton, 1912, p.
457). Similarly, in the scallop Pecten, water enters mostly
“in two restricted areas” (Orton, 1912, p. 459). Calyptraeid
gastropods may be using the shell rim (and the associated
muscular mantle tissue)––by deliberately pressing it against
the substrate or lifting it above the substrate to different
degrees (Chaparro et al., 2009; Diederich et al., 2015)—in
a similar way, to regulate water flow into the mantle cavity,
thereby increasing the efficiency of food collection. These
issues could be examined in future studies. We note that
Jørgensen (1996) has criticized the results of prior studies of
bivalve feeding, in which workers have wedged the shells
open to observe particle capture and transport, implying that
the shell does indeed have an important role to play in
feeding.

In addition to a possible influence of the shell on rates of
particle capture, ingestion rates also may have been com-
promised in individuals deprived of solid substrate in our
long-term growth study; clearance rates do not necessarily
predict ingestion rates for calyptraeid gastropods, since the
food cords that are produced must be successfully captured
by the radula before they can be ingested (Chaparro et al.,
2002; Shumway et al., 2014). We had hypothesized that the
solid substrate to which the animals normally attach might
help to direct food cords toward the mouth as they exit the
food canal beneath the right tentacle, in which case the food
cords might be more likely to drift away before being seized
by the radula if the snails are not attached to solid substrate.
Indeed, for both species, the individuals observed in our
study that were attached to solid substrate tended to ingest
the food cords as they emerged from the neck canal some-
what more often than did individuals that were deprived of
solid substrate. However, the differences were not statisti-
cally significant, possibly due to the small sample sizes. It
should be remembered, though, that unattached snails under
close observation while upside down were constantly twist-
ing the head and foot, trying to gain purchase on the
substrate below them; snails deprived of solid substrate, but
in mesh bags, did not show such behavior, and rarely missed
catching food cords at the food concentrations tested during
our observations. In addition, some of the monitored indi-
viduals of both species caught all food cords produced
during the observation period, despite being deprived of any
substrate. Shumway et al. (2014) reported that Crepidula
fornicata typically fails to ingest about ten percent of the
food cords produced when feeding normally. Further work
is required to determine if the substrate itself, or internal

Figure 8. The mantle cavity of (A) Crepidula fornicata at 8� mag-
nification, and (B) Crepipatella peruviana at 15� magnification, showing
(unlabeled arrows) the sheets of muscular tissue that protrude inwards from
the mantle edge on the left side of the snails. Note that C. fornicata (A) has
twisted its head and foot far to one side in an attempt to contact a solid
surface.
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water-flow patterns when the snails are attached to solid
substrate, play any role in guiding food cords to the mouth.
Clearly, though, being attached to a solid surface is not
absolutely required for successful capture and ingestion of
the food cords in these species. The differences in growth
rates documented in this study were probably caused more
by an effect of substrate on rates of particle capture and food
cord production than on the probability of food cord cap-
ture.

In our long-term growth studies, the mesh bags housing
the snails might have encouraged the development of bio-
films, and thus provided an additional food source for ju-
veniles through radular rasping, particularly for those being
maintained without solid substrate (Chaparro et al., 2002;
Navarro and Chaparro, 2002). If that is the case, then our
measurements of growth rate differences may actually un-
derestimate the magnitude of the problem that individuals
that were deprived of solid substrate had in collecting phy-
toplankton from suspension.

This study showed that without a solid substrate to attach
to, juveniles of at least two calyptraeid gastropod species
captured food particles less quickly, grew less quickly,
produced food cords for ingestion at a slower rate, and––for
one of the species studied––survived less well. Further
studies are required to understand the precise mechanisms
accounting for these findings, particularly the exact role
played by the solid substrate in controlling the velocity of
water entering the mantle cavity, creating patterns of water
flow into and within the mantle cavity, and perhaps influ-
encing the efficiency of particle capture by gill cilia. Further
work is also needed to determine the extent to which the
muscular tissue sheets extending inwards along the left edge
of the mantle cavity help to regulate water flow into the
mantle cavity. Such research may lead to a better under-
standing of how suspension-feeding evolved among marine
gastropods.

It is also interesting that many other suspension-feeders
routinely extend their food-collecting structures into the
surrounding seawater (e.g., bryozoans; sabellid and serpulid
polychaetes; larvae of gastropods, bivalves, and echino-
derms). Future studies might consider the comparative func-
tioning and efficiency of such open versus enclosed filtering
systems. Whereas sabellid and serpulid polychaetes and
bryozoans can move individual tentacles through the water
when the tentacles are protruded, the feeding structures (i.e.,
gills) of bivalves and gastropods are stationary, and rely
exclusively on the action of gill cilia to move water to the
gill surface.
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