Mar Biol (2014) 161:2107-2120
DOI 10.1007/s00227-014-2490-y

ORIGINAL PAPER

Parasitic castration in slipper limpets infested by the symbiotic

crab Calyptraeotheres garthi

Emiliano H. Ocampo - Jests D. Nuiiez -
Maximiliano Cledoén - J. Antonio Baeza

Received: 26 May 2014 / Accepted: 29 June 2014 / Published online: 18 July 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract Two ill-explored hypotheses might explain
host castration by parasitic pea crabs. The ‘energy drain’
hypothesis states that castration is caused by host-derived
nutrient consumption of parasites that ultimately dimin-
ishes host-energy intake. The ‘steric interference’ hypoth-
esis states that castration occurs when parasites physically
inhibit host reproduction. This study evaluated whether
Calyptraeotheres garthi, a pea crab from the southwest-
ern Atlantic, is a parasitic castrator and explored whether
the two hypotheses above explain castration in the limpet
Crepidula cachimilla. None of three studied limpet spe-
cies brooded embryos during the reproductive season when
infested by mature female pea crabs. Also, limpets of C.
cachimilla infested by C. garthi did not reproduce during
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a 90-day experimental period while crab-free limpets did
spawn embryos during this period. Limpets resumed repro-
duction soon after pea crabs were experimentally removed
from their brooding chamber. Thus, C. garthi does castrate
limpets, and castration is reversible. Pea crabs ‘steal’ food
from limpets, and infested limpets did not modify their
feeding behavior to counteract nutrient loss. Thus, infested
limpets are expected to ingest less food which provides par-
tial support for the ‘energy drain’ hypothesis. However, the
limpet’s body condition increased or was not affected by
pea crabs during the breeding season which argues against
the same hypothesis. Furthermore, that limpets promptly
recovered reproductive activity once pea crabs were experi-
mentally removed, that castration was not induced by the
smallest pea crabs in the population (that fill only partially
the brooding chamber), and that parasitized limpets did
exhibit fully mature ovaries, support the ‘steric interfer-
ence’ hypothesis explaining parasitic castration.

Introduction

Parasitic associations are pervasive in both aquatic and
terrestrial ecosystems and involve many levels of bio-
logical organization (Margulis and Fester 1991). Among
parasites, species of ‘parasitic castrators’ are known to
severely diminish or completely halt host reproduction
(Hurd 1993; Lafferty and Kuris 2009). Castrators, in par-
ticular ‘macro-parasitic castrators’, also exhibit various
peculiarities that distinguish them from other types of para-
sites. For instance, parasitic castrators establish long-term
associations with their host individuals (Kuris 1974), can
attain large body sizes relative to those of their host species
(Kuris and Lafferty 2000) and exhibit a solitary lifestyle in/
on hosts (Lafferty and Kuris 2009). Commonly, a single
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parasitic castrator prevents host reproduction, and thus,
virulence (castration) does not depend upon parasitic inten-
sity as occurs with ‘regular’ parasites (Kuris 1974; Lafferty
and Kuris 2009). In the absence of reproductive activity,
castrated hosts function merely as an ‘extended phenotype’
of the parasite (Sorensen and Minchella 2001). However,
in some cases, infected hosts do exhibit some reproductive
activity during the early stages of an infection (Sorensen
and Minchella 2001) and some hosts might even recover
reproductive activity if they outlive their castrators (Kuris
et al. 1980). In addition to their impact on host repro-
duction, parasitic castrators have been reported to either
increase or decrease the growth rate and/or body condition
of host individuals (Van Wyk 1982; Hall et al. 2007).

In the marine environment, parasitic castrators include,
among others, rhizocephalan barnacles (Hgeg 1995),
bopyrid and entoniscid isopods (Williams and Boyko 2012)
and larval digenean trematodes (Sorensen and Minchella
2001). Parasitic castrators are increasingly studied in
marine systems, and our understanding of their life history,
ecology and effects upon both host individuals and popu-
lations has improved considerably during the last decades
(e.g., Blower and Roughgarden 1987; Hurd 1993; Loker
and Adema 1995; Ebert et al. 2004; Miura et al. 20006).
Yet, various aspects of this remarkable type of parasitism,
including the mechanism(s) used by parasitic castrators
to halt host reproduction, are incompletely understood.
Descriptive and experimental approaches in ill-studied cas-
trator taxa are needed for a more complete understanding
of this remarkable parasitic strategy.

Within the species-rich and ecologically diverse-order
Decapoda, symbiotic relationships involving crabs are com-
mon. Among decapods, the family Pinnotheridae (=pea
crabs) is mostly comprised of species that associate with
a wide diversity of hosts, including gastropods, bivalves,
ascidians, holothurians, echinoids and sea urchins (Schmitt
et al. 1973). Pea crabs can and do exert deleterious effects
upon host individuals (e.g., Orton 1920; Stauber 1945;
Bierbaum and Shumway 1988), and therefore, pea crabs
are increasingly considered parasites rather than commen-
sals (e.g., Bierbaum and Shumway 1988; De Bruyn et al.
2009). Some pea crab species, in particular those infect-
ing bivalves and gastropods, have been reported to entirely
halt or decrease host reproduction (Berner 1952; Yoo and
Kajihara 1985; O’Beirn and Walker 1999; Chaparro et al.
2001). Thus, these pea crabs that dwell in the mantle cavity
of mollusk can be considered parasitic castrators (Lafferty
and Kuris 2009).

Two hypotheses that have rarely been explored might
explain host castration by pea crabs. First, the ‘energy
drain’ hypothesis proposes that parasitic castrators, such
as pea crabs, cause host reproductive cessation by deplet-
ing energy reserves from host individuals due to food
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deprivation and/or damage of tissues imposed by these
parasites (Walker 1977; Van Wyk 1982; Hurd 1993; Polak
1996). This first hypothesis appears to explain castration in
insects infested by parasitic mites (Polak 1996) and crabs
harboring parasitic isopods (Van Wyk 1982) and might
also explain the absence of reproductive activity in bivalve
hosts infested by pea crabs. For instance, pea crabs inhabit-
ing the mantle cavity of bivalves feed on food-rich mucous
cords produced by hosts when filtering suspended particles
from the water column (Bierbaum and Shumway 1988). As
occur in other castrated hosts (see Van Wyk 1982; Polak
1996), infested bivalves might drastically reduce (Yoo and
Kajihara 1985) or entirely suppress (Berner 1952) their
reproductive activity due to the nutritional stress imposed
by pea crabs. Considering that this type of parasitic castra-
tion is a ‘by-product’ of host-energy depletion caused by
the parasites, other energy-demanding processes are also
expected to be affected during infestation (Anderson 1977,
Sousa 1983). Indeed, a decrease in the overall condition
and/or growth rate is commonly reported in castrations
caused by parasite-mediated energy draining (Anderson
1977; Van Wyk 1982; Sousa 1983).

The second hypothesis that might explain host castra-
tion by pea crabs assumes that castration is simply a con-
sequence of the presence of the castrator that physically
interferes with the reproductive processes of the host indi-
viduals. For instance, host species that brood offspring in
body cavities will be ‘forced’ to discontinue spawning if
parasitic castrators occupy the same cavity harboring the
host’s offspring. At present, the only study supporting this
hypothesis, here named the ‘steric interference’ hypothesis,
is that conducted in Calyptraeotheres sp. from the south-
eastern Pacific. This pea crab colonizes the incubatory egg
chamber of the slipper limpet Crepipatella fecunda (Chap-
arro et al. 2001). The space available within this ‘incuba-
tory chamber’ is the main factor determining whether
spawning occurs or not (Chaparro et al. 2001) and either
the presence of a pea crab or a false pea crab (i.e., a crab-
sized piece of parafilm) results in host individuals halting
reproduction (Chaparro et al. 2001). The ‘steric interfer-
ence’ hypothesis predicts that reproductive activity should
recover quickly after death (or experimental removal) of
pea crabs (Chaparro et al. 2001).

In this study, we are interested in understanding the
strategies used by pea crabs to castrate host individu-
als. For this purpose, we used Calyptraeotheres garthi as
a model system, a pea crab that inhabits the mantle cav-
ity of almost all naturally occurring slipper limpets from
the southwestern Atlantic (Ocampo et al. 2012a, b). The
space in the mantle cavity inhabited by this pea crab is also
used by the same limpets to incubate embryos (this space
is hereafter referred as an ‘incubatory’ or ‘brooding’ cham-
ber). C. garthi increases the metabolic rate of one of its
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host species, i.e., the slipper limpet Crepidula cachimilla.
The above clearly suggests a parasitic relationship between
pea crabs and limpets (Ocampo et al. 2014). Furthermore,
preliminary observations suggest that limpets harboring C.
garthi do not brood embryos (Ocampo et al. 2012a). How-
ever, whether or not the ‘steric interference’ hypothesis,
as demonstrated in the closely related crab Calyptraeoth-
eres sp. (Chaparro et al. 2001), also explains castration in
C. garthi’s limpet host needs to be explored. Lastly, slip-
per limpets are suspension feeders (Chaparro et al. 2002),
and preliminary observations suggest that Calyptraeoth-
eres directly obtain food (i.e., previously filtrated and con-
centrated particles) from host individuals (Chaparro et al.
2001). Whether or not a putative nutritional dependence of
pea crabs from limpets results in diminished food acquisi-
tion by host individuals, and consequently, halts host repro-
duction remains to be addressed.

Herein, first, we evaluated whether C. garthi affects
spawning and brooding of egg masses in three different
host species of slipper limpets. The above will help us to
determine whether or not C. garthi is indeed a parasitic
castrator. Second, we analyzed whether castration in lim-
pets results solely from the physical presence of pea crabs
(Chaparro et al. 2001) or whether a putative nutritional
dependence of crabs from limpets also impacts host repro-
duction, as reported before in other host species inhab-
ited by pea crabs (Berner 1952; Yoo and Kajihara 1985).
To accomplish these goals, (1) we analyzed the relation-
ship between the occurrence of pea crabs and the pres-
ence/absence of egg capsules in natural populations of
three different slipper limpets, C. cachimilla, C. argentina
and Bostrycapulus odites; (2) we manipulated the pres-
ence/absence of symbiotic crabs in host individuals (C.
cachimilla) to determine whether the effect of crabs on host
reproduction was reversible; (3) we analyzed the feeding
mechanism of C. garthi and conducted laboratory experi-
ments to determine whether or not the crab feeding activity
impacts the host’s feeding efficiency; and (4) we explored
the effect of C. garthi on the body condition of the limpet
C. cachimilla.

Materials and methods
Collection of slipper limpets and pea crabs

Crepidula cachimilla, C. argentina and B. odites were col-
lected during a 5-year period (2007-2011) from different
localities in the southwestern Atlantic (see sampling details
in Table 1). C. cachimilla and C. argentina most often
attach to the external shell surface of the mussel Mytilus
edulis, while B. odites is mostly found attached to rocks of
various sizes.

Table 1 Detailed sampling information of three limpet hosts of the pea crab C. garthi

Date Depth and sampling methods

Slipper limpet species Localities

April and December 2007, February 2008, March 12 m by SCUBA diving, 30 m using dredges deployed

San Matias Gulf, Argentina (S 40°57', W 65°06')

C. cachimilla

from various small fishing boats

2009, June, August 2010
October 2008, March 2009, May 2009, September

25-60 m using dredges deployed from the fishing boat

Off Mar del Plata, Argentina (S 38°00’, W 57°05'-S

C. argentina

El Vencedor and the R/V Puerto Deseado

0.5-1 m by hand

2009
February 2010, February 2011

September 2009

38°30/, W 57°10’-S 38°15’, W 56°59')
San Matias Gulf, Argentina (S 40°43/, W 64°55)

B. odites

60 m using dredges deployed from the R/V Puerto

Off Mar del Plata, Argentina (S 38°15’, W 56°59")

Deseado

In bold, the months corresponding to the limpet’s reproductive rest period according to Cledén and Penchaszadeh (2001) and Cledén et al. (2004). The breeding season of each limpet species

includes all months except those marked in bold
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After collection, limpets were immediately detached
from their substrata and the mantle cavity of each lim-
pet was carefully inspected. The presence/absence of egg
masses and pea crabs was registered in all collected lim-
pets. Then, limpets were fixed (formaldehyde 4 %) and
individually stored. The shell length (SL) of each limpet
was measured with digital calipers to the nearest 0.1 mm
and sexed on the basis of the presence or absence of a penis
(Cledon et al. 2004). The carapace width (CW) of each crab
was measured under the stereomicroscope equipped with
a calibrated ocular micrometer (precision = 0.01 mm).
Crabs were sexed based on the presence or absence of male
gonopods (McLaughlin 1980). Lastly, crabs were classified
either as pre-hard stage, hard stage or stages II-V.

In pea crabs from the subfamily Pinnotheridae, includ-
ing C. garthi, the life cycle is complex and involves con-
siderable changes in body shape after settlement (Mgller
Christensen and McDermott 1958; Pearce 1966; Ocampo
and Baeza unpubl data). First post-larval ‘megalopa’ stage
molts into small and soft-shelled first crab instars, called
‘pre-hard’ stages, which infect host individuals. Pre-hard
stages later molt into second small but hard-shelled crab
instars, called ‘hard-stages’. Crabs attaining hard-shelled
stages apparently leave host individuals in search of mat-
ing partners (Pearce 1966). After mating takes place,
female hard-stage crabs colonize the same or another
host individual and molt four more times into soft ‘post-
hard’ instars (stages II-V). Females appear to store sperm
in their seminal receptacles during the post-hard stages,
and egg fertilization takes place later in the last post-hard
instar (stage-V) (Becker et al. 2011). Females become sex-
ually mature at stage-V and start spawning and brooding
eggs beneath the abdomen (Becker et al. 2011). Through-
out stages II-V, female crabs do not appear to abandon
their host individuals (Mgller Christensen and McDermott
1958; Pearce 1966). Males, instead, putatively leave their
hosts and roam in search of copulations (Ocampo et al.
2012a). The formal description of the different post-settle-
ment stages in C. garthi is in progress (Ocampo and Baeza
unpubl data).

For experiments involving living crabs and limpets,
additional specimens of C. cachimilla collected dur-
ing September 2010 from San Matias Gulf were quickly
placed in thermal containers with aerated seawater and
then transported alive to the laboratory (Laboratory of
Marine Ecology and Genetics, National University of Mar
del Plata, Argentina). There, limpets were acclimatized
and maintained in 300-L containers with flowing seawa-
ter (6-10 L min~") at 20-22 °C and 34 PSU for at least
2 weeks before the start of the different experiments. Dur-
ing acclimatization, limpets were fed daily with ad libitum
aliquots of unicellular algae Nannochloropsis oculata and
Tetraselmis suecica.

@ Springer

Presence of Calyptraeotheres garthi and host spawning:
field data

We evaluated whether C. garthi affects spawning and
brooding of egg masses in three different host species; C.
cachimilla, C. argentina and B. odites. In pea crabs, includ-
ing C. garthi, females stage II-V establish long-term asso-
ciations and attain large sizes while males and females in
pre-hard and hard stages spend short time periods with a
specific host individual and have comparatively small body
sizes (Pearce 1966; Ocampo et al. 2012a). To determine the
effect of C. garthi on spawning of limpets, we constructed
two different two-way contingency tables. In the first con-
tingency table, we used the presence/absence of egg masses
and presence/absence of crabs (either male or female crabs)
in pre-hard and hard stages as categorical variables. In the
second contingency table, we used the presence/absence
of egg masses and the presence/absence of female (stages
II-V) crabs as categorical variables. In each analysis, we
considered only limpets collected during the breeding sea-
son (see Table 1) and only sexually mature limpets, i.e.,
larger than the smallest limpet observed brooding eggs
(>17.5, 15.0 and 11.5 mm SL in C. cachimilla, C. argen-
tina and B. odites, respectively, see Cledén and Penchasza-
deh 2001; Cledodn et al. 2004). The observed frequencies of
occurrence were compared with expected frequencies cal-
culated under the null hypothesis of independence between
the presence of egg masses and the presence of crabs. Sig-
nificant differences between the observed and expected
frequencies were examined using a chi-square test of inde-
pendence (Sokal and Rohlf 1981). If the chi-square test
detected differences, then we concluded that crabs do affect
the spawning and/or brooding of limpets harboring them.

Effect of Calyptraeotheres garthi on host spawning:
laboratory experiment

Field data suggested an effect of female (stage II-V) crabs
on the spawning of the studied limpets (see ‘Results’ sec-
tion). We further investigated whether or not the effect of
mature (stage-V) female crabs on the ability of limpets
to spawn and successfully brood embryos was irrevers-
ible. For this purpose, living specimens of C. cachimilla
were detached from their substrate and then each limpet
was individually reattached to a new substrate consist-
ing of a small piece of transparent glass that permitted the
observation of the crab and the egg masses in the man-
tle cavity (see Ocampo et al. 2012a). Next, we selected
15 limpets (X £+ SD = 33.5 & 7.4 mm SL) without crabs
and 19 limpets (X = SD = 34.9 4+ 9.1 mm SL) harbor-
ing mature (stage-V) female crabs. Each of the limpets
above was daily inspected for egg capsules during a total
of 90 days (from January 22, 2011 to April 22, 2011).
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A third group of limpets consisted of five specimens
(X &£ SD = 35.2 & 10.1 mm SL) that were detached from
their substrate (glass pieces) and from which mature female
crabs occupying the limpet’s mantle cavity were gently
removed with forceps. These limpets stripped of crabs
were reattached to the same glass pieces, acclimatized dur-
ing 1 week and then inspected daily for egg capsules dur-
ing the next 20 days (April 2—-April 22, 2011). All limpets
were cultured in a 300-L container and were fed daily and
ad libitum with microalgae N. oculata and T. suecica. For
each limpet, we recorded the day of oviposition of egg cap-
sules and hatching of larvae. If limpets stripped of crabs
deposited eggs, then we concluded that the effect of crabs
on spawning is reversible. No differences in body size were
detected among the three groups of experimental limpets
[ANOVA, F, 36, = 0.286, P = 0.753].

Feeding behavior of the pea crab Calyptraeotheres garthi

Adult limpets in the family Calyptraeidae feed on sus-
pended particles, including phytoplankton (Chaparro et al.
2002). Particles are captured by the gill, concentrated and
intermittently transferred in the form of food-rich mucus
cords along a food canal to the mouth where these mucus
cords are either ingested or discarded as pseudofeces by
limpets (Chaparro et al. 2002). We aimed at revealing any
klepto-parasitic activity of C. garthi by direct observation
of crabs dwelling within limpets in the laboratory. For this
purpose, living specimens of C. cachimilla were detached
from their substrate and crabs found inside them were gen-
tly extracted, measured and sexed as above. Next, each
crab was returned to the same host individual from which
it was originally extracted and each limpet was reattached
to a piece of transparent glass as above. Crabs and the lim-
pets harboring them were placed in 0.5-L transparent plas-
tic containers containing seawater with a concentration of
12 x 10° cell mL~"! of T. suecica. Each limpet was placed
almost vertically with respect to the wall of the container to
allow observations of the mantle cavity containing the crab.
Each crab was continuously observed for a total of 4 h.
Observations were made from a position beneath the con-
tainers at an angle of about 45° from the wall of the con-
tainer. From this position, it was possible to observe inside
host individuals, avoiding being (the observer) detected by
the crab. Also, to minimize stress for experimental crabs,
observations were conducted with dim light. We recorded
the feeding behavior of a total of 9 stage-V females and 3
hard-stage males of C. garthi. We also recorded the feed-
ing behavior of other 14 stage-V females during the experi-
ments in which mucous production and pseudofeces elimi-
nation by limpets were measured (see below).

During our observations, we recorded (1) whether or not
crabs consume host-derived food and/or pseudofeces; and

(2) whether crabs remain in the same position within hosts
or whether crabs change their position and move while
within hosts to ingest food from other structures (e.g., gill
and/or the anterior section of the neck). The semi-translu-
cent and thin carapace of crabs (males and females) permit-
ted us to record whether or not crabs consume host-derived
food as indicated by changes in the color of their stomachs.

Feeding activity of Crepidula cachimilla: the effect of pea
crabs on clearance rate

We evaluated the effect of C. garthi on the feeding activity
of C. cachimilla adult limpets. For this purpose, we meas-
ured the clearance rate (CR), i.e., the rate at which phy-
toplankton concentration declines through time in closed
containers (Marin et al. 1986), in limpets harboring or with-
out stage-V female crabs. We recorded the CR in a total
of 62 different limpets during experiments that lasted 4 h
using an initial phytoplankton concentration of 12 x 103
cell mL~" of T. suecica. We chose this initial concentration
because (1) in C. cachimilla, pseudofeces production is low
at this concentration, and (2) a pilot experiment (data not
shown) demonstrated that within the 6 x 10°-30 x 10° cell
mL~" concentration range, the CR of C. cachimilla does
not depend on the concentration of 7. suecica. Therefore,
using this initial concentration (i.e., 12 x 10* cell mL™),
we ensured that any minor variation in phytoplankton con-
centration among experimental containers did not affect
the CR of the experimental limpets. Prior to the experi-
ment, the shell of each limpet was gently scraped to remove
any filter-feeding epibiont (e.g., polychaete worms) which
might have affected our CR measures. The hunger level of
each limpet was standardized by starving limpets during
24 h before the experiment while keeping them in aquaria
(20 L) containing 1 um filtered seawater. Next, each lim-
pet was individually placed in a 0.5-L container (flask) par-
tially filled, i.e., containing 0.4 L of filtered seawater. After
a period of acclimatization of >20 min, we added 0.1 L of
a dilution of T. suecica reaching the required concentration
and completing the 0.5-L final volume. We conducted 5-10
replicates daily using different limpet individuals. Also,
we used two control flasks daily each containing the same
initial phytoplankton concentration and volume but no lim-
pets. These control flasks permitted detecting any change
in phytoplankton concentration which may be attributed to
cell mortality or cell division occurring during the experi-
ment (see Pechenik and Eyster 1989). Gentle bubbling
helped to maintain the homogeneity of the phytoplankton
suspension in all control and experimental containers.

One microliter water samples were taken from all
containers immediately (time 0) and 1, 2, 3 and 4 h after
the start of the experiment. Water samples were imme-
diately preserved with 0.05 mL of Lugol’s iodine, and
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phytoplankton cell counts were conducted under the micro-
scope using a glass hemocytometer. Each cell concentra-
tion estimate was based on at least two sub-samples from
each container. Next, cell concentrations of experimental
containers were corrected according to changes (if any) in
control containers. The CR (liters x limpet’1 x hour™")
was calculated from the exponential rate of decrease of
T. suecica concentration in a closed system as function of
time (Coughlan 1969). To avoid underestimations of the
CR, this rate was calculated using cell concentrations at
times 0, 1 and 2.

At the end of the experiment, each limpet was detached
from its substrate (mussel valve) and the presence/absence
of pea crabs was determined. The average (£SD) body
size of specimens of C. cachimilla harboring and not har-
boring stage-V female crabs was 35.74 £+ 3.08 mm and
34.39 £+ 3.59 mm SL, respectively. No significant differ-
ences in SL of the limpets with and without crabs were
detected (¢ test, t5; = 1.638, P = 0.107).

We compared the CR between limpets without crab and
those harboring stage-V female crabs using a Student’s ¢
test (Sokal and Rohlf 1981). Prior to the ¢ test, the data-
set was tested for normality (Shapiro—Wilks test) and for
homogeneity of variances (Cochran’s test) and data points
were transformed (if necessary) to meet statistical assump-
tions (Zar 1999). If the Student’s ¢ test detected a signifi-
cant difference in CR between limpets harboring or with-
out symbiotic crabs, then we concluded that mature female
crabs of C. garthi affect the CR of limpets.

Feeding activity of Crepidula cachimilla: the effect
of pea crabs on mucous cord formation and pseudofeces
elimination

To evaluate the effect of C. garthi on the feeding activity of
C. cachimilla, we also measured the production of mucous
cords (PM) in the food canal and elimination of pseudo-
feces (EP) in limpets harboring or without mature (stage-V)
female crabs. PM is defined herein as the number of times
per hour that limpets loaded a phytoplankton-rich mucous
cord into the food canal, transferred this cord to the mouth
and finally ingested this phytoplankton-rich mucous cord.
In turn, EP is defined as the number of times per hour that
a phytoplankton-rich mucous cord was loaded into the food
canal but was then rejected by the limpet and discarded as
pseudofeces. Other sources of pseudofeces (e.g., balls of
pseudofeces liberated from the food pouch), which are spo-
radically produced by limpets (see Shumway et al. 2014),
were not quantified herein.

Limpets were detached from their original substrates and
then reattached to glass as above. The hunger level of lim-
pets was also standardized as above. Next, each limpet was
placed individually in 0.5-L transparent plastic containers
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containing water with 12 x 10° cell mL™! of T. suecica.
After a period of acclimatization of >20 min, one observer
(E.O.) determined PM and EP continuously during 4 h.
Since PM and EP were registered by naked eye, both length
and diameter of the mucous cord were not quantified.
Homogeneous mixing of phytoplankton cells was main-
tained with gentle bubbling. PM and EP were recorded in
a total of 31 limpets of C. cachimilla, 17 without crabs and
14 hosting stage-V female crabs. The average (£SD) body
size of these limpets harboring and not harboring stage-V
female crabs was 28.9 4+ 3.3 mm and 27.7 &= 5.1 mm SL,
respectively. No significant differences in SL of limpets
harboring and not harboring crabs were detected (¢ test,
ty; = 0.942, P = 0.354).

We compared the PM and EP between limpets with-
out crab and those harboring mature female crabs using a
Student’s ¢ test (Sokal and Rohlf 1981). For the EP data-
set, Cochran’s test revealed heterogeneity of the variances,
which was not possible to eliminate after data transforma-
tion (i.e., logarithmic, arcsine). Thus, the nonparametric
Mann—-Whitney U test was used to detect possible differ-
ences in EP (Zar 1999). If the Student’s ¢ test and/or Mann—
Whitney U test detected a significant difference, then we
concluded that mature female crabs of C. garthi affect the
PM and/or EP of limpets.

The effect of Calyptraeotheres garthi on the body
condition of Crepidula cachimilla

We tested whether or not the presence of female crabs
(stages II-V) affects the body condition of their hosts
using C. cachimilla limpets collected during three differ-
ent seasons; spring (December 2007), summer (February
2008) and winter (August 2010). In the laboratory, the
soft body of each limpet was carefully separated from its
shell with forceps, dried for 48 h at 60 °C and weighed
with an analytical balance (precision = 0.01 mg). Taking
into account that slipper limpets exhibit high shell shape
variability, conventional condition indices (CIs) based on
shell volume do not work properly (see Thain 1984). Thus,
we used the dried weight of the soft body parts divided by
the total weight (soft body parts + shell) as a CI in the
studied species (Ocampo et al. 2014). We compared the CI
between limpets without crab and those harboring female
crabs (stages II-V) using three different Student’s ¢ test
(Sokal and Rohlf 1981), one per sampling season. Prior to
the ¢ test, the dataset was tested for normality and homo-
geneity of variances, and data points were transformed (if
necessary) to meet statistical assumptions as above. Dif-
ferences in the condition between limpets of C. cachimilla
harboring and not harboring crabs were also investigated
with three different analyses of covariance (ANCOVA).
In the ANCOVAs, we used the presence/absence of
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Table 2 Mean carapace width (mm, X + SD) and number of indi-
viduals (in brackets) of the pea crab C. garthi collected from within
three limpet species

Male and female Male and Female stage

pre-hard female hard I-v
C. cachimilla 12+04(11) 21+04@31) 4.8+ 1.5(200)
C. argentina 1.3 £0.4 (13) 1.8+0.3(20) 3.1+0.9(26)
B. odites 1.5(1) 21+05(11) 43+1.6(44)

female crabs (stage II-V) as the main categorical fac-
tor, SL of C. cachimilla as the covariate and body weight
(log transformed) as the dependent variable. We assumed
homogeneity of slopes if there was not significant inter-
action between the main categorical factor and the covari-
ate (Sokal and Rohlf 1981). In the case the slopes were
heterogeneous, we applied the Johnson—Neyman (JN) test
to identify the range of body size in which the elevation
of the curves was significantly different from each other
(Huitema 1980; Hunka and Leighton 1997). The JN analy-
sis detects those values of the covariate (SL) at which there
is and there is not a significant effect of the main factor on
the condition of the limpet. If the Student’s ¢ test and/or JN
analyses detected a significant effect of the presence of a
crab in the CI and/or body weight of limpets, then we con-
cluded that female crabs (stage II-V) of C. garthi affect
the condition of limpets.

Fig. 1 Frequency distribution

Results

Presence of Calyptraeotheres garthi and host spawning:
field data

A total of 354 C. cachimilla, 434 C. argentina and 1,267 B.
odites were collected during a 5-year period. The frequency
of occurrence of crabs in C. cachimilla, C. argentina and B.
odites was 68.4, 13.6 and 4.4 %, respectively. Body sizes
of crabs (pre-hard, hard and stage II-V) retrieved from the
different limpet species are shown in Table 2.

During the reproductive season, a total of 24 (31 %), 99
(36 %) and 317 (35 %) crab-free limpets of C. cachimilla,
C. argentina and B. odites were found incubating eggs in
their brooding chambers, respectively. By contrast, none
of the limpets harboring female crabs (stage I[I-V) brooded
egg masses during the same time period (Fig. 1). Thus,
stage II-V female crabs affected the occurrence of egg
masses in the three studied limpets (chi-square test of inde-
pendence: x7 = 46.86, P < 0.0001; x7 = 9.11, P < 0.001;
X12 = 15.41, P <0.0001, in C. cachimilla, C. argentina and
B. odites, respectively) (Fig. 1).

In B. odites, the co-occurrence of egg masses and hard
and pre-hard stage crabs (both males and females) was
also lower than expected under the null hypothesis of inde-
pendence (chi-square test of independence: X12 = 4.24,
P < 0.05) (Fig. 1). As observed in limpets harboring stage
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[I-V female crabs, B. odites limpets harboring male or
female crabs in hard and pre-hard stages did not brood eggs
(Fig. 1). By contrast, in C. cachimilla and C. argentina,
the frequency of egg masses did not vary between limpets
harboring male or female crabs (hard and pre-hard stages)
and crab-free limpets (chi-square test of independence: C.
cachimilla: X12 = 3.57, P > 0.05; C. argentina: X12 = 2.1,
P > 0.05). In these two species, a total of 3 (7.5 %) and 5
(15 %) limpets were observed incubating egg masses and
harboring either male or female crabs (hard and pre-hard
stages), respectively.

Overall, stage II-V female crabs of C. garthi do affect
the spawning and/or brooding behavior of the three studied
limpet species. In turn, male and female crabs in hard and
pre-hard stages did affect spawning and/or brooding in B.
odites but not in C. cachimilla and C. argentina.

Effect of Calyptraeotheres garthi on host spawning:
laboratory experiment

Limpets of C. cachimilla harboring mature (stage-V)
female crabs did not spawn eggs during the entire exper-
imental period that lasted 90 days (Fig. 2). In contrast, 8
out of the 15 limpets not harboring stage-V female crabs

Il Non-brooding limpets [ Brooding limpets

n=19 n=15 n=5
1.00
0.75
c
o
£
9 0.50
o
o
0.25
0
With female Without Stripped
crab (lI-V) crab of crab

Fig. 2 Above proportion of limpets of C. cachimilla that spawned
and brooded eggs during the entire experimental period, which lasted
90 days in limpets with and without female crabs (stage II-V), and
20 days in limpets stripped of female crabs. Below ventral view of
limpets of C. cachimilla brooding eggs (on left, arrow points to egg
masses) and harboring a mature female crab (on right, arrow points
to the crab). Scale bars 0.5 cm
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spawned and brooded eggs (Fig. 2) during the same
time period. Limpets not harboring mature female crabs
spawned, on average (+SD), 2.6 & 1.4 times during this
period (incubation period X £ SD = 10.5 & 2.6 days, inter-
spawning period X & SD = 10.8 £ 5.8 days). A total of
2 out of 5 limpets stripped of stage-V female crabs also
spawned eggs (once each) during a 20-day experimental
period (Fig. 2). These two limpets spawned eggs 7 and
10 days after extraction of symbiotic crabs from their man-
tle cavities. Overall, stage-V female crabs do cause tem-
porary castration in C. cachimilla because at least two for-
mally infested limpets recovered the ability to spawn and
incubate eggs quickly after extraction of their symbiotic
crabs. Finally, after the experiment ended, we macroscopi-
cally examined the gonads in the 19 experimental limpets
harboring stage-V female crabs and found that 11 of them
had ovaries full of mature oocytes.

Feeding behavior of the limpet Crepidula cachimilla
and the pea crab Calyptraeotheres garthi

Feeding behavior of the slipper limpet C. cachimilla was
stereotyped. Limpets fed by concentrating phytoplank-
ton and forming mucous strings in the distal region of the
gill filaments. These strings are then accumulated into a
phytoplankton-rich mucous cord within the food canal in
the neck. These phytoplankton-rich mucous cords were
then slowly transferred from the neck canal to the mouth
(Fig. 3). Each cord was either ingested (Fig. 3a—d) or
rejected as pseudofeces (Fig. 3e, f). After completion of
this process (Fig. 3a—f), the food canal remained clean
until a new cord was loaded. Male and female crabs of C.
garthi were observed to actively feed on phytoplankton-
rich mucous cords produced by C. cachimilla limpets.
This feeding activity was also stereotyped and involved
the use of the two claws by crabs. Each crab first intro-
duced the left claw underneath the neck of the limpet to
grasp a piece of phytoplankton-rich mucous (Fig. 3g—j).
Next, crabs used both claws to insert the captured piece of
mucous into their mouth parts (Fig. 3k, 1). During feeding,
the crab stomachs changed in coloration from ‘whitish’
(when empty) to ‘greenish’ after a piece of mucous cord
was ingested (Fig. 4). In all 3 males (100 %) and in 18
out of 23 females (78 %), we observed the same behavio-
ral sequence and noticed shifts in stomach coloration from
whitish to greenish while the crabs were feeding. Crabs
started to feed during the first hour of the experiment, and
they continue feeding during the 4 h that lasted our obser-
vations. In the remaining 5 experimental female crabs, nei-
ther claw movements nor changes in the coloration of the
stomach were detected. Crabs were never observed to feed
on pseudofeces. During feeding, crabs invariably position
themselves between the propodium and the ventral side of
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Fig. 3 a—f Feeding behavior of the slipper limpet C. cachimilla. Phy-
toplankton was accumulated in a mucous cord (mc) inside the food
canal, and then, it was transported to the mouth (mo). a—d Gradual
movement of the mucous cord. Note that the esophagus (es) bears a
greenish coloration (black arrow in b—d) corresponding to the phy-
toplankton mucous ingested. e, f Food canal empty (black arrows)
and rejection of pseudofeces (ps) (white arrows). g-1 Feeding behav-

the limpet’s neck. Crabs were never observed to change
their position or to move toward the gill or other host
structures.

Effect of pea crabs on the clearance rate of Crepidula
cachimilla

Calyptraeotheres garthi stage-V female crabs did not
affect the CR in C. cachimilla. Thirty-one out of 62

ior of the pea crab C. garthi inhabiting C. cachimilla. Arrows indi-
cate movement of the left claw. g Initial position, h crab moves its
left claw forward, i crab immerses its left claw behind the neck of the
limpet and picked up mucous, j crab carries the captured food to its
mouth. k, 1 Crab feeds on a piece of mucous cord gripped with the
two claws. Pictures were captured from video. Scale bar 0.5 cm

experimental limpets harbored stage-V female crab
(X £ SD = 5.39 £ 1.13 mm CW) while the remain-
ing 28 experimental limpets did not contain crabs. The
average (£SD) CR in limpet harboring and not har-
boring stage-V female crabs was 0.112 £ 0.047 and
0.127 £ 0.053 L h™! ind™", respectively. No significant
differences in CR were found between limpets harbor-
ing or without stage-V female crabs (¢ test, t;; = 0.116,
P =0.269).
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Fig. 4 Dorsal view of the pea crab C. garthi (a, b mature female and
¢, d male) in the mantle cavity of the slipper limpet C. cachimilla.
Arrows indicate the stomach of crabs. Left pictures show empty and

Effect of pea crabs on mucous cord formation
and pseudofeces elimination in Crepidula cachimilla

Stage-V female crabs did not affect PM and EP in C.
cachimilla. The average (£SD) PM in limpet harboring
and not harboring stage-V female crabs was 4.52 + 2.65
and 5.25 + 1.59 h™!, respectively. No significant differ-
ences in PM were observed between limpets harboring
and not harboring stage-V female crabs (¢ test, t,o = 1.534,
P = 0.136). The average (SD) EP in limpet harboring and
not harboring stage-V female crabs was 0.27 + 0.41 and
0.42 + 0.52 h™!, respectively. No significant differences
in EP were observed between limpets harboring and not
harboring stage-V female crabs (Mann—Whitney U test,
U=925 N =17,N, =14, P = 0.277).

Effect of pea crabs on the body condition of Crepidula
cachimilla

In the austral spring, female crabs (stages II-V) did not
impact the condition of C. cachimilla. The average (£SD)
CI in limpet harboring and not harboring adult female crabs
was 5.41 £ 3.39 and 4.86 + 2.68, respectively. No signifi-
cant differences between these CIs were observed (¢ test,
tyo = 0.944, P = 0.351). The ANCOVA showed no sig-
nificant effect of C. garthi on host body weight (Table 3).
The interaction term of the ANCOVA was not significant
(Table 3).

@ Springer

‘whitish’ crab stomachs before feeding. Right pictures show filled
‘greenish’ crab stomachs after feeding. Scale bar 0.5 cm

During the austral summer, adult female crabs of C.
garthi affected the condition of C. cachimilla. The aver-
age (£SD) CI in limpets harboring and not harboring adult
female crabs was 5.01 &+ 1.16 and 4.19 £ 0.71, respec-
tively. Significant differences were observed when we com-
pared the CI of limpets harboring and not harboring adult
female crabs (t test, fg, = 3.79, P < 0.001). The interaction
term of the ANCOVA was significant (Table 3). The J-N
test detected differences in the elevation of the lines depict-
ing the relationship between body weight and SL only in
limpets >29.6 mm SL (Fig. 5). In contrast, the condition of
limpets ranging in size between 17.1 and 29.6 mm SL was
not affected by the presence of the female crabs (Table 3).
Thus, the J-N test shows that the largest but not the small-
est limpets in the population improved their condition when
hosting C. garthi during the austral summer.

Lastly, during the austral winter, adult female crabs of C.
garthi impacted the condition of C. cachimilla. However,
by contrast to that observed during the austral summer, the
condition of limpets harboring crabs was lower than that
of limpets not harboring crabs. The average (£SD) CI in
limpets harboring and not harboring adult female crabs
was 5.39 £+ 2.46 and 6.19 £ 1.94, respectively. Signifi-
cant differences were observed when we compared the CI
of limpets harboring and not harboring adult female crabs
(t test, 1,49 = 3.26, P = 0.001). The interaction term of the
ANCOVA was significant (Table 3). The J-N test detected
significant differences in the elevation of the lines depicting
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Table 3 Result of ANCOVAs of soft body weight against shell
length in limpet of C. cachimilla harboring and not harboring female
crabs (stages I[I-V) of C. garthi during spring, summer and winter

ANCOVA SS df MS F IN
Spring
Slope (interaction term) 0.061 1 0.061 3.234n.s.
Elevation (presence of  0.029 1 0.029 1.469 ns. -
female crab term)
Residual 0.712 38 0.019
Summer
Slope (interaction term) 0.131 1 0.131 10.62%**
Elevation (presence of  0.146 1 0.146 11.87*%% 17.1-29.6
female crab term)
Residual 0.987 80 0.012
Winter
Slope (interaction term) 0.116 1 0.116 7.585%*
Elevation (presence of  0.108 1 0.108 7.038* 13.9-31.7

female crab term)

Residual 2.114 138 0.015

For comparisons where slopes differ, the Johnson—-Neyman (JN) test
provides the depth range (mm) in which elevations are not signifi-
cantly different

Significant P values are marked by one (<0.05) or two (<0.001) aster-
isks

n.s. not significant

the relationship between body weight and SL only in lim-
pets >31.7 mm SL (Fig. 5). By contrast, the body weight
of limpets ranging in size between 13.9 and 31.7 mm SL
was not affected by the presence of female crabs (Table 3).
Thus, the J-N test shows that the largest but not the small-
est limpets in the population experienced a decrease in their
condition when hosting C. garthi during the austral winter.

Discussion

Females from three slipper limpet species halt offspring
production (i.e., spawning and brooding) during breeding
season when infested by stage I[I-V females of the pea crab
C. garthi. Experiments conducted with one of the limpet
hosts, C. cachimilla, demonstrated that limpets infested
with female pea crabs (stage-V) did not spawn eggs dur-
ing a 90-day study period while crab-free limpets (8 out of
the 15) did spawn and brood embryos repeatedly during the
same time period. In turn, limpet of C. cachimilla (2 out of
5) quickly resumed reproduction soon after pea crabs were
removed from the space (i.e., brooding chamber) used by
limpets to brood embryos. Our experiments also showed
that C. garthi is nutritionally dependent on limpets. C.
cachimilla filters microorganisms from the water column
and concentrate captured particles into mucous cords. C.
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Fig. 5 Relationship between soft body weight and shell length in C.
cachimilla harboring and not harboring female pea crabs (stages II-
V). The size range in which there was a significant effect of the crab
on the host condition is highlighted in gray

garthi ‘steals’ portions of phytoplankton-rich mucous cords
while limpets are transporting them from the neck to the
mouth. Finally, depending upon season, adult female crabs
impact (=reduce), improve (=increase) or do not alter the
condition of infested limpets of C. cachimilla. Overall, our
data corroborate that stage II-V female of C. garthi should
be considered parasites of C. cachimilla, C. argentina and
B. odites as previously suggested (Ocampo et al. 2014).
Furthermore, our data suggest pea crabs do castrate, at least
temporarily, infested female limpet hosts.

Some life history traits, common to macro-parasitic cas-
trators, are also observed in the studied pea crab, which
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provides additional support for the idea that C. garthi is a
parasitic castrator. Our results show that castration in the
studied limpets is ‘intensity-independent, i.e., a single
individual female crab completely hampers reproduction
of its limpet host, as occurs in many other parasitic castra-
tors (Kuris 1974; Lafferty and Kuris 2009). Also, C. garthi
attains a large body size with respect to that of limpets (see
Fig. 2), exhibits a solitary life-style, and grows concomi-
tantly with their host individuals (Ocampo et al. 2012a),
as noted before for many other macro-parasitic castra-
tors (Kuris and Lafferty 2000). Altogether, the informa-
tion above represents strong evidence that the pea crab C.
garthi, and probably other species from the same genus,
acts as parasitic castrator of slipper limpets.

Two hypotheses might explain the observed reproduc-
tive cessation in infested limpets. First, the ‘energy drain’
hypothesis proposes that parasitic castrators, such as C.
garthi, cause reproductive cessation by depleting energy
reserves from host individuals due to food diversion and/
or damage of tissues imposed by these parasites (Walker
1977; Van Wyk 1982; Polak 1996). Alternatively, reproduc-
tive cessation of infested limpets might be simply due to the
physical presence of crabs within hosts that interferes with
(inhibits) reproduction, as reported in the pea crab Calyp-
traeotheres sp. and the slipper limpet Crepipatella fecunda
from the southeastern Pacific (Chaparro et al. 2001).

Our experiments showed that there were no differences
in the feeding behavior of limpets harboring and not har-
boring mature female pea crabs. For a given effort of fil-
tration, CR, the production of mucous cords and the rate
of pseudofeces elimination did not vary between infested
and crab-free limpets. At first glance, these results provide
partial support for the energy drain hypothesis. Pea crabs
of C. garthi acquire food directly from hosts, and infested
limpets do not modify their feeding activity to counteract
this nutrient loss. Thus, infested limpets are expected to
ingest less food over long periods of time, and subsequent
food deprivation is expected to cause host individuals to
halt reproduction (Van Wyk 1982; Polak 1996). However,
our field measurements also demonstrated that during
the reproductive season (i.e., austral summer and spring),
the body condition of infested limpets of C. cachimilla
either increased or was not affected by pea crabs. Castra-
tion caused by parasite-mediated energy draining is com-
monly accompanied by a decrease in the overall condition
and/or growth rate of host individuals, as reported before
for various castrated hosts (Anderson 1977; Sousa 1983;
Polak 1996), including bivalves infested by pea crabs (e.g.,
the blue mussel Mytilus galloprovincialis inhabited by the
crab Pinnotheres pholadis—Yoo and Kajihara 1985; the
oyster Crassostrea virginica infested by the pea crab Zaops
ostreus—QO’Beirn and Walker 1999). Thus, our results con-
trast with our expectations (i.e., reduced body condition
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of infested limpets) if the nutritional drain hypothesis was
explaining reproductive cessation in the studied limpets.

A second line of reasoning indicating that C. garthi does
not castrate limpets by depleting their energy reserves is
the prompt recovery of reproductive activity in host indi-
viduals experimentally stripped of crabs. Castration gen-
erally persists for the lifetime of infested host individuals,
although reproduction in hosts might, sometimes, resume
after the castrator’s death (Kuris et al. 1980; Lafferty and
Kuris 2009). If castration in limpets results from pea crabs
depleting energy, these limpets are expected to take a con-
siderable amount of time to accumulate energetic reserves
de novo and divert them to oogenesis. Nevertheless, in
our experiments, soon after experimental extraction of
pea crabs (7-10 days), formerly infested limpets quickly
resumed reproduction. Furthermore, although we did not
quantify the number of oocytes in infested and non-infested
limpets, macroscopic observations revealed that the ova-
ries in infested limpets of C. cachimilla were full of mature
oocytes. The above implies that infected limpets were
reproductively active and ready to spawn. Thus, our data
argue against the notion that crabs cause energetic stress
to limpets during the reproductive season. On the con-
trary, that slipper limpets are capable of quickly recover-
ing reproductive activity once pea crabs are extracted argue
in favor of the ‘steric interference’ mechanism explaining
host castration in the studied species. If pea crabs inhibit
reproduction by merely filling the limpets’ brooding space
(Chaparro et al. 2001), it is expected that once the occupied
space is (experimentally) emptied, the limpet would spawn
again. A previous study has also demonstrated that the lim-
pet C. fecunda promptly resumes reproduction after Calyp-
traeotheres sp. crabs are extracted (Chaparro et al. 2001).

The ‘steric interference’ hypothesis also explains why
the smallest pea crabs that partially fill the brooding cham-
ber do not halt reproduction in limpets (Chaparro et al.
2001). In the field, C. cachimilla and C. argentina brooded
egg masses and harbored small juveniles (pre-hard) or
hard stages of C. garthi at the same time. Interestingly
though, pea crabs from all sizes (i.e., the small pre-hard
and hard stages, and also the comparatively large stage II-
V females) halted reproduction in B. odites. Importantly,
B. odites attains smaller mean and maximum body sizes
than those attained by the other studied limpet species
(Cled6n and Penchaszadeh 2001; Ocampo et al. 2012a).
Thus, the comparatively small brooding chamber of the
small B. odites is expected to become completely filled
by small crabs, including pre-hard and hard stages. Over-
all, as previously demonstrated in the slipper limpet C.
fecunda (Chaparro et al. 2001), space availability within
the incubatory chamber seems to be one of the key factors
determining spawning and brooding in the studied limpet
species.
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Interestingly, we observed that the body condition of
limpets infested by stage II-V female crabs decreased,
increased or was not affected during winter, summer and
spring, respectively. The reduction in the body condition
of infested limpets during winter might result from the
competition for food between limpet and crab, as reported
before in other host/pea crab systems (Stauber 1945; Bier-
baum and Shumway 1988; De Bruyn et al. 2009). How-
ever, the actual reasons for these seasonal changes are pres-
ently unknown. A possible explanation for the increase in
CI observed during summer might have to do with castra-
tion-mediated shifts in the amount of energy that infested
limpets partition between somatic growth and reproduc-
tion. During summer, crab-free limpets of C. cachimilla
allocate resources to embryo production, spawning and
brooding (Cledén et al. 2004). However, infested limpets
do not reproduce due to the presence of pea crabs that
impede the spawning and/or brooding process. Thus, dur-
ing the summer, limpets appear to have a surplus of energy
and reallocation of this energy to growth might explain
the increase in body condition. Additional studies exam-
ining the energetic content of gonads and somatic tissues
of infested and crab-free limpets are needed to determine
whether C. garthi do alter the energy budget of limpets as
we have hypothesized above. As for now, we interpreted
the increased condition in summer as a consequence of pea
crabs halting host reproduction.

Finally, given that C. garthi inhabits the same space that
the hosts use to spawn and incubate egg masses, an alterna-
tive explanation for host castration in the studied limpets is
that the crabs directly prey upon the limpet’s embryos once
they colonize the host’s brooding chamber. However, our
laboratory experiments showed that the feeding behavior of
C. garthi is highly specialized; crabs feed only by stealing
pieces of phytoplankton-rich mucous. Importantly, crabs
were never observed to prey upon the limpet’s eggs. We
found no evidence of predation (i.e., rest of eggs or cap-
sules) in any of the 357 limpets (242 C. cachimilla, 56 B.
odites, 59 C. argentina) that hosted C. garthi in the field.
Additionally, the egg masses of the 8 brooding limpets (3
C. cachimilla and 5 C. argentina) that harbored crabs when
collected have no signs (i.e., broken capsules) of predation.
Lastly, that a ‘false’ pea crab produced the same result than
an actual pea crab in a closely related host-parasitic castra-
tor system (see Chaparro et al. 2001) also argues against
the idea that castration might be caused by pea crabs feed-
ing on eggs.

Conclusions

Overall, the pea crab C. garthi does not castrate limpets
by draining energetic resources from host individuals.

Instead, our field observations and laboratory experiments
suggest that host castration results from pea crabs occupy-
ing the limpet’s incubatory space. The ‘steric interference’
hypothesis also appears to explain seasonal changes in the
limpet’s body condition. During the reproductive season
(i.e., austral spring and summer), pea crabs do not impact
the condition of limpet hosts. We suggest that during this
season, castrated limpets devote surplus energy (not used
for reproduction due to the presence of the pea crab) into
somatic growth, as reported to occur in other castrated
hosts (Ebert et al. 2004; Hall et al. 2007). In turn, during
winter, the limpet’s condition is adversely affected by the
feeding habit of pea crabs. We argue in favor of additional
experimental and natural history studies to keep improving
our understanding of the remarkable symbiotic interaction
established by pea crabs and a diverse array of hosts in the
marine environment.
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