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Abstract

The crab Rhithropanopeus harrisii (Gould) (Brachyura; Xanthidae) was infected in the
laboratory with the parasitic barnacle Loxothylacus panopaei (Gissler) (Cirripedia;
Rhizocephala). Crabs and barnacles were collected in the Rhode River in the Chesapeake
Bay, MD. Forty-three out of 153 R. harrisii, including stages from megalopa «1 mm of
carapace width) to crab 8 stage (:±:8 mm of carapace width), developed a mature parasite
(externa) after exposure to rhizocephalan cypris larvae. The duration of the internal phase
of the parasite (from infection to the emergence of the externa) averaged 33 days and was
independent of host size. Recently emerged externae (virgin externae) exposed to male
cypris larvae, matured after fertilization in an average of 15 days. Host molting frequency
and molt increments did not differ significantly between parasitized and control crabs.
Survival to the crab 9 stage (:±:9.5 mm of carapace width) was 6% for hosts parasitized
during the megalopal stage «1 mm of carapace width), while it was 50% for the controls.
The results of this study are discussed relative to the prevalences of L. panopaei found in
the Chesapeake Bay.

Keywords: Chesapeake Bay; Crab; Host-parasite interaction; Parasitic castration;
Rhizocephalan barnacle

1. Introduction

Rhizocephalan barnacles are all parasites, mainly of decapod crustaceans
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(Bocquet-Vedrine, 1972; Overstreet, 1983), which have a highly modified life cycle
compared to free living barnacles. Rhizocephalans pass through two larval stages,
nauplius and cypris, as the rest of barnacles, and present a gonochoristic condition
(Hoeg 1991). The female cypris larva infects a susceptible host (in crabs, usually a
recently molted organism) and develops as an endoparasite (internal phase)
followed by the emergence of the reproductive body (externa) through the
abdomen of the host, usually after host molting. Rhizocephalans can be described
as macroparasites (sensu Anderson & May, 1981). From one to a few may be
found on each host. After emergence, the externa has to be fertilized by male
cypris larvae before maturation and reproduction ensue. From the moment of
initial infection by the female cypris to the time where the externa emerges, the
host undergoes a series of physiological and morphological changes, which include
complete castration and cessation of growth (O'Brien & Van Wyk, 1984; Hoeg &
Liitzen 1985).

In most host species, rhizocephalans are found on hosts of intermediate size
(Daugherty, 1969; O'Brien & Van Wyk, 1984, Hoggarth, 1990; Wardle & Tirpak,
1991), indicating that infection may occur exclusively in juvenile individuals. The
pattern of reduced size in hosts has attracted considerable interest because of its
effect in commercial fisheries species (Bishop & Cannon, 1979; Sloan, 1984; Weng,
1987) and because other allometric changes (often considered to be hormonally
based) may accompany stunted growth (Reinhard, 1950; Nielsen, 1970; Hochberg
et ai., 1992). These instances of altered growth and allometry provide oppor
tunities for examining the physiological mechanisms that control molting fre
quency (including premature anecdysis), relative growth, and molt increments
(Andrieux et ai., 1981; Herberts, 1982; O'Brien & Skinner, 1990).

In this study, experimental infections of the xanthid crab Rhithropanopeus
harrisii (Gould) by the rhizocephalan barnacle Loxothylacus panopaei (Gissler)
were performed in the laboratory. Duration of development (internal phase) and
time to maturation (from emergence to first reproduction) of parasites infecting a
range of host sizes were established. Molting frequency and molt increments for
parasitized crabs were compared to those of controls. Host survival after infection
was determined. Finally, the size distribution of parasitized R. harrisii in the field
is discussed relative to the results presented here.

2. Materials and methods

Rhithropanopeus harrisii was collected in the Chesapeake Bay from the Rhode
River at the Smithsonian Environmental Research Center. Plastic trays, con
taining oyster shell, were suspended from a dock and left to be colonized by R.
harrisii. Routinely, ovigerous females and parasitized crabs were collected from
these trays and transferred to the laboratory. Once in the laboratory, crabs were
kept individually in plastic containers at a constant temperature of 24°C and under
a 12 h day /12 h night photoperiod. Unfiltered water from the Chesapeake Bay
was used throughout the experiments and its salinity was maintained at 15%0. To
insure that no rhizocephalan larvae were present in the water used in the
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laboratory, in order to prevent uncontrolled infections, the water was aereated for
7 days prior to being used. This period of time would be enough since the
infective cypris larva develops in 48 h and remains infective for 4 days (Alvarez,
1993).

Ovigerous females of R. harrisii were monitored daily until the larvae became
free swimming. Crab zoeae were cultured in groups of 100 in 300 ml plastic
containers. Water was changed daily or every other day as needed. The zoeae
were fed daily newly hatched Artemia nauplii. At the third crab stage, the
Artemia nauplii diet was gradually replaced by adult Artemia and pellet food
made of dried shrimp. Organisms on the fifth crab stage and older were
maintained on pellet food only. Fifty four crabs obtained from these cultures were
never exposed to rhizocephalan larvae and served as controls, while 156 others
were used in the experiments. All crabs were measured with a vernier caliper
every time they molted and the date was recorded. Parasitized crabs were
maintained in a similar way and monitored daily for newly released rhizocephalan
larvae. Each parasite brood was collected and placed into 300 ml plastic
containers. Due to their lecithotrophic development, the rhizocephalan larvae
were left undisturbed until they were presented with potential crab hosts.

Infection experiments were performed using crabs that had molted within 24 h
prior to exposure, since intermolt crabs are not susceptible to infection (Alvarez,
1993). Exposures lasted for 12 h and utilized cypris larvae which were 2 days old,
following the protocol of Walker et al. (1992). A minimum of 100 cypris larvae
were used in every exposure. After the exposure period, the crabs were placed in
clean water and routine care was resumed. The remaining cypris larvae were
discarded. Both control and experimental crabs were monitored daily, although
external signs of a successful infection usually are not visible until the crab molts
again. Crabs ranging in size from <1 mm in carapace width (CW) (megalopae) to
adults > 10 mm in CW were used in these experiments.

Crabs bearing virgin parasite externae, which had been infected in the
laboratory or collected in the field, were exposed to cypris larvae for 12 h for
fertilization. Because virgin externae grow rapidly after fertilization, crabs col
lected in the field were observed for a minimum of 5 days to ensure that they had
not been previously fertilized. The crabs were subjected to the same post
exposure care as above and were monitored daily for visible changes in growth of
the externae of the parasites (signifying successful fertilization), until the first
batch of larvae was released.

Data analysis comprised linear regression and comparison of regression slopes
and elevations with analysis of covariance (ANCOVA). All crab measurements
were taken in mm and mean values are followed by ±1 SE.

3. Results

Forty-three out of 156 crabs exposed to cypris larvae were successfully infected
and developed an externa (overall parasitization rate = 27.5%). Cypris larvae
attached to the crabs in a number of sites: on the dorsal surface of the carapace,
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inside the orbits and in the ocular peduncle, on all the segments of legs, along the
suture lines of the thoracic segments, and on the segments of the second and third
maxillipeds. Many cypris larvae entered the branchial chambers of the potential
hosts, but it is uncertain whether or not these larvae attach and penetrate into the
host. They can enter in sufficiently large numbers to suffocate and eventually kill
the crab. Cypris larvae, once attached to the crab, remained in place and molted
to the kentrogon stage (the last external stage before penetrating into the host) in
a process that took about 3 days until injection of the parasite primordium
occurred.

Crabs measuring 0.8 mm (megalopa stage) to 8.5 mm (crab 8 stage) were
successfully infected. Development time of the parasite from infection to the
emergence of the externa varied between 18 and 57 days (X = 33.5 ~ 2.1 days)
and was independent of host size (r = -0.27, n = 29, p > 0.05; Fig. 1).

Twenty-four crabs were followed from infection to the emergence of the
parasite. The relationships between intermolt period (in days) versus premolt size
were significant for both parasitized (y = -1.571 + 4.432X, n = 48, r = 0.7987,
p < 0.001) and control crabs (y = -3.651 + 5.145X, n = 54, r = 0.8479, p < 0.001);
the two regressions did not differ significantly (ANCOVA with premolt size as
covariate; slopes, F(I.IOO) =0.961, p>0.05; elevations, F(I.IOI) =0.653, p>0.05;
Fig. 2). Nine of the experimental crabs that were infected as megalopae «1 mm)
underwent 3 to 7 molts (average 5) until the parasite emerged. The remaining 15
crabs, representing crab instars 3 to 8 (where the normal intermolt period is
longer, =1 month), molted one time, with the exception of a 3rd crab instar that
molted 4 times before the externa of the parasite emerged.

The regressions of molt increments as a function of premolt size were significant
for control (n = 54, r = 0.589, p < 0.01) and parasitized crabs (n = 48, r = 0.349,
p < 0.05). Molt increments did not differ significantly between control and
parasitized crabs (ANCOVA with premolt size as covariate; slopes F( I.YY) = 0.032,
p > 0.05; elevations, F( 1.1(1) = 1.16, P > 0.05; Fig. 3). The size that was reached at
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Fig. 1. Scattergram of dcvelopment time of the internal phase (from infection to emergence of the
externa) of Loxothylacus panopaei, in hosts of various sizcs.
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Fig. 2. Plot of intermolt period versus premolt size of Rhithropanopeus harrisii. 0, data from the
control crabs; e, parasitized crabs.

each instar, after the megalopal stage, was virtually the same for control and
parasitized crabs (Fig. 4).

In order to fertilize the newly emerged parasites, 28 crabs bearing virgin
externae were exposed to rhizocephalan cypris larvae. Six crabs died within 5 days
from the time of exposure, and the parasites in the remaining 22 crabs matured
and started to reproduce. The average maturation time (from fertilization until
the first larvae were released) was 15.5:±: 0.8 days (range 12 to 22 days).

A set of 125 megalopae, 54 control and 71 experimental, was followed from
infection until the crab 9 stage (145 days). First, survival was followed with respect
to the crab stage that was reached. Twenty-eight (39.5%) of the 71 megalopae
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Fig. 3. Plot of molt increment versus premolt size of Rhithropanopeus harrisii. 0, data from the control
crabs; e parasitized crabs.
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Fig. 4. Plot of average size that is reached at each developmental stage in Rhithropanopeus harrij
from megalopa (M) to crab 9 (C9) stage. 0, data from the control crabs; ., parasitized crabs. T:
error bars correspond to plus or minus I SE.

exposed to rhizocephalan cypris died within 3 days of exposure. At the crab
stage, the externa of the parasite emerged in 5 of the remaining 28 live cra!
(18%), in 4 of the remaining 21 live crabs (18%) at the crab 5 stage, and in 2 ,
the remaining 13 crabs (15%) at the crab 7 stage (Fig. 5). Twenty-seven (50%) •
the 54 control crabs survived to the crab 9 stage, whereas only 4 (6%) of the ~

exposed crabs reached this stage.
The high megalopal mortality of exposed crabs may be an artifact of the hi!

concentrations of rhizocephalan larvae to which they were exposed in order 1

insure that infection would take place, To verify that megalopal mortality alor
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Fig. 5. Plot of survival of Rhithropanopeus harrisii, expressed as percentage of the total initial samp
versus developmental stage. 0, data from the control crabs; ., crabs that were exposed
rhizocephalan larvae at the megalopal stage (M = megalopa, C1-C9 = crab 1 through crab 9). T
arrows indicate the percentage of individuals which developed an externa at that stage.
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Fig. 6. Plot of survival of Rhithropanopeus harrisii, expressed as percentage of the total initial sample,
versus developmental stage. 0, data from the control crabs; e, crabs that were exposed to
rhizocephalan larvae at the megalopal stage (M = megalopa, CI-C9 = crab 1 through crab 9). In this
graph the igh megalopal mortality shown in Fig. 5 has been omitted.

was not causing the observed differences in ultimate survival, a second com
parison was made using the number of exposed crabs surviving to the crab 1 stage
as the initial number (Fig. 6). It can be seen graphically that a marked difference
persists with respect to survival of the control and experimental crabs, and that
the pronounced decrease in survival of exposed crabs begins in the crab 4 stage,
when the externae of the parasite began to emerge (Fig. 6).

Second, survival is analyzed as a function of time. Megalopal mortality after
exposure to cypris larvae again is pronounced. Sixty-one percent of the control
crabs survived 145 days, while only 15.5% of the exposed crabs did. Separate
linear regressions of percent survival for the control and experimental data sets
were significant (control: y = 102.2-0.308X, n = 30, r = -0.9683, p < 0.01; ex
perimental: y = 69.19-0.41X, n = 30, r = -0.9394, P < 0.01; Fig. 7). When com
pared, the slopes were not homogeneous (ANCOVA with time in days as
covariate, Foo28 ) = 5.988, p < 0.021). When survival of parasitized crabs was
corrected for megalopal mortality, the significant regression (y = 88.99 - 0.509X,
n = 29, r = -0.9851, P < 0.01) also differed significantly from that of the control
crabs (ANCOVA with time in days as covariate, Foo2s ) = 41.209, P < 0.0001).

Survival increased for crabs that were infected in more advanced stages of
development. Thirty-four crabs, representing 5 stages (crab 4 to crab 8), were
exposed to rhizocephalan cypris. Of these, 9 crabs (29.5%) died within 5 days of
exposure, 20 crabs (26.5%) were infected and developed an externa at the next
molt, and 15 crabs (44%) survived uninfected.

4. Discussion

Reduced sizes of crabs parasitized by rhizocephalan barnacles have been
reported in a number of studies (i.e. Reinhard, 1956; Bocquet-Vedrine, 1972;
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Fig. 7. Plot of survival of Rhithropanopeus harrisii, expressed as percentage of the total initial sample
versus time in days. 0, data from the control crabs; e, crabs that were exposed to rhizocephalan larvae
at the megalopal stage (M = megalopa, CI-C9 = crab I through crab 9).

O'Brien & Van Wyk, 1984), but few studies have followed parasitized individuals
through successive molts to observe the steps by which these changes occur.
O'Brien (1984) demonstrated that the number of molts is reduced in parasitized
versus control crabs (Heterosaccus califomicus on the crab Pugettia producta) and
Veillet (1945), Vernet-Cornubert (1958) (Sacculina carcini on Carcinus maenas) ,
and Hawkes et al. (1987) (Briarosaccus callosus on Paralithodes camtschatica)
showed that molt increments are smaller in parasitized than nonparasitized crabs.

In this study, the duration of the intermolt period and the increase in size in
molt increments in control versus parasitized crabs did not differ significantly. As
expected from these results, the size that is reached at each stage from megalopa
to the crab 9 instar was virtually the same for control and parasitized crabs,
corroborating the absence of an effect of the parasite on the growth pattern of the
host. Thus, L. panopaei affects the size of R. harrisii primarily by producing
anecdysis ("parasitic anecdysis", O'Brien & Van Wyk, 1984), whereas the crab
normally would show indeterminate growth (Turoboyski, 1973).

"Precocious maturity" (described for the majid crab Pugettia producta parasit
ized by Heterosaccus califomicus, O'Brien, 1984) does not occur in R. harrisii
because the great majority of crabs bearing an externa already have reached the
size at which sexual maturity is acquired. The length of the gonopods suggests that
male R. harrisii become sexually mature between 4.0 and 4.5 mm. Setation of the
pleopods and the minimum size at which they become ovigerous suggest that
females become sexually mature between 4.5 and 5.0 mm (Ryan, 1956;
Turoboyski, 1973). In both cases, these sizes coincide with the minimum size of
parasitized crabs.

Development time of the parasite (from infection to emergence of the externa)
was independent of host size and variable; the average of 33.5 ± 2 days is longer
than the 26 days reported for R. harrisii megalopae only by Walker et al. (1992).
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Considering that cypris larvae 2-6 days old are capable of infecting a crab, that
the development time of the parasite averages 33 days, and that the externa
mature in an average of 15 days after fertilization (Alvarez, 1993), a conservative
estimate of L. panopaei generation time is 54 days. Since the internal develop
ment time of the parasite is roughly equal to the intermolt period (30 days) in
crabs 4 mm and bigger, the average molt increment is about 1 mm, and the most
heavily parasitized sizes of crabs in the field are 6 to 9 mm (Fig. 8), it can be
estimated that the stages of R. harrisii most susceptible to infection are crab stages
5 to 8 (=5-8 mm). Further, because R. harrisii of a wide range of sizes can be
infected and because development time of L. panopaei is independent of host
size, infection of juvenile crabs in this species does not shorten the generation
time of the parasite, as is the case in other crab-rhizocephalan associations
(O'Brien, 1984; O'Brien & Van Wyk, 1984).

The pattern of host size selectivity may be the result of a minimum viable host
size for the parasite, below which the crab may be too small to sustain the energy
demands of the parasite. In R. harrisii, the effects of rhizocephalan infection on
growth of the crab host are not as clear as they are in other species where
parasitized crabs are of intermediate size (O'Brien & Van Wyk, 1984). The first
susceptible stage for infection in R. harrisii is the megalopa; during the develop
ment time (culminating in the emergence of the externa) of the parasite (=1
month), the crab will reach 4 mm CWo Thus, 4 mm is the minimum crab size at
which the parasite can be detected by the presence of an externa. Beyond the crab
4 stage (=4 mm CW), the intermolt period of the crab increases to about 1 month
(at 24°C); crabs at these stages will produce a rhizocephalan externa at the next
molt. Crabs remain susceptible to infection to at least the crab 9 stage, and, thus,
some of the largest crabs in the population may bear parasites (Fig. 8).
Consequently, due to the wide range of susceptible stages and the relatively small
size of adults of this host species, we do not observe in R. harrisii the typical
pattern of parasitized crabs of intermediate size. The wide range of susceptible
sizes in the populations of R. harrisii may account for the rapid spread of the

_N~.~~~mmO_N~.~~~mao........ _............... ---N
Host Size (mm)

Fig. 8. Bar graph of the size frequency of Rhithropanopeus harrisii from the Rhode River, Maryland.
Open bars represent unparasitized crabs and solid bars parasitized crabs.
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parasite. For example, in the Rhode River, Chesapeake Bay, L. panopaei
appeared on R. harrisii for the first time in 1989 but, by 1991, 72% of the host
population was infected (Hines et aI., 1995).

Parasitism of L. panopaei on R. harrisii had a significant effect on survival.
Under laboratory conditions, a high initial mortality is observed after exposure of
crabs to infective cypris larvae. This could be an artifact of the high concentrations
of larvae to which the crabs were exposed in order to assure infection. As the
cypris are attracted to the potential host, they enter the branchial chambers in
great numbers, probably obstructing water flow and ultimately suffocating and
killing the crab. Cypris larvae have been observed before in the branchial
chamber of R. harrisii (Walker et aI., 1992), but there is no evidence that cypris
settlement occurs in the gills. As far as is known, settlement occurs exclusively on
external areas at the base of setae and other soft areas of the carapace. After the
initial exposure period, the next stage at which mortality increases is at the molt
from crab 3 to crab 4, corresponding to the point where the first externae emerge.
A distinction has to be made between mortality that occurs before the parasite
becomes external and survival of crabs with externae. As shown here, a large
proportion of crabs that survive the initial exposure to the larvae of the parasite,
and that do not develop an externae still die. It is possible that they were infected,
their physiological condition was poor, and they could not withstand the energy
drain inflicted by the developing parasite. Due to this confounding effect,
mortality due to parasitism during the internal phase of the parasite is probably
underestimated. However, the crabs that do develop an externa generally survive
for many months in the laboratory (Alvarez, 1993). Although it has not been
formally quantified, similar observations of high survival of parasitized crabs have
been made for other species parasitized by rhizocephalans (Foxon, 1940; O'Brien,
1984; Lutzen, 1987; Hoggarth, 1990). This may occur because only the most fit
hosts survived the initial stages of infection, particularly in species where infection
can occur in very small hosts.

This pattern of prevalence in smaller than average hosts also has important
evolutionary implications. The first consequence for the parasites is that they do
not reach a larger size. Since there is a positive correlation between host size and
parasite size and between parasite size and number of larvae produced in the
decapod-rhizocephalan system (Alvarez, 1993), it would appear that parasites are
exploiting hosts in a suboptimal way if they occur on relatively small hosts.
Published explanations for this pattern consider that rhizocephalan parasites may
effectively shorten their generation time by decreasing the host's number of molts
or molt increments, reducing the host's maximum size (O'Brien & Van Wyk,
1984), or that a spatial constraint may place younger crabs at a higher risk of
infection than older crabs, since in estuarine species larval crabs may occupy the
same habitat as the parasite's larvae (Walker et aI., 1992). Regardless of the
processes that originate this pattern, a size refuge is created where individuals that
attain a certain size would thereafter be relatively free from parasitism. If so, in
host species where rhizocephalan prevalence remains at high levels for prolonged
periods of time, parasitism may represent a selective force for hosts to reach
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larger sizes in a shorter period of time. Further, in sympatric, closely related host
species that share the same parasite species (e.g. Alaskan king crabs, Hawkes et
aI., 1987), differences in maximum adult size may give those larger species an
advantage, since in that case a larger proportion of the population can reach the
size refuge.
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