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ABSTRACT: Pea crabs are commercially significant parasites in the aquaculture production of
bivalves in many parts of the world. However, there is scant information available on the biology
of these important parasites in aquaculture. The population structure, sex ratio, and breeding status were determined for the pea crab Nepinnotheres novaezelandiae residing in a typical greenlipped mussel Perna canaliculus farm in New Zealand. Of the 324 crabs randomly sampled, there
were significantly more female (82.4%) than male (17.6%) crabs found. The vast majority of crabs
(87.0%) were sexually mature and of these, females comprised 86.4% and males 13.6%. However, the sex ratio of immature crabs was relatively even, suggesting that male crabs may have
higher mortality while searching for mates. Crab size was highly variable, indicating that recruitment to mussels in the farm was continuous. Carapace width ranged from 4.00 to 11.5 mm, with
males tending to be smaller with a mean (± SE) carapace width of 6.31 ± 0.16 mm versus females
with a carapace width of 8.03 ± 0.06 mm. The crabs did not show any preference for parasitizing
mussels of different sexes. Despite the fact that the mussels were only 10 mo old, most female
crabs were sexually mature (Stage V) and 89.3% were gravid. The mean (± SE) clutch size was
2592 ± 579 and clutch size was directly associated with female carapace width. The mussel farm
pea crab population was estimated at 126 390 ± 14 144 individuals, including 93 000 gravid
females carrying a total of over 241 million eggs. Overall, the results show that pea crabs rapidly
colonize farmed mussels and mature quickly to establish a significant breeding population within
the mussel farm, with larval output capable of infecting nearby mussel farms as well as wild populations of bivalves.
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The New Zealand pea crab Nepinnotheres novaezelandiae is found throughout New Zealand’s coastal
waters. Its main host is the green-lipped mussel
Perna canaliculus, but it is also found occasionally in
a range of other shallow water bivalve species
(Palmer 1995). The relationship between pinnotherids and their hosts is often symbiotic, but research
has determined the association between N. novaezelandiae and its host is an example of biotrophic

symbiotic parasitism (Bierbaum & Ferson 1986, Lackowicz 2005, Trottier et al. 2012). Presence of the parasite within a green-lipped mussel results in a 30%
reduction in mussel shell height and wet mass, likely
as a result of the parasite taking food particles filtered out by the host, and causing erosion of the host
gills (Wear & Fielder 1985, Trottier et al. 2012). Gill
damage from pea crabs has been shown to significantly lower the rate of oxygen consumption as well
as decrease filtration rates of hosts (Bierbaum &
Shumway 1988). A study in New Zealand estimated
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that pea crab infection was responsible for a loss in
production across the nation’s mussel aquaculture
industry of US $2.16 million annually (Trottier et al.
2012).
Infection levels in wild mussel populations by
Nepinnotheres novaezelandiae vary widely and
have been reported to range from 4 to 70% (Jones
1977a, Hickman 1978, Baxter 1981, Bierbaum &
Ferson 1986). Within green-lipped mussel aquaculture an infection level of 5.3% has been reported,
although higher levels are suggested to occur (Trottier et al. 2012).
The life history of Nepinnotheres novaezelandiae
has been partially described, with most larval stages
inferred from related species (Bennett 1964, Jones
1977b, Wear & Fielder 1985). After hatching from
eggs, the larval development begins with an unknown number of zoeal stages which are presumably followed by a megalopal stage that has never
been observed (Wear & Fielder 1985). The first crab
instar is thought to be the invasive stage and is followed by a series of soft carapace stages for both
sexes (Jones 1977b, Wear & Fielder 1985). Males
mature from pre-hard to a dorsoventrally flattened
hard shell stage and range from 3.2 to 11.8 mm in
carapace width. Females moult through 4 additional
stages of soft membranous shells before reaching
Stage V, which has a hardened shell and is sexually
mature (Jones 1977b, Wear & Fielder 1985). Stage I
(hard stage) females are similar to hard stage males
and moult into the soft-shelled Stage II form. Stage
II has carapace front that does not project as far forward as in Stage I. The carapace is thin, smooth,
colourless and yielding to the touch. Stage III
females have abdomen edges that extend beyond
the edge of the sternal groove with the third and
fourth pleopods being bent above the first further
developed segment. Stage IV is very similar to
Stage V except that the abdomen just reaches the
coxae of the legs and extends forward to the posterior edge of mouth (Jones 1977b). Stage V females
are rounded and range from 9.3 to 20.2 mm carapace width and their abdomen is as large or larger
than the carapace (McLay 1988). Gravid females
can be found throughout the year, but a distinctive
spike in the numbers of what are believed to be N.
novaezelandiae zoea has been observed in the
water column from August to March (Jones 1977a).
Previous studies have shown a low incidence of
juvenile pea crab stages recovered from sampled
mussels, suggesting that development to adult is
very rapid following the invasion of the host bivalve
by the juvenile crab (Jones 1977b).

Once settled within the bivalve host, female pea
crabs remain within their hosts indefinitely and
males leave only for mating (McLay 1988). This
hypothesis is supported by the low incidence of multiple pea crabs within one host and the only occasional finding of a male and female pair (Jones
1977b). Crushed male crabs have commonly been
recovered after presumably attempting to enter or
leave mussels (Jones 1977a). The dorsoventrally flattened profile of male crabs is thought to facilitate
their movement in and out of hosts for mating with
female crabs. Mate location by male pinnotherids has
been proposed to be mediated by pheromone attraction (Asama & Yamaoka 2009). A chemotactic mating
strategy would ensure successful locating of females
and reduce the number of times that male crabs
would be required to enter or exit a host. Chemoreception is used by mature Nepinnotheres novaezelandiae for locating bivalve hosts, which highlights
the chemical sensing ability of this crab (Stevens
1990).
Overall, there is insufficient knowledge about the
biology of this parasite which causes financially important damage to commercial mussel aquaculture.
Therefore, the aim of the current study was to examine the population structure, sex ratio, and breeding
status of this pea crab within a typical green-lipped
mussel farm in New Zealand.

MATERIALS AND METHODS
Sampling
Mussels were acquired and processed as part of a
large-scale systematic sampling of a 1.71 ha greenlipped mussel farm in December 2010. The farm was
located in northern New Zealand at Great Barrier
Island and used a modified Japanese long-line shellfish aquaculture method, which is the most commonly used method for the culture of green-lipped
mussels in New Zealand (Jeffs et al. 1999). The farm
covered an area of approximately 90 × 160 m with 9
pairs of parallel backbone lines spaced at 10 m intervals on the surface of the water. Dropper lines suspended from the backbone lines held a crop of
~10 mo old mussels. The paired backbone lines consisted of 35 mm polypropylene rope that was
anchored at both ends and supported by plastic
floats. The dropper lines, with attached green-lipped
mussels, were composed of 20 mm polypropylene
rope and suspended in a U shape between backbone
pairs at 1 m intervals to a depth of about 10 m. Sea
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floor depth at low tide was 10 m on the western side
of the farm and gradually increased to 15 m on the
eastern side.
Sampling was carried out by a random stratified
method on the backbones. Weighted sampling lines
were placed at 15 locations, about 10.5 m apart, on
each of backbones 1, 3, 5, 7 and 9 (Trottier et al.
2012). Dropper lines were stratified into 3 sampling
regions: top (0 to 4 m depth), middle (4 to 8 m depth),
and bottom (8 to 12 m depth). Sample lines were 12 m
in length and composed of 3 mm polypropylene rope
with 3 nylon sample bags placed at the centre of each
sampling depth. For each sampling depth, 30 mussels were randomly sampled and placed in their
respective bag by SCUBA divers. Mussel density
counts of droppers were taken at 2, 6 and 10 m
depths at each end and the centre of all backbones in
triplicate. A total of 6750 mussels were sampled and
processed, producing a total of 324 crabs.

Sample processing
The 30 mussels from each bag were shucked to determine pea crab infection level and acquire pea crab
samples. All infected and 10 randomly chosen uninfected mussels were processed from each bag. Biometric measurements included mussel shell height
and crab carapace width, which were measured with
a digital calliper to an accuracy of 0.01 mm. After being measured, crabs were preserved in 10% formalin
sea water. Eggs were separated from gravid females
prior to preservation. Observations of crab sex and
egg stages were made under a dissecting microscope
at a 60× magnification with crab and egg stages
keyed according to Jones (1977b). Male crabs were
determined to be mature when they were hard stage
with a well-calcified creamy white carapace containing distinctive orange markings and long gonopods.
Mature females were denoted by a smooth, membranous and oval carapace that was opaque white and
an abdomen that was as large, or larger than the
carapace. Egg development was divided into 3 stages
based on the colour of the eggs: red, newly extruded
eggs (Stage 1) which matured into orange eggs
(Stage 2), and finally brown-yellow eggs, which were
eyed ova (Stage 3) (Jones 1977b).

Crab sex ratio and reproductive characteristics
Female crab fecundity was measured by combining the means of triplicate egg counts of clutches.
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Clutches of eggs from individual female crabs were
poured onto a gridded slide for counting. Counts
were performed under a dissecting microscope at
15× magnification with a hand tally counter.
Host mussel sex was determined by histological
analyses. Sections of gonads were excised as mussels
were processed and immediately fixed in Bouin’s
solution. Fixed samples were then placed in a vacuum infiltration processor (VIP) before being embedded in paraffin and sectioned at 7 µm. Gonad sections were stained with haematoxylin and eosin and
mounted with Eukit®. Samples were then sexed
according to Buchanan (1998) and Alfaro et al. (2001)
using a compound microscope at 400 × magnification.

Characteristics of mussel farm crab population
Total fecundity of the crab population on the mussel
farm was derived by first estimating the farm’s Nepinnotheres novaezelandiae population. This was done
by combining the mussel population estimate (± SE) of
2 384 730 (± 73 840) with the overall infection level of
5.3 ± 0.062% as reported previously using spatial
abundance modelling (Trottier et al. 2012). The proportion of gravid females within the crab population
was calculated by dividing the observed number of
gravid females by the total mature (Stage V) female
count. The total farm fecundity was then calculated
by combining the N. novaezelandiae population estimate with the gravid female proportion and the mean
female crab fecundity within the mussel farm.

Statistical analyses
The sex ratio of the population for mature and
immature pea crabs found within the mussel farm
were compared with a chi-square goodness of fit test,
with an expected male:female ratio of 1:1. The relationship of the presence of pea crabs with male versus female mussels was also tested with a chi-square
goodness of fit test. Pearson correlation analyses
were used to examine the relationship between
female egg count and crab size as well as between
crab carapace width and the shell height of the mussel host. Student’s t-test was used to compare the
mean values of male and female crab carapace width
and the shell height of infected and uninfected mussels. A chi-square test of independence was used to
determine whether the abundance of pea crabs of
each sex was independent of the position of the
backbone line within the farm.
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Fig. 3. Nepinnotheres novaezelandiae and Perna canaliculus. Carapace
width of pea crabs versus the shell height of their green-lipped mussel host.
The association between crab size and host size was statistically significant
for the whole sample (p = 0.00) and separately for females (r2 = 0.36, p = 0.00)
and males (r2 = 0.53, p = 0.00)

(r2 = 0.53, p = 0.00). Host mussel shell height ranged
from 45.4 to 96.5 mm. Mean (± SE) shell heights of
infected and uninfected mussels were 70.1 ± 0.38 and
80.8 ± 0.12 mm, respectively, and significantly different (Student’s t-test, p = 0.00). Mean shell heights of
males and females were 68.6 ± 0.95 and 70.4 ±
0.41 mm, respectively, and not statistically different
(Student’s t-test, p = 0.07).
Pea crabs showed no preference for host mussels of
either sex. Female accounted for 43% and males
57% of infected mussels; this was not statistically different from an even ratio (χ2 = 1, df = 1, n = 49, p =
0.32), as is to be expected in this population of dioecious bivalves (Alfaro et al. 2001).

Sex proportion among backbones
A chi-square test of independence was performed
to examine the relationship between pea crab abundance of both sexes and backbone placement within
the farm. The relation between these variables was
not significant (χ2 = 0.496, df = 4, n = 324, p = 0.97).

Characteristics of mussel farm crab population
The total number of infected mussels over the
entire 1.71 ha mussel farm, and therefore the crab
population living on the farm at the time of sampling
was estimated to be 126 390 ± 14 144 individuals.

A mussel farm represents a unique
set of circumstances for a bivalve parasite, such as the pea crab Nepinnotheres novaezelandiae. The spatial
structure of a mussel farm is significantly different from benthic and
intertidal communities, and environmental conditions such as direct wave action and substrate contact
are absent. Intertidal height among wild populations
is thought to frequently determine the abundance of
pea crabs in mussels, since longer submergence time
increases access to the host and opportunities for
infection by the parasitic crabs (Houghton 1963,
Beach 1969, Seed 1969, Kruczynski 1974). The host
population in a mussel farm has distinctive characteristics, in that the mussels are all of equal age, densely
aggregated, fast-growing, permanently submerged
and therefore readily accessible.
Overall, there were nearly 5 times more female
than male crabs found in the mussel farm. A similar
skewed sex ratio, with up to 81.6% females, has also
been observed in wild populations of green-lipped
mussels in New Zealand (Jones 1977a). A dominant
female sex ratio has also been observed in related
parasitic crab species such as Arcotheres tivelae
(91%) (Saeedi & Ardalan 2010), Pinnotheres maculatus (72%) (Kruczynski 1974), and P. sinensis (Sun et
al. 2006). In the present study, the sex bias was uniform and not influenced by the location of the crabs
on the farm, as there was no relationship between
the relative abundance of the sexes and the location
of the backbone lines. However, the sex ratio of
immature crabs was not different from 1:1, suggesting that differential male mortality occurs after
reaching maturity. Previous studies have commonly
found crushed male crabs after they have apparently
attempted to enter or leave mussels, probably for the
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purpose of mating with females (Jones 1977a). A 1:1
birth sex ratio among crustaceans is suggested to be
advantageous to the species despite post-maturity
mortality (Leigh 1970).
In this current study, there was only a single
instance of a male and a female crab being found in
the same host out of the 6750 mussels examined and
324 crabs found, whereas a previous report with a
smaller sample size of 486 wild mussels found a
greater proportion (8 pairs) of co-habiting couples
out of a total of 198 crabs found (Jones 1977a). It is
possible that males are able to move among mussels
for the purpose of finding mates more easily in an
aquaculture mussel population than in a wild population, where mussels may be less accessible.
In this study a total of 218 gravid females were
found and, since female crabs are unable to leave
their host, males must have visited the female at
some point to mate (Jones 1977a, Hickman 1978,
Baxter 1981, Lackowicz 2005). Sperm storage has
been noted in some species of pea crabs but the mating behavior in Nepinnotheres novaezelandiae has
never been observed. However, pinnotherids do contain ventral seminal receptacles which would allow
for hard-stage mating and sperm storage (Becker et
al. 2011, McLay & López Greco 2011). Male N.
novaezelandiae are thought to leave their host mussel in search of females, similar to the behavior
observed in Pinnotheres pisum and P. ostreum (Jones
1977a). This behavior is unusual, as most species of
pinnotherids, such as P. maculatus and Fabia subquadrata, form free-swimming copulatory swarms of
crabs (Pearce 1966). The low proportion of adult male
crabs observed in this study (13.6%) is likely due to
predation at times when the male crabs leave the
protection of their hosts to find mates. Male N.
novaezelandiae have been observed crushed by the
shell rim of their mussel hosts (Jones 1977a). A study
on the pea crab P. ostreum found that males were
killed 13% of the time that they attempted to enter a
bivalve host (Stauber 1945). Although our results
indicated a 1:1 sex ratio for juvenile crabs, differential rates of mortality for mature male crabs resulting
from mate searching could explain the heavily
female-biased female:male adult sex ratio (~9:1)
observed in this study.
The mussels within the farm at the time of sampling were 10 mo old since seeding-out on the dropper lines as early juvenile mussels. Thus, 89.3% of
the sampled female crab had settled and grown to
reach maturity inside this time frame. The association
between crab size and host size was statistically significant for both females (p = 0.00) and males (p =

0.00) (Fig. 3). The carapace size of sampled individuals ranged from 4.00 to 11.5 mm, and the vast majority of crabs collected from these mussels were mature
adults (87.0%) (Fig. 2). This suggests that the maturation rate of Nepinnotheres novaezelandiae from
juvenile stages within a mussel farm is relatively
rapid. Free-swimming Pinnotheres taichungae (previously reported as P. bidentatus) grow at 1 mm mo−1
carapace width, and N. novaezelandiae, with the
protection of a host offering a potentially unlimited
food supply, would have greater potential for rapid
development (Hsueh 2001). Fast growth and short
moulting stages would also advance the number of
mature males entering the adult population and alleviate mating restrictions imposed by the apparently
high rate of adult male mortality. The limiting factor
for reproduction of these mature females is likely to
be acquisition of sperm from males, a situation
aggravated by their scarcity. It is likely that female
crabs within this population reproduce several times
annually. The farm-wide fecundity of 241 million
eggs estimated in this study provides an instantaneous measurement and is likely to therefore be an
underestimate of the annual reproductive capability
of the crab population within the farm. Reproductive
output may also increase in parts of New Zealand
where mussel crop growth is much slower. This
slower growth rate would delay harvest time for the
mussels and potentially give the crabs more time to
settle and grow. Our results indicate an increased
clutch size of about 500 eggs for every millimeter of
growth in the female carapace width (Fig. 1). Greenlipped mussel farms within New Zealand are usually
harvested after 10 to 18 mo at which time the pea
crab population is probably increasing via ongoing
infection with settlers. The high reproductive output
of pea crabs has the potential to increase the recruitment of these parasites into local wild and farmed
populations of mussels and other bivalves (Trottier et
al. 2012).
Brown-yellow (eyed ova) eggs comprised the
majority of the 3 egg stages observed. Red and
orange stages were less frequent, suggesting that
these earlier egg stages are shorter in duration and
that eggs mature quickly once extruded. The brood
period of Nepinnotheres novaezelandiae eggs is
unknown, although in other crab species it can be
as short as 8 d from egg until hatching to the first
zoea (Arshad et al. 2006). Rapid maturation of eggs
and therefore a short clutch retention period could
allow pea crabs a higher number of repeat spawnings in a year. This would aid the parasite in infecting new hosts in farms and wild populations and
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also allow for rapid establishment and recolonizalandiae highlight the need for further investigation
tion of new hosts.
into their larval and reproductive biology in order to
Mussel spat used to seed the farm sampled in this
further develop parasite management strategies.
study is sourced from the northern end of the country
In particular, research is needed into the mating
at Ninety Mile Beach (Jeffs et al. 2000, Alfaro et al.
pheromone systems as it could provide the best tar2010). This source of spat is used to supply the majorget for bio-control that is specifically aimed at males,
ity of New Zealand green-lipped mussel aquaculture
which would take advantage of the skewed sex ratio
operations. Previous research on the spat collected
and optimize the effect of control measures.
from this location indicated an equal sex distribution
of males and females among the spat (Alfaro et al.
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