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Male Nepinnotheres novaezelandiae making successful entry into the Perna canaliculus host of 

a female crab. 
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Abstract 

Pea crabs are globally ubiquitous parasites of marine bivalves that cause serious economic 

impact among several major aquaculture species.  However, little is known about the biology of 

pea crabs in aquaculture as well as their impact on the hosts and aquaculture production.  

There are many information gaps including host-parasite interactions and pea crab mating 

behaviour that could potentially prove useful for controlling their infection in aquaculture.  

Research presented in this thesis investigated the biology, abundance, distribution, impact, and 

mate location behaviour of Nepinnotheres novaezelandiae within aquaculture of its preferred 

host the New Zealand green-lipped mussel (Perna canaliculus).   

 

Systematic sampling of a typical green-lipped mussel farm revealed an overall farm-wide 

infection rate of 5.3 % of mussels.  Crab abundance increased gradually with decreasing water 

depth beneath the farm and greater distance from the shoreline.  Infection with a pea crab 

caused a 30 % reduction in total wet weight of the host mussel with shell dimensions also 

significantly reduced compared to mussels from the same farm  without a pea crab.  

Extrapolating size losses to current total mussel aquaculture of green-lipped mussels in New 

Zealand represents an estimated loss of US$2.16 million annually.   

 

Sampling revealed a strong sex bias toward females (82.4 %) in the population of pea crabs 

surveyed on the mussel farm. Most crabs (87 %) recovered were sexually mature and of these 

86.4 % were mature females. The sex ratio of immature crabs was relatively even indicating 

high post maturation mortality among male crabs. The pea crab population with the mussel 

farm was estimated at 126,390 with 93,000 gravid females carrying over 241 million eggs. 

These results indicate the rapid colonization and maturation of pea crabs in farmed mussels 

that are able to establish a significant breeding population with the potential for infecting 

nearby mussel farms as well as wild populations of bivalves. 

 

Behaviour experiments revealed that male crabs always entered a host through the widest gap 

in between the valves at the inhalant siphon of the host mussel.  Male crabs were often 
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observed stroking the mantle edge in this region of the mussel whilst attempting to gain entry 

and significantly increasing valve gape as a result. A natural diurnal rhythm was observed in P. 

canaliculus with decreased sensitivity to touch at night when crabs are almost exclusively 

active.  This research indicates the likely use of a pheromone-based mate location system to 

greatly reduce the risks for males associated with locating mates. 

Overall, these results provide us with a better understanding of the biology and impact pea 

crab parasitism has on aquaculture.  They also indicate potential targets that may be able to be 

used in biocontrol and management practices to help lower infection levels of this economically 

important parasite in green-lipped mussel aquaculture. 
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Chapter One 
General Introduction 

__________________________________________ 

1.1 Pea Crabs: An Overview 
Pea crabs are small crabs of about 10 mm in carapace width that belong to the Decapod family 

Pinnotheridae.  They live in symbiotic association with an array of marine organisms and are 

ubiquitous throughout the world.  The presence of pea crabs within bivalve hosts has a long 

recorded history.  The Greek philosopher Aristotle (382 - 322 B.C.) referred to them as "the 

guard of the pinna" and encouraged the common view at that time that both the host mussel 

and pea crab would die shortly after being separated (Ross and Smith 1912).  This mistaken co-

dependency of pea crabs and their mussel hosts was also earlier used as a metaphor by the 

Egyptians to symbolize the co-dependence of humans upon each other and was often 

presented in hieroglyphics. Well into the first century A.D. Roman scholars continued to 

propagate the idea that pea crabs live in an obligate symbiotic relationship, a view that was 

widely held until modern scientific investigations proved otherwise (Bostock and Riley 1855). 

 

 Our understanding of pea crab biology has changed dramatically as several studies have 

shown that the relationship between pea crabs and their hosts is parasitic (Krucznski 1972, 

Pregenzer 1979).  It was initially mistakenly thought that pea crabs signalled to their bivalve 

hosts when to close in order to trap food that both the mussel and crab would share.  However, 

marine bivalves are mostly filter feeders, capturing and condensing fine particles from sea 

water in their gills into a stream of mucus that is then digested.  Pea crabs present within 

bivalves feed from the mucus stream and therefore steal food and parasitize their host. 

However, pea crabs are not only found in bivalves but are found in facultative and obligate 

arrangements in a wide array of marine organisms including in the tubes of polychaetes, the 

cloacea of holothurians, and in close association with a variety of ascidians, echinoids, and 

gastropods (Bell and Stancyk 1983, Grove and Woodin 1996).  As of 2010 there were 

approximately 313 described species of pea crabs in 56 genera of whose phylogenetic 
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assignment is still being debated (Zmarzly 1992, Manning 1993, Campos 1996a,b, Martin et al. 

2009). The ability of pea crabs to live with such a wide variety of host organisms is likely the 

reason for their diversity and the continual discovery of new species (Martin et al. 2009). 

 

1.2 Marine Parasites in Aquaculture  

1.2.1. Parasites of finned fish 

Parasitism within marine aquaculture species is common with the main focus upon fin fish (Timi 

and MacKenzie 2015).  An initial report describing a parasite in farmed marine fish came in 

1939 which was followed by a growing stream of publications on the topic (Herrington et al. 

1939, MacKenzie 1987).  The vast majority of published papers on parasites encountered in 

aquaculture deal with fin fish, with relatively few publications on invertebrates of commercial 

interest including scallops, prawns, lobsters and bivalves (Timi and MacKenzie 2015).  Diseases 

and parasites are a normal part of natural marine ecosystems but can have significant economic 

implications in aquaculture (Sinderman 1984).  Species of marine pathogens and parasites are 

composed of approximately 25 % viruses, 34 % bacteria, 19 % protists and 18 % are metazoans 

from hosts that make up 49 % fishes, 21 % crustaceans, 28 % molluscs and 1 % affect 

echinoderms (Timi and MacKenzie 2015).  Aquaculture species can be infected with diseases 

and parasites from wild species and in turn infected aquaculture populations can infect wild 

populations.  However, these infection pathways are of great concern to those managing 

aquaculture activities, along with the risks associated with human transport of exotic infectious 

agents to new areas either from or to areas of aquaculture activity (MPI 2015). There are very 

published quantitative studies that provide evidence of populations of wild species suffering 

more from diseases and parasites as a result of living in proximity of aquaculture operations 

(Lafferty et al. 2015). 

 

 One of the most studied parasites of finfish are the copepod ectoparasites of salmon 

farming known as sea louse  which have had a high impact on salmonid aquaculture in some 

areas.  There are a variety of species of sea louse and most have vast reproductive potential 

and affect a wide variety of fish species, which is undoubtedly why they have been so 

http://journals.cambridge.org.ezproxy.auckland.ac.nz/action/displayFulltext?type=6&fid=9535133&jid=PAR&volumeId=142&issueId=01&aid=9535132&bodyId=&membershipNumber=&societyETOCSession=&fulltextType=ED&fileId=S0031182014001188#ref12
http://journals.cambridge.org.ezproxy.auckland.ac.nz/action/displayFulltext?type=6&fid=9535133&jid=PAR&volumeId=142&issueId=01&aid=9535132&bodyId=&membershipNumber=&societyETOCSession=&fulltextType=ED&fileId=S0031182014001188#ref16
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extensively studied (Aaen et al. 2015).    In the wild, naturally low densities of hosts prohibits 

the dispersal and rates of infection by sea lice. However, salmon held in high densities on farms 

promotes rapid transmission and rates of infection which can have severe negative effects on 

farms.  Salmon farms in some parts of the world are commonly placed near natural salmon 

migration routes which can be detrimental as early stage salmon, smolts, are particularly 

vulnerable to infestation with sea lice (Aaen et al. 2015).  Aquaculture of finfish is considered a 

significant factor for spreading sea lice to wild populations of salmonids (Costello 2009).  Much 

of the research on aquaculture parasites focused on salmonid species as  about 7 % of global 

finfish aquaculture production comes from this group of fishes (FAO 2010).  Indeed a huge body 

of research exists around finfish and their parasites and their hosts (Table 1.1). 

 

PARASITE DISEASE FISH HOST 

Neoparamoeba spp. Amoebic gill disease (AGD) Oncorhynchus mykiss 

N. perurans  Salmo salar 

Amyloodinium ocellatum Amyloodiniosis Dicentrarchus labrax, Sparus aurata, other 
species 

  Morone saxatilis, Oreochromis aureus,  
Amphiprion frenatus, D. labrax 

Hexamita, Spironucleus Hexamitosis/spironucleosis Salmonids and other species 

S. barkhanus  Salvelinus alpinus 

Cryptobia salmositica Cryptobiosis O. mykiss, Oncorhynchus spp. 

Trypanoplasma borreli  Cyprinus carpio 

Trypanosoma carassii  Cyprinids 

Cryptocaryon irritans Cryptocaryosis Chelon labrosus, Epinephelus coloides, 
Lates calcarifer and others 

Ichthyophthirius multifiliis Ichthyophthiriosis O. mykiss, C. carpio, Ictalurus punctatus, 
Oreochromis niloticus 

Scuticociliatida Scuticociliatosis Psetta maxima, Paralychthis olivaceus 

Glugea anomala Microsporidiosis Platichthys flessus 

G. plecoglossi  Plecoglossus altivelis 

G. epinephelusi  Epinephelus akaara 

Loma salmonae  Salmo salar 

Pleistophora anguillarum  Anguilla spp. 

Spraguea lophii  P. flessus 

Tetramicra brevifillum  Psetta maxima 

Goussia carpelli  C. carpio 

Ceratomyxa shasta Ceratomyxosis Salmonids 

Enteromyxum leei Enteromyxosis S. aurata, Diplodus puntazzo 

E. scophthalmi Enteromyxosis P. maxima 

Myxobolus artus  C. carpio 

M. cerebralis Whirling disease O. mykiss 

M. cyprini  Leuciscus cephalus 

Sphaerospora dicentrarchi Sphaerosporosis D. labrax 

Tetracapsuloides bryosalmonae Proliferative kidney disease (PKD) O. mykiss 

Diplectanum aequans Diplectanosis D. labrax 

Discocotyle sagittata  O. mykiss 

Gyrodactylus derjavini Gyrodactylosis O. mykiss 
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G. salaris  S. salar 

Hetrobothirum okamotoi  Takifugu rubripes, P. olivaceus 

Microcotyle sebastis Microcotylosis Sebastes schlegeli 

Neobenedenia girellae  Seriola dumerili, P. olivaceus 

Neoheterobothrium hirame  P. olivaceus 

Pseudodactylogyrus bini, P. anguillae  Anguilla spp. 

Cryptocotyle lingua  Several species 

Diplostomum spathaceum Diplostomosis Several species 

Rhipidocotyle fennica  Rutilus rutilus 

Ribeoroia marini  Carassius auratus 

Cardicola fosteri  Thunnus maccoyii 

Sanguinicola inermis Sanguinicolosis C. carpio 

Diphyllobothrium spp.  O. mykiss 

Anguillicola crassus  Anguilla spp. 

Utterbrackia imbecilis  Lepomis macrochirus 

Argulus japonicus  S. salar 

Lepeophtheirus salmonis Sea lice disease S. salar 

Sinergasilus major  Ctenopharyngodon idella 

Table 1.1.  Sample of common parasites of fish and their respective disease.   

 

 With such a wide array of parasites among finfish species used in aquaculture there has 

been a large effort to attempt to control infection levels.  In finfish the application of 

prophylactic treatments and immunization can reduce viral and bacterial diseases (Subasinghe 

2009).  Methods taking advantage of chemicals with bath treatments and medicated feed are 

routinely used, although natural methods that take advantage of species that are natural 

predators of parasites are also in use.  These include using natural cleaner fish, laser treatment 

of sea louse and plankton shielding skirts on sea cages used to farm finfish to help reduce 

infection of fish with sea lice (Deady et al. 1995).  Most chemical treatments for parasites of 

farmed finfish have been over-exploited which has resulted in widespread resistance, with 

highly reduced sensitivity indentified in sea louse in particular (Table 1.2).   

 

Treatment Mode of Action Resistance Type Resistance in Sea Lice Reference 

Emamectin 
benzoate. Oral 
treatment 

Activation of glutamate- 
and GABA-gated 
chloride channels, 
thereby reducing the 
cell's excitability. 
Mechanisms probably 
not fully elucidated 

Resistance in 
nematodes and 
arthropods. 
Overexpression of P-
gps, CYPs, GST, carboxyl 
esterases. Changes in 
glutamate- and 
histidine-gated ion 
channels 

Widespread. 
Mechanisms unclear. 
Overexpression of 
metabolic enzymes, P-
gps, and 
downregulation of 
GABA-gated chloride 
channels and neuronal 
AChE receptors 

(He et al. 2009, Kwon et al. 
2010, Geary and Morena 
2012, Ghosh 2012, Igboeli et 
al. 2012, Wolstenholme and 
Kaplan 2012, Carmichael et 
al. 2013, Sutherland et al. 
2014)  

Benzoyl ureas, 
diflubenzuron 
and 
teflubenzuron. 
Oral 
treatment 

Inhibition of chitin 
synthesis, rendering the 
parasites unable to 
detach from their 
exuviae during molting 

Resistance in 
arthropods. 
Overexpression of CYPs. 
Mutation in the chitin 
synthase gene 

Not reported (Pimprikar and Geoghiou 
1979, Van Leeuwen et al. 
2012, Merzendorfer 2013). 
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Hydrogen 
peroxide. Bath 
treatment 

Not fully elucidated. 
Etching action. Gas 
bubbles in the body 
rendering the parasites 
unable to hold on to a 
surface. Also used 
against amoebic gill 
disease 

Resistance in bacteria 
and fungi. 
Overexpression of 
metabolic enzymes such 
as catalase, glutathione 
peroxidase, GST in 
mammalian cells, 
bacteria, and fungi 

Reported from Norway 
and Scotland. 
Mechanism not 
elucidated 

(Spitz et al. 1992, Thomassen 
1993, Bruno and Raynard 
1994, , Fiander and Schneider 
2000, Uhlich 2009, Nakanura 
et al. 2012, , Helgesen et al. 
2014)  

Azamethiphos. 
Bath 
treatment 

Inhibition of AChEs in 
cholinergic synapses, 
leading to excitation and 
subsequently paralysis 

Resistance in 
arthropods. Mutations 
in genes coding for 
AChE. Overexpression of 
metabolic enzymes. 
Described already in the 
1960s 

Reported from the 
North Atlantic Ocean. 
Mutation in one of the 
genes coding for AChE 

(Smissaert 1964, Denholm et 
al. 2002,  Kaur et al. 2015) 

Pyrethroids, 
deltamethrin 
and 
cypermethrin. 
Bath 
treatment 

Disruption of neuronal 
signals through 
interference with 
VDSCs, leading to 
excitation and 
subsequently paralysis 

Resistance in 
arthropods. Also 
reported in non-target 
aquatic species. 
Overexpression of 
metabolic enzymes such 
as CYPs, GST, superoxide 
dismutase, mutations in 
the VDSC gene, and 
reduced cuticle 
penetration 

Widespread. Metabolic 
resistance most likely 

(Bloomquist 1996, Vontas et 
al. 2001, Sevatdal et al. 2005, 
Davies et al. 2007, Muller et 
al. 2007, Ranson et al. 2011, 
Koganemaru et al. 2013, 
Rinkevich et al. 2013,  
Weston et al. 2013, Xu et al. 
2013) 

Table 1.2.  Treatments of sea louse mode of action with their method of resistance type of resistance with 
aquaculture. Adapted from Aaen et al. 2014. 

 

1.2.2. Parasites of bivalves 

The majority of research into parasitism in bivalve aquaculture is focused on the common blue 

mussel, Mytilus edulis, which is farmed extensively throughout the world but especially in 

European waters.  For example, the aquaculture of this mussel in both North America and 

Europe was valued at around US$ 171 million in 2013 (FAO 2015).  Bivalves such as M. edulis 

can harbour a wide variety of parasites including trematodes, parasitic copepods and shell-

boring polychaetes, such as Mytilicola intestinalis (Davey and Gee 1976),  Polydora ciliata (Seed 

1991), Himasthla continua (Krakau et al. 2006), Himasthla elongata (Lauckner 1984), Renicola 

roscovita (Thieltges 2006), and Psilostomum brevicolle (Buck et al. 2005).  The impacts of 

parasites on the aquaculture production of bivalves can be varied and extensive.  For example, 

parasitic pea crab species such as Tumidotheres maculatus have been noted to reduce host size 

in M. edulis while other parasite species such as Prosorhynchus squamatus have caused 

parasitic castration (Coustau et al. 1993).  The Food and Agriculture Organization of the United 

Nations (FAO) have included T. maculatus among the seven most important diseases of M. 

edulis (Table 1.3)(FAO 2015). 
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ORGANISM TYPE PATHOLOGY TREATMENT REFERENCE 

Marteilia maurini Protozoan Potentially lethal; haemocyte 
infiltration of digestive gland 
(connective tissue and epithelia); 
extensive destruction of the 
digestive gland in heavy 
infections 

No curative measure; 
prevention & site selection; 
monitoring mussel transfer 

(Longshaw et al. 2001) 

Picornaviridae-like 
virus 

Virus Heavy mortalities (Rasmussen 1986) 

Vibrios Bacteria Not specified (Nottage and Birkbeck 
1990) 

Rickettsia-like 
organisms; 
Chlamydia-like 
organisms 

Bacteria Microcolonies in the epithelial 
cells of the gills and digestive 
gland 

No curative measure; 
prevention & site selection 

(Gulka and Chang 1985, 
Svärdh 1999) 

Steinhausia 
mytilovum 

Micro-sporidian Infects cytoplasm of mature 
mussel ova; incites a strong 
haemocyte infiltration response 

No curative measure; 
prevention & site selection; 
monitoring mussel transfer 

(Villalba et al. 1997) 

Cliona Sponge Penetrates the periostracum 
forming holes in the outer surface 
and a tunnel network throughout 
the shell 

None (Kent 1979) 

Prosorhynchus sp. Bucephalid 
trematode 

Mantles show abnormal 
colouration (patchy yellow-white) 
in heavily infected individuals; 
castration; weakness; gaping 

None (Coustau et al. 1991) 

Polydora ciliata Polychaete 
annelid 

Burrows & blisters; mortalities; 
reduced condition index; loss of 
market quality 

None (Kent 1981) 

Pinnotheres pisum Crustacean Reduces market value No curative measure; 
decrease stocking density 

(Pewsey 1994) 

Mytilicola intestinalis; 
Mytilicola orientalis 

Copepods Usually commensal but may 
retard growth 

(Dare and Edwards 
1975, Dethlefsen 1975) 

Table 1.3.  Common parasite species of the commercially important M. edulis including their pathology, methods 
of treatments and organism type.  Adapted from FAO 2015. 

 

 Much work has been done in describing the diseases and parasites that affect bivalve 

aquaculture but few options are available for their treatment.  The majority of infections have 

no method of control but instead rely upon preventative measures such as managing mussel 

stock transfers to prevent or limit the transfer of the species of concern, decreasing stock 

density and careful site selection to reduce the prevalence of infection before it begins in 

farmed stock. 

 

For example, infections of the Mediterranean mussel, Mytilus galloprovincialis, with Marteilia 

refrigens is influenced by environmental factors such as farm site and depth. Carefully selecting 

farm sites for factors that reduce the presence of the parasite is the only control measure as 

there is no other treatment available (Fuentes et al. 1995, Robledo and Figueras 1995).  Site 
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selection is also often vital for bivalve farms with it being the only option for the preventative 

reduction of other parasites such as protozoan Marteilia maurini, bacterial pathogens in the 

Chlamydiaceae and Rickettsiae Families and the microsporidian parasite, Steinhausia mytilovum 

(FAO 2015). 

 

Parasitic pea crabs are found in several key bivalve aquaculture species including the common 

blue mussel, M. edulis, (Haines et al. 1994), eastern oyster Crassostrea virginica, (Stauber 

1945), the New Zealand green-lipped mussel, Perna canaliculus, (Jones 1977b) and the bay 

scallop, Agropectin irridians, (Kruczynski 1974).  Pea crabs have been reported to parasitise six 

of the top 20 most valuable commercial bivalve species (Table 1.4).  Although some species of 

pea crabs show host preferences (Stevens 1990), some species are generalists such as the 

squatter pea crab, T. maculatus,  which is reported to parasitize up to 21 host bivalve species 

including M. edulis (McDermott 1962). For example, the New Zealand pea crab, N. 

novaezelandiae, can be found in five species of surf clam aside from its preferred host the 

green-lipped mussel, P. canaliculus (Palmer 1995).  Being a generalist in terms of the selection 

of hosts, allows pea crabs the capacity to occupy a wider range of bivalve habitats and 

consequently is likely to result in an increase in the overall spatial distribution of the species.  

Furthermore, the densely packed monoculture of bivalves on a farm greatly facilitates the 

potential for the recruitment of crabs (Trottier and Jeffs 2012). With bivalve farms providing an 

avenue for higher abundance of reproductively active pea crabs, the potential for spill-over 

effects of pea crabs into neighbouring bivalve populations, both wild and aquaculture, is highly 

probable.   
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Common Name Species Name 

Quantity 
produced 
annually 

(t) 
Value 

(USD 000) 

Global 
Value 
Rank  

References 

Green mussel Perna viridis 214,415 53,016 16 Martin and Jong-Deock 2005 

Mediterranean 
mussel 

Mytilus 
galloprovincialis 

107,488 106,275 10 Yoo and Kajihara 1985 

New Zealand 
mussel 

Perna canaliculus 95,168 241,017 9 
Jones 1977 a, b, Hickman 1978, Hickman and 

Illingworth 1980, Page 1983, Palmer 1995, Trottier and 
Jeffs 2012, Trottier et al. 2012 

Eastern oyster 
Crassostrea 

virginica 
111,742 66,924 13 

Flower and McDermott 1952, Austin et al. 2005, 
Mercado-Silva 2005 

Japanese carpet 
shell 

Ruditapes 
philippinarum 

3,604,246 3,353,640 1  Dia et al. 1986, Asama and Yamaoka 2009 

Common blue 
mussel 

Mytilus edulis 207,918 349,072 8 

Atkins 1926, Seed 1969, Kruczynski 1974, Derby and 
Atema 1980, Bierbaum and Ferson 1986, Bierbaum 
and Shumway 1988, Haines et al. 1994, Tablado and 

Gappa 1995 

Table 1.4.  Annual production values according to the FAO (2012) of bivalve species among the global top 20 most 
commercially important that have reports of pea crab infection and selected key references.  

 

 Pea crabs were originally thought to be symbiotic and have little effect on their hosts.  

However, this is not the case as many reports document their highly negative impact on 

bivalves (Table 1.5).  Typically, the impact of pea crabs on bivalves is a result of food stealing 

from the host which causes a reduction in growth rate and therefore reduces the bivalve 

product size.  Stealing of resources from the mussel by the crab has been demonstrated by the 

use of dyes and radioactive markers fed to bivalve hosts that are subsequently filtered out, and 

recovered from the body of the hosted crabs (Krucznski 1972, Pregenzer 1979).  Pea crabs also 

cause a variety of other stresses to their hosts, such as gill damage, shell distortion, nodule 

formation and decreasing the ability of the hosts to feed and respire (Table 1.5).  In the 

commercially important European species of M. Edulis, T. maculatus has been noted to cause 

gill damage, reduced growth rate and shell distortion similar to N. novaezelandiae (McDermott 

1962, Bierbaum and Ferson 1986, Trottier et al. 2012).  Indeed the majority of research 

implicating pea crabs as parasites of marine bivalves and their subsequent impact has been 

observed in Mytilus species from three difference pea crabs including Fabia subquadrata, P. 

pisum and P. maculuatus (Pearce 1966, Seed 1969, McDermott 1962, Bierbaum and Ferson 
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1986).  The impact, factors affecting abundance and distribution has also been investigated in 

the oyster crab (Pinnotheres ostreum) where reduced condition index (CI), and gill damage 

common to most infected species has been observed in the Atlantic oyster.  There are no 

reports of mutualistic or beneficial associations of pea crabs with their bivalve hosts published 

to date.  While hallmark damage to hosts includes a reduction in CI, gill damage, nodules and 

reduced filtration rate.  Nodule formation is also common as a result of the constant rubbing of 

the crab's carapace against the host mantle in the pearl oyster (Pinctada maxima) and green-

lipped mussel (Dix 1973, Jones 1977a).  The impact and damage caused by pea crabs in general 

is consistent throughout species although quantification of size and product loss has rarely 

been calculated, likely due to their presence often going unnoticed and lack of mortality being 

observed except in the Atlantic oyster. 

 

Pea Crab Species Host Species Parasite Effect Reference 

Tumidotheres maculatus Mytilus edulis Gill damage, poor condition McDermott 1962 

Tumidotheres maculatus Mytilus edulis 
Reduced filtration rate, decreased 
oxygenation rate Bierbaum and Ferson 1986 

Tumidotheres maculatus Mytilus edulis 
Decreased filtration rate, decreased 
oxygenation Bierbaum and Shumway 1988 

Tumidotheres maculatus 
Argopecten irrians 
concentricus Reduced size, reduced growth rate Kruczynski 1972 

Tumidotheres maculatus 
Argopecten irrians 
concentricus Gill and palp damage Haven 1958 

Pinnotheres sinensis Mytilus galloprovincialis 
Significant decrease in condition 
index Sun et al. 2006 

Nepinnotheres 
novaezelandiae Perna canaliculus Reduced size, shell distortion Trottier et al. 2012 
Nepinnotheres 
novaezelandiae Perna canaliculus Mantle lip nodules Jones 1977a 

Pinnotheres ostreum Crassostrea virginica 
Gill erosion, feeding interference, 
some mortality Stauber 1945 

Pinnotheres ostreum Crassostrea virginica Gill damage, poor condition Sandoz and Hopkins 1947 

Pinnotheres ostreum Crassostrea virginica Gill lesions Flower and McDermott 1952 

Pinnotheres ostreum Crassostrea virginica Gill damage Christensen and McDermott 1958 

Pinnotheres (spp) Crassostrea virginica Reduced condition index Mercado-Silva 2005 

Pinnotheres (spp) Meretrix casta 
Gill, mantle, gonad, digestive gland 
damage Silas and Alagarswami 1967 

Pinnotheres villosulus Pinctada maxima Mantle lip nodules Dix 1973 

Fabia subquadrata Mytilus californianus Reduced size Anderson 1975 

Fabia subquadrata Mytilus (spp) Gonadal indentation Pearce 1966 

Pinnotheres pisum Mytilus (spp) Reduced size Seed 1969 

Table 1.5.  Selected studies on the damage recorded to the host species by the parasitism of pea crabs. 
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1.3 Pea Crabs in New Zealand: A Specialist and A Generalist 

In New Zealand there are only two known representatives of the family Pinnotheridae, 

Nepinnotheres novaezelandiae and Pinnotheres atrinicola, both of which are endemic. 

Pinnotheres atrinicola is a host-specific species of pea crab that lives symbiotically within the 

horse mussel, Atrina zelandica, and was first recognized as being distinct from N. 

novaezelandiae in 1983 (Page 1983).  Many of the stages of both larval and adult development 

of the two New Zealand species are very similar and the initial confusion surrounding these two 

species is likely a result of an incomplete original description by Filhol (1885a,b).  There are only 

a handful of reports on P. atrinicola including its larval and adult description which has a 

description of morphological differences from N. novaezelandiae and an account of the 

presence of this species hosting a hyperparasite from the Bopyridae family, Rhopalione 

atrinicola (Page 1983, Page 1985, Stevens 1990, Stevens 1991). 

 

 Nepinnotheres novaezelandiae was originally named as Pinnotheres novaezelandiae 

until its reassignment to the genus Nepinnotheres in 2008 (Ahyong and Ng 2008).  This species 

is found throughout New Zealand waters most often in association with its preferred host, the 

New Zealand green-lipped mussel, Perna canaliculus (Figure 1.1). 

 

 

 

 

 

 

Figure 1.1.  Mature female N. novaezelandiae found within the mantle cavity of a 1-year-old P. canaliculus host. 

 Studies using host odour as an attraction cue have shown that adult N. novaezelandiae 

are able to differentiate between hosts and preferentially select green-lipped mussels (Stevens 
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1990).  However, this pea crab is a generalist parasite and its other large bivalve hosts include 

the large trough shell, Mactra discors, the New Zealand surf clam, Mactra murchisoni, the 

triangular trough shell, Crassula aequilater, and the triangle shell, Spisula aequilateralis, as well 

as the common blue mussel, Mytilus edulis (Hickman 1978, Baxter 1981, Palmer 1995) (Figure 

1.2).   

 

Figure 1.2.  Reported bivalve hosts of N. novaezelandiae (A) Green-lipped mussel (Perna canaliculus) (B) common 
blue mussel (Mytilus edulis) (C) Horse mussel (Atrina zelandica) (D) Triangular trough shell (Crassula aequilater). 

 

1.4 Larval Development in Crustaceans 

Most marine species whether they are benthic or pelagic, as well as freshwater species, 

undergo complex life cycles (Havenhand 1995, Pechenik 1999, McEdward 2000). Development 

consists of an embryonic, larval and a juvenile adult phase compared to direct development 

from the egg to an adult-like juvenile as seen in many terrestrial animals (Anger 2006).  Benthic 

marine species with complex life cycles pass often through radical ontogenetic changes in both 

habitat and lifestyle.  These changes are often accompanied by dramatic changes in their mode 

of locomotion, feeding, as well as many other vital functions. For example, as adults brachyuran 

crabs may be benthic predators or scavengers, however, their larvae could be planktonic 

suspension feeders with highly variable habitats, behaviour and locomotion.  The most 

dramatic morphological, ecological and feeding changes among Crustacea occur in barnacles 

and decapods.  Larval development in decapod crabs follows a series of planktonic larval zoeal 

stages followed by a megalopal stage.  Zoeal stages are different from the final, more advanced 

megalopal stage because they often possess a distended abdomen and differential feeding 

appendages (Anger 2010). The megalopa of brachyuran crabs possesses pleopods on their 

abdomen for swimming and pereiopods for walking.  Brachyuran crab megalopae are active 

swimmers which is primarily thought to be for locating a suitable habitat for benthic settlement 
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and subsequent development to the first crab instar (Forward et al. 2001).  Settlement cannot 

be indefinitely deferred and megalopae often possess the ability to detect and orient 

themselves toward physical, chemical and acoustic cues associated with their specific 

settlement habitats (Forward et al. 2001, Breithaupt and Thiel 2011). These cues can originate 

from the suitable settlement habitat and can include sound, smell of conspecifics, sediment, 

vegetation, depth, salinity and host odour (Forward et al. 1997, Gebauer et al. 2003, Gebauer et 

al. 2004, Radford et al. 2007, Stanley et al. 2010, Pine et al. 2012). The time to metamorphosis 

(TTM) in crabs is variable and can be decreased by appropriate settlement cues although it 

cannot be delayed indefinitely.  Acoustic cues from reef habitat have been demonstrated to 

expedite settlement by as much as 1.8 times faster in Hemigrapsus sexdentatus, Cyclograpsus 

lavauxi, Macrophthalmus hirtipes and two Grapsidae species endemic to New Zealand (Stanley 

et al. 2010).  The median TTM in the swimming megalopae of two benthic New Zealand mudflat 

crabs (Austrohelice crassa and Hemigrapsus crenulatus) was reduced by as much as 31 % when 

exposed to ambient estuarine mudflat sound which is their preferred settlement habitat (Pine 

et al. 2012).  Time to metamorphosis and settlement have also been demonstrated to be 

significantly shortened in response to chemical cues in crustaceans originating from 

conspecifics, such as in the fiddler crab (Uca pugnax), the black fingered mud crab (Panopeus 

herbstii) and the Asian shore crab (Hemigrapsus sanguineus) and many others (O’Connor and 

Gregg 1998, Kopin et al. 2001, Gebauer et al. 2003, Steinberg et al. 2007, Breithaupt and Thiel 

2011).  Without suitable settlement cues many marine post-larvae, including brachyuran 

megalopae, are able to delay metamorphosis (Weber and Epifanio 1996, Forward et al. 2001, 

Pine et al. 2012).  Knowledge of the patterns of larval dispersal, mortality, settlement and 

recruitment are vital for understanding the population structure of crab populations and 

communities.  Therefore, greater understanding of the biology of pea crabs will provide insights 

into their possible infection of aquacultured mussels and may help lead to viable prevention of 

treatment methods. 

1.5 Nepinnotheres novaezelandiae: Larval Biology 
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Within populations of N. novaezelandiae there exists a strong sex bias with gravid females 

being the more commonly found than the males of this species (Jones 1977a).  This is attributed 

to the ability of this crab species to store sperm, a common trait among Brachyura (Wear and 

Fielder 1985, Fieckert 2013).  In the absence of males, female crabs are able to produce up to 

three consecutive broods of viable eggs after their last mating (Fieckert 2013).  The laying of a 

new brood appears to occur consecutively regardless of the ambient temperature conditions 

which supports the theory that N. novaezelandiae incubate eggs throughout the year, a 

common feature of many parasitic species (Jones1977a).  However, observations of seasonal 

fluctuations in the abundance of zoea in the plankton have been reported in Wellington 

Harbour which is typical for Brachyurans which demonstrate a seasonal breeding cycle (Jones 

1977a, Wear and Fielder 1985). 

 

 The larval duration among crustacean species is highly variable.  Some species, such as 

spiny lobsters, have extended larval durations of up to 18 months while for some crab the larval 

duration is a matter of days (Chiswell and Booth 1999). Larval duration is a critical factor 

affecting the distance crustaceans disperse from their parent population (Gaines and 

Roughgarden 1985, Montgomery et al. 2006).  However, an increased larval duration may help 

avoid intraspecific competition among adults but in turn may decrease the likelihood of finding 

suitable habitat with which to settle if parental populations are specific to hosts such as the 

green-lipped mussel in the case of N. novaezelandiae (Bradbury and Snelgrove 2001). Decapod 

crustaceans, such as N. novaezelandiae have a bipartite lifecycle beginning with a series of 

planktonic larval stages followed by the benthic juvenile and adult stages (Caselle and Warner 

1996).  Female N. novaezelandiae brood their eggs until they are ready to hatch at which time 

they are then dispersed through the exhalent siphon of the host mussel.  The larvae then 

undergo several zoeal developmental stages in the plankton and are able to disperse away from 

the parental population (Bradbury and Snelgrove 2001). 

 

 The egg development time in N. novaezelandiae can range from 7.2 - 13.1 weeks 

depending on incubation temperature (Feickert 2013).  The larval development of N. 
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novaezelandiae consists of a pre-zoeal stage, three zoeal stages and a single megalopa stage 

followed by the appearance of the first juvenile instar (Feickert 2013).  The period of larval 

development in N. novaezelandiae is approximately 43.2 days from hatching until the first 

juvenile instar which is thought to be the invasive stage entering the host mussel (Feickert 

2013, Jones 1977b)(Fig 1.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.3. Lifecycle of the New Zealand pea crab N. novaezelandiae. Eggs hatch to an unknown number of zoeal 
stages that develop through to megalopae and then the first juvenile crab instar.  This instar is the invasive stage 
that enters into a host and undergoes several pre-hard stages.  Males develop into a mature, flattened hard-
shelled adult while females develop into a rounded mature stage (Atkin 1926, Bennett 1964, Jones 1977b, Baxter 
1981, , Wear and Fielder 1985, Fieckert 2013). 
 

 The juvenile male crabs grow to a size where they molt from a pre-hard stage to a 

flattened hard shell stage (3.2 - 11.8 mm) (Wear and Fielder 1985)(Fig. 1.4A).  After the pre-

hard stage, females moult through four stages of soft membranous shells (Fig. 1.4B) before 

reaching stage V which is sexually mature (Jones 1977b).  Stage V females are essentially 

rounded in shape and range from 9.3 to 20.2 mm in carapace width (McLay 1988).  The low 
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number of immature pea crabs recovered in previous research suggests that pea crabs grow 

and moult as mature adults quickly, although the actual timing to reach adult development has 

not been reported (Jones 1977b).  Throughout their adult development the mouthparts of N. 

novaezelandiae remain identical indicating that all stages of N. novaezelandiae feed in the same 

manner (Baxter 1981). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4.  Sexual dimorphism of mature N. novaezelandiae. (A) Male crab with a dorso-ventrally flattened profile 
and cryptic orange/brown colouration. (B) Larger female crab with a rounded profile and cream coloration.  Both 
specimens sourced from cultured P. canaliculus on Great Barrier Island, New Zealand. 

 

1.6 Nepinnotheres novaezelandiae: Mating Strategy 

Once a female pea crab infects a mussel, she is thought to remain there for the duration of her 

life, visited only occasionally by males for fertilisation (McLay 1988).  Once sexual maturity is 

reached, the males begin to leave their hosts to seek out females with which to mate (Atkin 
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1926).  The dorso-ventrally flattened profile of males undoubtedly assists with their successful 

exit and entry into live bivalve hosts that is required for mating.  This behaviour results in the 

occasional incidence of a male and female pair co-habiting a host (Jones 1977b).  However, 

male crabs have commonly been observed being crushed whilst attempting to enter or leave 

bivalve hosts in search of females and studies have estimated that male crabs have a 13 % 

chance of mortality when entering a bivalve (Jones 1977a).  The strong sex bias observed in a 

number of pea crab populations towards females is thought to be a result of heavy losses and 

predation upon male crabs due to their mating strategy.  Predation risk must be weighed 

against reproductive success as well as the risk of being crushed, a trade off between the risk of 

predation or mortality versus the cost of reproduction (Lima and Dill 1990, Magnhagen 1991).  

Predation is implicated in evolutionary ecology and is often seen as a function influencing 

mating strategies, mate searching, courtship and mate choice in the marine and terrestrial 

environment (Belwood 1987, Breden and Stoner 1987, Sih 1990, Crowley 1991, Magnhagen 

1991,  Forsgren 1992, Berglund 1993, Sih  1994).  Predator pressure has also been observed to 

change mating behaviour in freshwater fish such as, in common guppies, Poecilia reticulata 

(Endler 1987).  

 

 The sex bias observed in populations of N. novaezelandiae has been well documented 

and is thought to be a product of male predation while mate searching (Jones 1977a, b, 

Hickman 1978, Baxter 1981, Lachowicz 2005).  Two major studies of reef fish gut contents 

documented a heavy reliance upon crustaceans, although N. novaezelandiae was not directly 

identified (Russell 1983, Denny and Schiel 2001).  There are no reports of the specific gut 

contents of fish feeding in green-lipped mussel beds or directly from an aquacultured mussel 

farm which leaves an important gap in the understanding of how male pea crabs are preyed 

upon.  However, other species of pea crabs have been found in the gut contents of fish species, 

such as the Atlantic sturgeon (Savoy 2007), several species of flounder and flat fish (Miller 

1967) and several representatives of the Sebastidae (sea perches), such as the copper sea perch 

which feeds exclusively on crustaceans (Prince 1975). 
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1.7 Pheromones In Crustaceans 

1.7.1 Chemoreception in Crustaceans  

Chemoreception is highly developed in crustaceans and the the vast majority employ 

pheromones for conspecific signalling and mating (Dunham 1978, Breithaupt and Thiel 2011).  

Decapods often release pheromones through their urine, although other sites of secretion exist 

(Bushman and Atema 1996).  Generally, both sexes can produce pheromones as is commonly 

seen in mate attraction (Kamio and Fusetani 2000).  Many male crabs initiate sexual attraction 

in response to pre- and or post-moult female urine as well as to the water in which the females 

have been maintained (Ryan 1966, Gleeson 1991, Bamber and Naylor 1996).  The moult 

hormone crustecdysone has been shown to attract male crabs (Rittschof and Cohen 2004).  

Female Carcinus maenas release mating pheromones from their antennule gland opercula 

during the pre-moult, a common pheromone section site in decapods (Dunham 1978).  The 

opercula releases urine at a concentration strong enough that 1 μl of urine in 10 ml of seawater 

is enough to elicit a response from males (Bamber and Naylor 1997).  In the majority of 

crustaceans it is not known if pheromones are synthesized in glands or are a by-product, such 

as primary metabolites.  Signal reception in decapods is mostly mediated by the antennules.  

The inner flagellum of the antennules is of specific importance for its high degree of sensitivity 

(Barber 1961). 

 To date no research has been reported on pheromone systems in Pinnotherids.  

Chemoreception has been demonstrated to be vital for maintaining host relationships not only 

in N. novaezelandiae but in many species of Pinnotherids including Pinnotheres maculatus 

(Sastry and Menzel 1962), Pinnixa chaetopterana (Davenport et al. 1960) and Dissodactylus 

mellitae (Gray and Weihe 1968).  Stevens (1990) demonstrated that adult N. novaezelandiae 

are highly attracted to P. canaliculus odour and that prolonged enclosure in an alternate 

species does not disrupt the host-odour preference of this crab (Stevens 1990).  The centers of 

chemoreception in N. novaezelandiae were demonstrated to be the antennules as their 

ablation caused the inhibition of host-odour detection.  Chemoreception through antennules is 

likely to be vital for initial host location by the invasive first instar juvenile stage of N. 

novaezelandiae (Christensen and McDermott 1958).  Antennule mediated chemoreception 
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would also be required for mate location during reproduction and also for new host location if 

the existing host perishes (Stevens 1990). 

 

1.7.2 Crustacean Signalling Pheromones 

There are several types of signalling pheromones whose use by crustacean species is widely 

documented.  These include peptides, proteins, modified carbohydrates and amino sugars 

(Rittschof and Cohen 2004, Breithaupt and Thiel 2011).  The role of these chemical signals 

varies, as does their molecular composition.  The signals previously described in crustaceans 

provide a basis from which to conduct research in Pinnotherids, as their pheromone systems 

have not been investigated.  There are many common features between the three types of 

pheromone signalling molecules including production and potency. 

1.7.2.1 Peptide Pheromones   

Peptide pheromones make for excellent marine signals due to their inherent qualities of being 

highly soluble, having short half-lives, and standing out with a high signal to noise ratio 

(Rittschof 1980). Peptide pheromone signalling systems in crustaceans are reliant upon the 

enzyme trypsin-like serine protease, where peptide signals are products of the hydrolysis of 

structural proteins (Rittschof 1993) (Figure 1.5). When compared to smaller amino acid 

molecules, peptides are more robust and can survive chemical modifications (Rittschof and 

Cohen 2004).  Synthetic peptide pheromones of this type can facilitate research as they are 

often found to be biologically active at less than picomolar concentrations (Rittschof et al. 

1985). 

 Brachyuran larvae activate pheromones through trypsin-like protease activity from 

exoenzymes released by embryos (Forward 1987, Vries and Forward 1991).  The 

synchronization of larval release represents one of the best studied systems.  Fertilised eggs 

produce a protein based glue which, when combined with pheromone induced behaviour from 

the female crab, results in their attachment to her pleopods (Cheung 1966).  Females also assist 

in egg hatching by “pumping”, a behavioural response mediated by peptide pheromones 
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cleaved by egg enzymes (Forward and Lohmann 1983, Saigusa 1992)  This behaviour often 

results in a complete population of crabs releasing their larvae together synchronously within a 

window of a few hours (Forward 1987, Saigusa and Kawagoye 1997).  Larval release 

pheromones are active in the marine environment from 10−8 to 10−15 M and are generally less 

than 500 Da (Rittschof  et al. 1985). 

 Peptide pheromones also serve as kairomones in mediating interspecific interactions 

(Grasswitz and Jones 2002).  Kairomones are produced from similar or identical sources as 

peptide pheromones and are often involved in mating and predator avoidance (Cohen and 

Forward 2003).  Shell acquisition in hermit crabs is mediated by peptide shell kairomones which 

are also based on serine protease generated peptides (McLean 1974, Wilbur and Herrnkind 

1984, Rittschof 1993). 

 

 

Figure 1.5. (a) R-Arg in sea water; (b) R-Lys in sea water. R represents an amino acid attached through peptide 
bonds. The peptides are shown in the form that they would occur in sea water at pH 7.8 (Rittschof and Cohen 
2004). 
 

1.7.2.1 Protein Pheromones 

Protein pheromones vary widely in size and are often the precursors of peptide pheromones.  

The signalling function of all crustacean pheromones is thought to be secondary to their 

structural function (Rittschof 1993).  Protein pheromones can be singular or grouped like 

settlement-inducing protein complex (SIPC) that mediates barnacle gregariousness during 

cyprid settlement.  Arthropodin is another barnacle protein signal that functions by inducing 

substrate attachment of cyprids and metamorphosis to juveniles (Crisp and Meadows 1962).  
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Arthropodin is derived from the cuticle of barnacles and is a glycoprotein that is water soluble, 

stable to boiling point and is surface active (Crisp and Meadows 1962, Matsumura et al. 1998, 

Willis 1999). 

 

1.7.2.1 Aminated sugar pheromones 

The most recently reported pheromones are the peptide-like aminated sugar pheromones. 

These are involved in gender type associations for copepods but are also kairomones used by 

larval crustaceans in predator avoidance (Rittschof and Cohen 2004).  These signals may act as 

adjuvants to other main peptide pheromone signals.  It may be that carbohydrate parts of 

larger proteins are signals, since it has been shown that oligosaccharides from glycoproteins, 

and amino sugars from proteoglycans, are used as signalling chemicals in crustaceans.  Both 

types of signals have already been demonstrated to be active cues for non-crustacean groups 

such as rotifers (Snell et al. 1995), molluscs (Krug and Manzi 1999), cnidarians and polychaetes 

(Maki and Mitchell 1985).  Glycoproteins that function as parent molecules for carbohydrate 

cleavage contain many branched oligosaccharide chains (Figure 1.6).  For example, arthropodin, 

a member of the SIPC complex of molecules is a glycoprotein (Willis 1999). 
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Figure 1.6. (a) Glycoproteins with branched oligosaccharide chains linked to a protein backbone, such as seen with 
Arthropodin. (b) Proteoglycans with glycosaminoglycan (GAG) chains linked to a protein backbone (Rittschof and 
Cohen 2004). 

 Modified amino sugar kairomones have been found to.  Enhanced vertical migration has 

been reported to be present in both marine and freshwater crustacean zooplankton where the 

predator odour results in altered light behaviour responses (Ringelberg 1999).  Comparable 

responses can be induced by the addition of amine sugar disaccharides derived from heparin 

and chondroitin sulfate A (Figure 1.7) (Rittschof and Cohen 2004). 

 

Figure 1.7. Kairomones that enhance predator avoidance through inducing alterations in photo-behaviour in 
crustaceans. Disaccharides with acetylamine (chondroitin sulfate A) (a) or sulfamine (heparin) (b) functionality. 

The pheromone system in N. novaezelandiae may be related to any of these crustacean models 

or may be entirely unique.  If female N. novaezelandiae is producing a pheromone released in 

her urine or through the antennal gland opercula.  Another possible scenario is that the eggs 

themselves are producing exoenzymes that are cleaving peptides and indirectly signalling that a 

female will soon be ready to mate. 
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Figure 1.8.  Mature male pea crabs (N. novaezelandiae) possesses antennae that have 
chemoreceptive ability that has been implicated in host selection. 

 

1.8 Potential Control Methods 

To date, there are no published reports on modifications to bivalve farming practices or 

interventions that have successfully reduced infection levels or impact from pea crabs on 

aquaculture production.  Similarly, there is no published information on potential methods of 

biocontrol or chemical control to treat existing infections of pea crabs in bivalve farms (Trottier 

et al. 2012).  Any investigations into control methods has likely been hampered by the 

incomplete understanding of the ecology of most species of pea crab and the quantification of 

the financial impact of these parasites.  

 

1.8.1. Chemical 

Treatment of bivalves with chemical crustaceanacides may be a viable control method for pea 

crabs as much of the groundwork for using these substances has already been done for 

controlling other nuisance crustaceans in some aquaculture situations.  A method of application 

would have to first be developed for chemical treatments to be applied to bivalves.  There may 

be opportunities to adapt existing methods for controlling other nuisance crustaceans in 
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aquaculture operations, such as the treatment of sea lice (Caligidae; Crustacea) in salmon 

farms, which are currently controlled with an array of substances that may be effective against 

pea crabs.  Chemical treatments such as dichlorvos, trichlorfon, azamethiphos, carbaryl, 

ivermectin, pyrethrum and hydrogen peroxide have all been used with success for controlling 

salmon lice and many of these are likely to be effective against pea crabs (Bruno et al. 1990, 

Bruno and Raynard 1994, Roth et al. 1996, Davies and Rodger 2000, Roth et al. 2006, Boxaspen 

and Holm 2008).  Methods of administering treatments to salmon involve concentrating stock 

by corralling into a confined area followed by bathing or dipping in the crustaceanacide.  This 

method could be viable for bivalves at early stages before stock is transferred to grow out 

locations.  However, treating larger farms of adults bivalves would be more logistically 

demanding.  Dichlorvos and trichlorfon are currently the main treatments for sea lice and have 

short half-lives of 5.1 and 3.8 days, respectively, with limited environmental impact (Costello 

1993, Roth et al. 2006). Azamethiphos, an organophosphorus, is also highly effective in treating 

sea lice (>85 % kill rate).  However, it can cause hyperactivity in fish although this may not be of 

concern in bivalves (Roth et al. 1996). Carbaryl can be effective even at very low levels but a 

significant persistence of the compound in the environment and toxic by-products make it an 

unlikely candidate (Bruno et al. 1990).  Ivermectin is a neurotoxin that has been used to treat 

river blindness is humans and is effective against sea lice (Davies and Rodger 2000).  However, 

the majority of the compound is excreted in the faeces of sea lice due to its poor uptake which 

would cause bioaccumulation and risk to the surrounding benthic community.  It is currently 

given orally to finfish  to treat for sea lice due to this issue which would make it impossible for 

use in bivalves unless solubility issues could first be resolved.  Pyrethrum has an advantage in 

that it is not only effective as a control against crustaceans but it is also rapidly degraded by 

sunlight (Boxaspen and Holm 2008).  Hydrogen peroxide may provide another avenue for the 

control of pea crabs but in using hydrogen peroxide for treating sea lice it has been found to 

have a very narrow window of being acutely toxic to the salmon host which could also be the 

case with bivalves (Bruno and Raynard 1994).  Any chemical treatment would need to take into 

account that in order to be effective, sufficient valve gape and inhalation are likely to be 

required in order to reach the pea crab.  Optimal times for treatment would also need to be 
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considered on a species by species case.  For a species such as P. canaliculus, bathing the 

mussels in the crustaceancide during the transfer of spat to long-lines might be a feasible time 

for dosing as juvenile mussels are already being handled and transferred.   The development of 

chemical treatments requires further research. However, given the established treatment 

programmes for other parasitic crustacean species, chemical treatments may provide an 

feasible transition to a viable control method. 

 

1.8.2. Environmental 

Currently no tangible control methods for pea crabs have been proposed.  The approach was to 

seed out mussels farms out of step with natural recruitment cycles for the mussels in an 

attempt to avoid specific times of the year where periods of high recruitment of the pea crab, 

P. sinensis, existed.  However, this adjustment in the production cycle of mussels would also  be 

likely to reduce the size of mussel crops due to premature harvest.  Pea crab abundance when 

associated with New Zealand green-lipped mussel farms was found to be linked to the depth 

below the droppers (Trottier et al. 2012).  If water depth is linked to pea crab infection levels 

then a potential environmental control method might simply be moving existing farms or 

developing new farms in deeper waters. 

 

 There are likely to be various environmental factors that greatly affect pea crab 

abundance and density. For example, the distribution and abundance of P. maculatus in Bogue 

Sound, North Carolina was found to be controlled by salinity (Krucznski 1973).  When the 

salinity tolerance of Pinnotheres bidentatus was tested from 0 – 30 % it was demonstrated that 

0 % salinity had a 100 % mortality rate (Hsueh 1998).  Freshwater intolerance has also been 

observed in other species of pea crab, such as P. ostreum (Nagabhushanam 1965).  Exposure of 

host bivalves to freshwater input is likely to have a negative effect on pea crab abundance and 

may also provide an avenue for acute treatment as it was also demonstrated that larval pea 

crabs exhibit continual swimming avoidance behaviour in response to fresh water (Hsueh 

1998). 
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 Environmental factors have also been found to strongly influence settlement and 

recruitment of crustaceans. Larvae of the pea crab Pinnixa rathbuni are found throughout the 

Pacific coast of central Japan, however, environmental factors restrict adults to the South West 

section of Ise Bay (Sekiguchi 1979).  It has been shown that changes in temperature and salinity 

along a latitudinal gradient can generate changes in reproduction for both free living and 

parasitic species of pea crab (Lardies and Castilla 2001).  In P. maculatus, Fabia subquadrata 

and P. pisum the position of hosts either in the intertidal zone or benthic community strongly 

influences their corresponding abundance (Houghton 1963, Kruczynski 1974, Anderson 1975).  

Studies concerning the role of several environmental factors, such as tidal flow, depth, salinity, 

and turbidity in determining the distribution of pea crabs are needed if the development of a 

management strategy based on bivalve farm placement is to be implemented. 

 

1.8.3. Biocontrol 

Biocontrol methods may provide avenues for the alleviation of pea crab infections with little or 

no impact on the host, secondary species or the environment.  The difficulty in developing 

biocontrol methods is acquiring the knowledge and background on the pest species in order to 

look for specific targets and traits that can be exploited.  Underwater ambient sound has been 

shown to mediate the post-larval settlement of crabs, thereby acting as a settlement cue and 

shortening the time to metamorphosis (Pine et al. 2012, Stanley et al. 2012).  An increase in the 

larval duration in pea crabs may subsequently increase the already high risk of predation for 

these stages (Pechenik 1990, Gebauer et al. 1999).  Certain sound frequencies have been 

demonstrated to be effective in antifouling for barnacles and similar approaches may be 

applicable to pea crabs and may warrant further research (Branscomb and Rittschof 1984).    

 

 Targeting the adult stages of crabs using biocontrol methods may also provide a viable 

approach to controlling pea crabs in mussel farms, and may be able to utilise pheromones as 

chemical signalling molecules to modify the behaviour of the pea crabs.  Pheromones are 

thought to be involved in mate location by male pea crabs and may provide an avenue for 

exploitation (Asama and Yamoaka 2009, Trottier and Jeffs 2012).  The reproductive strategy of 
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some species of pea crab involves the male exiting his host in search of a mate which appears 

to contribute to  a population sex bias of up to 90 % female due to male mortality (Jones 1977a, 

Baxter 1981, Trottier et al. 2012).  A pheromone trap designed to draw males in from the 

population could potentially lower pea crab infection levels by further reducing the availability 

of males for mating and reproduction.  However, further research and development as well as 

an intimate understanding of both the host and parasite would be required to develop viable 

methods.  The advantage of biocontrol methods based upon the ecology of a particular parasite 

is that in being specifically tailored it is likely that no secondary or side effects such as those of 

chemical treatments would be present. 

 

1.9 Nepinnotheres novaezelandiae: Host Impact 

The New Zealand pea crab has been found to impact its bivalve host in several ways.  Pea crabs 

steal food particles filtered out by the bivalve host which denies the host nutrition and the 

activities of the crab causes erosion of the gills of the host (Wear and Fielder 1985). Gill damage 

from pea crabs has been shown to significantly lower the rate of oxygen consumption as well as 

decrease filtration rates of host bivalves (Bierbaum and Shumway 1988).  Pea crab infection of 

bivalves causes the formation of fibrous lumps or nodules on the mantle lip where the carapace 

of the crab rubs against the tissues of the host (Jones 1977a). Stealing of food resources from 

the bivalve host by some species of pea crab has been demonstrated by the use of dyes and 

radioactive markers fed to, and subsequently filtered out by bivalve hosts, and then later 

recovered from the body of the crab (Krucznski 1972, Pregenzer 1979).  Other deleterious 

effects on bivalve hosts have been identified in other species of pinnotherids, such as where 

pea crab presence suppresses the production of female gonads in the host, although this has 

never been observed in N. novaezelandiae (Silas and Alagarswami 1967).  Besides the 

establishment that N. novaezelandiae steals food from, and damages its host, there have been 

no reports of the overall impact on growth of the host due to the parasitism.  This thesis aims 

to provide a more in depth account of the impact of the parasite on its host by quantifying the 
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overall biological impact of the New Zealand pea crab on green-lipped mussels in terms of the 

reduction in growth of the host mussels compared to mussels without the parasite. 

1.10 Nepinnotheres novaezelandiae: Infection Rates In Green-Lipped Mussels 

There are a handful of reports on infection levels of N. novaezelandiae in bivalve populations in 

New Zealand with the vast majority of these studies over 35-years-old.  Furthermore, the 

infection levels of pea crabs in commercial green-lipped mussel farms have never been 

measured.  Aquaculture production of green-lipped mussels has grown dramatically over the 

last 35 years from less than 5 t to over 90,000 t at present (FAO 2010).  Infection levels of N. 

novaezelandiae in localised wild populations of green-lipped mussels vary widely between 0 - 

70 % and previous surveys have been limited to smaller sample sizes which may not accurately 

reflect levels of pea crab infection (Jones 1977a, Hickman 1978, Baxter 1981, Bierbaum and 

Ferson 1986).  To date, no studies have addressed the spatial distribution of pea crabs within 

populations which may account for the large range of infection levels previously reported if pea 

crabs have a characteristic clumped spatial distribution.  The earliest report of pea crab 

infection levels comes from samples of green-lipped mussels from Wellington Harbour (Jones 

1977a).  This study sampled over 11 months and harvested 20 - 50 wild mussels at various sites 

and reporting highly varied pea crab infection levels from 0.026 - 70.0 %.  A later study by 

Hickman (1978) placed experimental rafts containing P. canaliculus in proximity to several 

mussel farms and sampled 50 mussels from each raft over 16 months.  For this study the 

monthly sample size per raft could possibly have been too small to accurately assess infection 

levels and did not take account of recruitment of pea crabs to the rafts.  Regardless, a total of 

4314 mussels were surveyed and infection levels of 0.5 – 3.6 % were reported (Hickman 1978).  

Pea crab spatial distribution within a population may be clumped due to environmental and 

behavioural factors, such as responding to natural environmental gradients within the mussel 

population.  If this scenario is proven true, then the small sample size taken for the majority of 

previous studies would only determine the infection level within a small subsection of the 

population.  Previous reports derived from artificially placed spat (Lachowicz 2005), and 

dredged wild populations (Jones 1977a) also suffer the same shortfalls of low sample size and 
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lack of the sampling controlling for any clumping of pea crab distribution within the population 

(Table 1.6). 

 

 

 

Reference Sampling method Location Percent Infection 

Baxter 1981 
Hand Sample 
Intertidal 

Christchurch, Camp Bay, Lyttelton 
Harbour 7 

 

Hand Sample 
Estuary 

Christchurch, Avon-Heathcote 
Estuary 10 

Jones 1977a Dredge Ward Island, Wellington Harbour 16 - 70 

 
Dredge 

Seatoun Beach, Wellington 
Harbour 0.030 - 14 

Lachowicz 2005 Settlement Wellington Harbour, various 3.3 

Hickman 1978 Raft Wellington Harbour, Crail Bay 3.4 

 
Raft Whangaroa Harbour, Pekapeka Bay 1.9 

 
Raft Whangaroa Harbour, Nagle Cove 0.2 

 
Raft Great Barrier Island, Port Fitzroy 0.9 

 
Raft Great Barrier Island, Mahanga Bay 0.4 

 
Raft Marlborough Sounds 3.6 

 

Hand Sample 
Intertidal Ahipara 0.5 

Table 1.6. Previous sampling efforts of N. novaezelandiae in natural populations of bivalves in New Zealand.  
Percent infection is defined as the amount of mussels containing a crab divided by the total sample number.  
Values for percent infection range from 0.20 – 70 %.  Sampling location, quantity and technique vary accordingly. 

  

 Further research into determining what environmental characteristics negatively affect 

pea crab levels would be of specific interest to the mussel aquaculture industry and provide 

valuable knowledge on the distribution of this species.  This research sets out to use systematic 

large scale sampling directly from a commercial green-lipped mussel farm in an attempt to 

derive a more accurate estimate of N. novaezelandiae infection levels, determine their spatial 

distribution within the farm, and attempt to relate their pattern of distribution with 

environmental parameters, such as water depth, position on the farm and distance from shore. 
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 Parasitism by N. novaezelandiae is only a small subset of the host exploitation by 

Pinnotherids and marine parasites that occurs worldwide.  Over one hundred species of 

Pinnotherids are symbiotic as adults, living in obligate or facultative associations.  While the 

New Zealand pea crab infects a range of bivalves including its preferred host, pea crabs are 

ubiquitous and infect not only the mantle cavity of bivalves but also gastropods, the tubes of 

polychaetes, the anal tree of holothurians, the oral surface of echinoderms and the pharyngeal 

cavity of tunicates (Stevens 1990).  Whilst earlier research in New Zealand has investigated 

some basic biology of N. novaezelandiae  including rates of infection in wild mussel populations 

(Jones 1977a, Hickman 1978, Baxter 1981, Stevens 1990), this research aims to focus on those 

questions associated with N. novaezelandiae in aquaculture. 

1.11 Aquaculture Of The New Zealand Green-Lipped Mussel: Perna canaliculus 

Aquaculture in New Zealand has been a rapidly growing industry generating NZ$360 million in 

sales in 2009 and predicted to reach NZ$ 1 billion of sales in 2025 (Burrell and Meehan 2006, 

Aquaculture New Zealand 2010).  The New Zealand green-lipped mussel, P. canaliculus, is New 

Zealand’s largest aquaculture species in terms of annual sales (NZ$190 million in 2011) and 

contributes significantly to the economy by employing upwards of 2500 people (The New 

Zealand Ministry of Fisheries 2009, The New Zealand Marine Farming Association 2012). Perna 

canaliculus  are collectively sold under the registered trade name Greenshell™ with most 

exports destined for North American and European markets (The New Zealand Aquaculture 

Council 2010, Alfaro et al. 2011). 

 

 Green-lipped mussels are found in the wild throughout most of New Zealand from 35° 

to 47°S, making it an ideal aquaculture species due to it wide environmental tolerances (Smith 

1988). Natural populations are of significant ecological importance due to their role in 

benthopelagic coupling and the formation of biogenic reefs on otherwise largely featureless 

areas of soft sediment substrate.  Green-lipped mussels often form “beds” of densely-packed 

adult mussels covering extensive areas of seabed making them significant sources of biomass as 

well as acting as the main source of juvenile mussels used as seed for aquaculture production 
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(Powell 1979, Star et al. 2003).  The New Zealand mussel industry relies almost entirely (80 %) 

on natural sources of plantigrades of 1 - 3 mm in shell length, known locally as “spat”, collected 

from 90 Mile Beach in Northland (Hickman 1975).  Each year many tonnes of naturally occurring 

macroalgae encrusted with as many as 50,000 spat per 100 g are gathered from 90 Mile Beach 

and transported to seed mussel farms around the country which in turn produce around 90,000 

t of adult mussels per year (Alfaro et al. 2010).  The remaining 20 % of spat is caught on fibrous 

ropes suspended in close proximity to mussel farms in the Marlborough Sounds and Golden Bay 

at the top of the South Island (Gribben et al. 2011). 

 

 Once delivered to a mussel farm spat is initially transferred to nursery lines and 

enclosed in a biodegradable mesh at around 1000 - 5000 individuals per metre of nursery line 

(The New Zealand Aquaculture Council 2010).  Within a few weeks the spat attach to nursery 

line and the mesh rots away.  When the juveniles have reached a size of about 30 - 40 mm in 

shell height the mussels are removed from nursery line.  The juveniles are then re-established 

on a grow-out line at 150 - 200 individuals per metre to be grown to harvestable size (90 - 120 

mm) (The New Zealand Aquaculture Council 2010).  The placement of grow-out lines in mussel 

farms is in a Japanese long line structure that is adapted to allow for final mechanical mussel 

processing once the mussels have matured (Jeffs et al. 1999).  Mussel farms typically consist of 

10 long-lines which are composed of two >100 m backbone ropes suspended by approximately 

30 floats (FAO 2005).  The continuous grow-out line with juvenile mussels is suspended 

between the backbone ropes to produce loops of approximately 5 - 15 m in depth from the 

surface, providing a large vertical area for growing mussels (Young 2009) (Fig. 1.9).  The mussels 

are harvested in 12- 18 months and mostly they are processed into a variety of formats for 

market, including live mussels, cooked and shucked, but most mussels destined for export are 

cooked, and frozen on the halfshell.  In many of the processing techniques efforts can be made 

to manually remove pea crabs, however, this is costly and unreliable.  Pea crabs finding their 

way to consumers frequently result in complaints to the producers.  The ability to reliably 

control pea crabs during the aquaculture production has the potential to reduce losses in 

production and consumer complaints.  Ultimately to achieve this goal will rely on a better 
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understanding of the biology of pea crabs living in mussel farms, the principle aim of the 

research presented in this thesis. 

 

 

 

 

 

 

 

    

Figure 1.9. (A) Green-lipped mussel (Perna canaliculus) attached to grow-out lines on a mussel farm.  (B) Typical 
arrangement of grow-out lines in a "U" formation in New Zealand’s green-lipped mussel farms. 

1.12 Aims and Thesis Organisation 

It is likely that one of the most prevalent parasites associated with bivalve aquaculture around 

the world are the crabs of the Family Pinnotheridae (Sun et al. 2006.). Pea crabs frequently 

cause problems for bivalve aquaculture through end-consumer complaints and rejections of 

shellfish consignments at international borders due to biosecurity concerns. With the sustained 

growth of the New Zealand green-lipped mussel aquaculture industry, infection levels of N. 

novaezelandiae could be expected to rise and increase the risk of export and customer 

rejection.  No previous studies have directly sampled mussel farms to quantify the biological 

and financial impact that pea crab parasitism has on mussel aquaculture production and 

provide an estimate of the economic impact of this parasite.  The overall aim of this research 

was to investigate the biology of N. novaezelandiae in an effort to identify potential targets for 

biocontrol or changes in practical farm management that could lead to reduced parasite 

infection in mussel aquaculture.  Therefore, the specific aims of the thesis are: 
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1.  Chapter Two: Impact of the parasitic pea crab, Pinnotheres novaezelandiae on 

aquacultured New Zealand green-lipped mussels, Perna canaliculus. 

 To determine the overall infection level of N. novaezelandiae in a typical green-lipped 

mussel farm, as well as identifying the spatial abundance and distribution pattern of 

crabs within the farm, 

 To estimate the biological and financial impact of the pea crabs on the production from 

a typical green-lipped mussel farm. 

(Subsequently published as:  Trottier O., Walker D. and A.G. Jeffs (2012). Impact of the parasitic 

pea crab Pinnotheres novaezelandiae on aquacultured New Zealand green-lipped mussels, 

Perna canaliculus. Aquaculture. 344: 23-28.) 

 

2.  Chapter Three: Biological characteristics of a population of parasitic pea crabs 

(Nepinnotheres novaezelandiae) living in a green-lipped mussel (Perna canaliculus) farm. 

 To determine the population structure, sex ratio and breeding status of N. 

novaezelandiae sampled from within a typical green-lipped mussel farm, 

 Investigate additional key biological characteristics of N. novaezelandiae, such as 

preferential host selection and overall reproductive output. 

(Subsequently published as:  Trottier O. and A.G. Jeffs (2012). Biological characteristics of a 

population of parasitic pea crabs (Pinnotheres novaezelandiae) living in a green-lipped mussel 

(Perna canaliculus) farm. Diseases of Aquatic Organisms 101: 61-68.) 

 

3.  Chapter Four: Mate location and host entrance behaviour of male N. novaezelandiae in 

green-lipped mussels. 

 Describe the behaviour displayed by male N. novaezelandiae when exiting and entering 

host green-lipped mussels, 

 Determine the mate search behaviour of male crabs and investigate the potential 

presence of a pheromone-based mate location system. 

 Characterise the location of host entry by male crabs and the overall host-parasite 

relationship between N. novaezelandiae and P. canaliculus. 
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(Subsequently published as:  Trottier O. and A.G. Jeffs (2015). Mate locating and access 

behaviour of the parasitic pea crab, Nepinnotheres novaezelandiae, an important parasite of 

the mussel Perna canaliculus. Parasite. 22.) 

 

4.  Chapter Five: Recruitment pattern of N. novaezelandiae in P. canaliculus over   

varying sea floor depth. 

 Determine experimentally whether water depth and distance from shore influences the 

recruitment of N. novaezelandiae into aquacultured P. canaliculus mussels. 

(Subsequently published as:  Trottier O. and A.G. Jeffs (2015). Recruitment of the parasitic pea 

crab Nepinnotheres novaezelandiae into green-lipped mussels Perna canaliculus. Diseases of 

Aquatic Organisms 112: 199-205.) 

 

5.  Chapter Six: General Discussion. 

 Review the overall research findings presented in the thesis and discuss their 

significance in relation to knowledge of pea crab biology and control in mussel 

aquaculture. 
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Chapter Two 
Impact of Nepinnotheres novaezelandiae on 

aquacultured Perna canaliculus 
________________________________________ 
 

This chapter has been published as: 

 

Trottier O., Walker D. and A.G. Jeffs (2012). Impact of the parasitic pea crab Nepinnotheres 

novaezelandiae on aquacultured New Zealand green-lipped mussels, Perna canaliculus. 

Aquaculture 344: 23-28. 

 

2.1 Abstract 

Pea crabs are a common parasite of bivalves around the world and frequently cause 

problems for bivalve aquaculture through end-consumer complaints and rejections of 

consignments at international borders due to biosecurity concerns.  However, the 

financial impact of pea crabs on aquaculture production has never been quantified for any 

bivalve species.  A large scale systematic sampling of a typical green-lipped mussel farm in 

New Zealand revealed that pea crabs were present in 5.3 % (SE ± 0.062) of the mussels.  

The abundance of crabs increased gradually with decreasing water depth beneath the 

farm and greater distance from the shoreline.  Mussels infected with pea crabs were 30 % 

smaller in total wet weight (F1, 2573 = 669, p < 10-5), had a 29 % lower meat yield (F1, 2573 = 

355, p < 10-5), and shell dimensions were also significantly affected.  A total production 

loss on the 1.71 ha farm was estimated at 803 kg at harvest.  When this measured loss is 

extrapolated to current total mussel aquaculture production in New Zealand, pea crab 

infection represents an estimated loss to the industry of US$ 2.16 million annually.  Our 

results indicate that parasitic pea crabs are producing a significant loss of production in 

shellfish farming aquaculture operations, even at low levels of infection, and therefore 

warrant a great deal more attention in terms of developing effective control measures. 
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2.2 Introduction  

Pea crabs belong to the Family Pinnotheridae, which includes many species that are 

common marine parasites, especially in bivalves (Sun et al. 2006).  Despite the almost 

ubiquitous presence of pea crabs in global bivalve aquaculture operations the assessment 

of their infection levels and impact on commercial production is absent. 

 

The New Zealand green-lipped mussel, Perna canaliculus, is New Zealand’s largest 

aquaculture industry producing US$112 million in annual mussel exports (Jeffs et al. 1999, 

Alfaro et al. 2010, SeaFIC 2010).  One species taking advantage of the artificially dense 

host conditions created by mussel aquaculture is the New Zealand pea crab, 

Nepinnotheres novaezelandiae (Coutts 2005, Hutson et al. 2007). 

 

Nepinnotheres novaezelandiae is the most common pea crab species found in New 

Zealand with infection levels of approximately 4 % in naturally occurring populations of 

green-lipped mussels, although levels of up to 70 % have been reported (Jones 1977a, 

Hickman 1978, Baxter 1981, Bierbaum and Ferson 1986,). Nepinnotheres novaezelandiae 

steals nutrients from the mussel, damages the gills and causes the mussel to form soft 

tissue nodules from repeated contact with the crab’s carapace (Jones 1977b, Wear and 

Fielder 1985).  Once a female pea crab infects a mussel, it remains there for the duration 

of its life, visited only occasionally by males for fertilization (McLay 1988).  Studies on wild 

populations of N. novaezelandiae show a reduction in shell size, growth rate and overall 

condition of infected mussels (Bierbaum and Ferson 1986, Lackowicz 2005).  The same 

effects of these parasites could be expected to occur in aquacultured mussels, however, 

the infection level and impact on green-lipped mussel aquaculture production have not 

been quantified.  This lack of information may be due to the large scale systematic 

sampling effort required to accurately estimate impacts when the levels of parasite 

infection is low. 
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Besides impacting aquaculture production, the infection of mussels farms with pea 

crabs creates an artificial reservoir population for the parasite, with the potential to infect 

neighbouring wild populations (spillover) which can then act as reservoirs themselves 

allowing for the rapid re-infection of newly placed stock on mussel farms (spillback) 

(Gozlan et al. 2005, Krkosek et al. 2005, Hutson et al. 2007).  Other hosts for N. 

novaezelandiae within New Zealand include a range of common and widely distributed 

shallow water bivalve species, such as the surf clams, Mactra discors, Mactra murchisoni 

and Spisula aequilateralis (Hickman 1978, Baxter 1981, Palmer 1995).  Quantifying this 

ongoing risk of infection with pea crabs to aquaculture production and wild populations of 

bivalves needs to begin with determining the importance of pea crabs in mussel farming 

operations.  Therefore, the aim of this study was to determine the overall level of 

infection by N. novaezelandiae in a typical green-lipped mussel farm in New Zealand by 

using a systematic and extensive sampling program that covered the entire farm.  The 

differences in shell dimensions and meat yield of infected and uninfected mussels were 

determined and then used to estimate the impact of the parasite on the total production 

of the mussel farm. 

 

2.3 Materials and methods 

2.3.1. Mussel sampling 

Green-lipped mussels were intensively sampled on 14 December 2010 from a 1.71 ha 

mussel farm located inside Oneura Bay (36° 11' 27.84"S, 175° 19' 2.48" E) at Great Barrier 

Island, northern New Zealand.  The farm used a modified Japanese long-line shellfish 

farming method which is the dominant mussel production method in New Zealand (Jeffs 

et al. 1999) (Fig. 2.1).  The farm consisted of a series of paired parallel horizontal backbone 

lines made of 35 mm diameter polypropylene rope that were stretched between two 

anchored ends and suspended at the surface of the water by large plastic floats.  Mussels 

are cultured on dropper ropes made of a continuous length of 20 mm diameter rope 

which is tied at 1 m intervals along the backbone lines to form suspended loops which 

drop down to around 10 m depth.  The sampled mussel farm was rectangular, covering an 
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area of approximately 90 × 160 m with 9 pairs of backbone lines spaced at 10 m intervals 

and aligned in a north-south direction.  Water depth was 11 m at low mean water on the 

western side of the farm and 15 m on the eastern.  Mussels on the farm were around 10 

months old, which is about 2 - 6 months prior to reaching a suitable harvest size of 90 - 

120 mm in shell height and 25 – 40 g in wet weight. 

 

Figure 2.1. Fifteen 12 m long polypropylene sample lines were tied to mussel farm backbones 1, 3, 5, 7, and 
9 at equal distances. Sampling bags were located at the centre of each sampling region (2, 6 and 10 m). A 
total of 75 sample lines and 225 sample bags were deployed and 6750 green-lipped mussels sampled. 

 

A random stratified approach was adopted for sampling the farm with backbones 

numbered 1 - 9 from west to east.  Backbones 1, 3, 5, 7, and 9 were divided into 15 

sections and a single weighted sample line was located in each section, about 10.5 m 

apart.  The depth of sampling down dropper ropes of cultured mussels was stratified into 

three sampling regions: top (0 - 4 m depth), middle (4 - 8 m depth), and bottom (8 - 12 m 

depth).  Sample lines consisted of 12 m of 3 mm polypropylene rope with three sample 

bags located at the centre of each sampling depth (i.e., 2, 6 and 10 m).  SCUBA divers then 

proceeded to randomly sample 30 mussels at each respective depth and place them in the 

nearby sample bag (Fig. 2.1).  Counts of the number of mussels were also made on three 

randomly selected 1 m sections of dropper ropes at 2, 6 and 10 m depths at each end and 
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the centre of all backbones.  A total of 75 sample lines and 225 sample bags containing 

6750 mussels were then retrieved from the farm and put into frozen storage for later 

processing.  Three complete droppers were also taken from the farm and systematically 

sampled to determine if mussel populations were clustered around females which would 

have required alternate statistical analysis.  Dropper lines were laid out and all host 

mussels shucked consecutively. 

 

2.3.2. Mussel processing 

Frozen samples were first thawed at room temperature before the 30 mussels within each 

bag were shucked to determine pea crab infection.  All infected and 10 randomly selected 

uninfected mussels from each bag were processed to determine the following biometric 

characteristics, total mussel wet weight, wet flesh, dry flesh, wet shell weight, shell height, 

shell length and shell width.  Weight was measured on a digital scale to an accuracy of 

0.01 g, and shell height and width measured with a digital Vernier calliper to an accuracy 

of 0.01 mm.  Shell height was measured as the distance from the umbo along the ventral 

edge (longest part of the mussel) and shell width as the distance from the highest dorsal 

point to the plane formed by the ventral edge and anterior dorsal edge and shell length as 

the distance from the ventral edge to the dorsal edge.  Sample bags were investigated for 

crabs who had exited in transport and none we found, likely due to the host mussels 

closing upon being taken off the dropper lines, rapid retrieval from the farm and 

remaining closed while out of water until frozen in a closed position. 

 

2.3.3. Statistical modelling data enrichment 

2.3.3.1 Model Selection 

Regression models, fitted via the conventional ordinary least squares (OLS) method, 

involve finding estimates for the model coefficients, which minimise the sum of the 

squared residuals, i.e., the distances between the actual response values and the response 

values predicted by the model (Christensen 2002).  This technique was used to create a 

model to accurately estimate the total mussel farm population using the density of 
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mussels on the dropper ropes as counted by divers.  The same approach was used to 

accurately estimate the total loss of mussel weight, wet flesh, dry flesh, shell, shell height 

and shell width due to pea crabs over the entire farm. 

 

Generalised linear models (GLMs) are an adaptation of the OLS regression analysis 

and can be used to generalize regression models by relating the linear model to the 

response variable with a link function.  Binomial GLMs have a binary response which is 

often dummy coded as (0 or 1).  A binomial GLM (logistic regression) was used (Presence = 

1, Absence = 0) to build a model that could accurately estimate the total infection level of 

crabs on the farm based on the crab infection data collected at specific points on the farm. 

 

2.3.3.2. Model Variables 

The variables used in constructing the statistical models included Depth, which 

represented top, middle and bottom depth strata.  The variable Backbone was created to 

represent backbone position within the farm.  The western-most backbone was denoted 

as 1 and eastern-most as 9 for the model.  However, the spacing between each of 

backbones was not equal and therefore the distance between each pair of backbones was 

also calculated using a satellite image of the farm.  The centre of backbones 1 and 9 were 

found and the distances between each backbone was then measured from these 

midpoints creating a new variable Bbdist.  Both variables (i.e., Backbone and Bbdist) were 

tried in the models, and Bbdist was used in the parasite infection logistic model because it 

was a superior explanatory variable compared to Backbone.  The variable Horizontal 

location was created to denote the location of sample lines along each backbone.  It 

ranged from 1 - 15 representing the 15 equidistant sampling points along each of the 

backbone lines.  Parasite infection was represented by the variable Crab status as a binary 

variable denoting crab infection as 1 and absence as 0. 

 



Chapter 2 ______________________________________ N. novaezelandiae impact in aquaculture 

 

40 | P a g e  
 

To account for the possibility that observations of Horizontal location near the 

edges of the farm were of greater importance to models than central locations on the 

farm, the following edge variable creation techniques were used, 

 

edges = │x - c│, 

 

edges = ﴾x - c﴿2 , 

 

edges =      1 x ≤  c, x ≥ 16 – c, 

0 Otherwise 

 

where x is the horizontal location along the backbone, and c is a constant, obtained 

through an iterative optimisation process.  The term ﴾x - c﴿2 did not require an algorithm to 

optimise, since the optimum would be achieved by including linear and quadratic terms to 

the OLS model. 

 

Edge variable techniques were used on Horizontal location values to create the 

new variable Edges, which was used in all models except in the farm mussel population 

OLS to improve the model fit.  The iterative optimization process involved starting with a c 

value known to be less than the optimum (picked through trial and error), and then 

gradually increasing the value of c, until the R-squared of the model was maximized.  The c 

values picked for the final models were accurate to two decimal places. 

 

2.3.3.4. Modeling mussel weighted sampling function 

Transforming data through a weight function was necessary to compensate for the 

unbalanced sampling of control (n = 10) and infected mussels (n = 0 to 5) from each 

sample bag.  Therefore, at each sample location the sample size n was recorded and the 

number of infected and retained uninfected mussels was n1 and n0 respectively.  Model 
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weights for observed infected and uninfected mussels (wi and wu respectively), were 

calculated as follows: 

wi = (n1 / 30) / (n1 / n), 

 

where n1 = number of infect mussels, and n = total sample size. 

 

wu = {[(30 – n) + no ] / 30} / (no / n), 

     = {[(30 – n) + 10] / 30} / (10 / n), 

     = (40 – n)n / 300, 

 

where no = the number of infected mussels.  The output of this function created a new 

variable Weight, which was used in the models to estimate the overall farm pea crab 

infection level and the effect of pea crab infection on overall farm production. 

 

2.3.3.5. Model assumptions 

The total mussel population estimate model satisfied OLS assumptions with respect to 

normality and homoscedasticity.  Log transformation on the response variable was 

required for the model of the effect of pea crab infection on overall farm production to 

make the residual distribution more symmetric and allow for the coefficient point 

estimates to be more reliable.  This function also improved model fit, although the 

distribution of the residuals was not normal. 

 

2.3.4. Abundance and distribution 

The spatial significance of backbones, horizontal location and depth among the droppers 

with respect to crab abundance was investigated by univariate GLM.  Crab abundance 

data from all sample locations (n = 225) was used with the variables Backbone, Horizontal 

location and Depth. 

 

2.3.5. Total mussel population estimate for the farm 
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The diver counts of numbers of mussels on the 1 m sections of the dropper ropes (n = 243) 

were entered into an OLS model to estimate the total farm population with the 

explanatory variables Backbone and Depth with mussel count.  Total population estimates 

were calculated based on an average dropper rope depth of 10.5 m and a total of 160 

dropper loops per backbone.  This model, based on the mussel count data, was then used 

to estimate the total farm population of mussels, as well as the effect of pea crab infection 

on overall farm production. 

 

2.3.6. Infection level 

The infection level of mussels by N. novaezelandiae was estimated for each location on 

the farm through logistic regression.  This estimate was based on 6750 observations for 

pea crab presence.  A binomial GLM (logistic regression) GLM was fitted with the 

explanatory variables Bbdist and Edge, with Crab status as the binary dependent factor. 

 

2.3.7. Infection effect 

To estimate the median impact N. novaezelandiae infection had on individual mussels for 

each type of biometric measurement taken, a model was fitted via the OLS method using 

a logged response variable from infected (n = 321) and uninfected (n = 2201) mussels for 

each of the following response variables: total mussel wet weight, wet flesh weight, dry 

flesh weight, wet shell weight, shell height and shell width.  Due to the response variables 

being logged and close to being symmetric, the median was used rather than the mean as 

they were almost equal.  Explanatory variables also used in the models included, Depth, 

Backbone, Horizontal location and Crab status.  Differences among the sets of medians 

were compared using analysis of variance (ANOVA) to determine if there was a significant 

difference among values. 

 

2.3.8. Effect of pea crab infection on mussels 

The cumulative losses caused by N. novaezelandiae parasitism for the biometric 

measurements were calculated by combining the statistical models.  The binary GLM 
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derived infection level was combined with the OLS predicted mussel population for each 

sampled region within the farm to calculate the amount of mussels infected.  This value 

was then used in an OLS method for estimating the effect of the parasitism on mussel 

performance for specific locations on the farm.  These specific locational estimates were 

conducted for 225 actual sampling locations (backbones 1, 3, 5, 7, 9) and 180 predicted 

locations (backbones 2, 4, 6, 8).  The effect of pea crab infection on overall farm 

production was calculated by taking the sum of all of the sample location losses for all 

nine backbones.  The total mussel wet weight value was then translated into a financial 

value though the most recent free on board (FOB) price of New Zealand green-lipped 

mussels of US$ 4.12 kg-1 (SeaFIC 2010). 

 

2.4 Results 

2.4.1. Crab abundance and distribution 

A univariate GLM (R2 = 0.82) yielded a significant result for Backbone (F4 ,0.027 = 4.38, p < 

0.0001) indicating that the location of backbones within the farm had a significant 

influence on crab abundance.  The effect of Horizontal location (F14, 0.031 = 1.45, p = 0.14) 

and Depth (F2, 0.004 = 1.43, p = 0.25), however, were non-significant (Fig. 2.2).  A contour 

plot of sample line total counts showed a gradient in the abundance of pea crabs on the 

farm with the highest density of crabs along backbone 1(western side of farm) and lowest 

on 9 (eastern side of farm) (Fig. 2.3).  This gradient is consistent with a decrease in ocean 

depth and distance from shore. 
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Figure 2.2. The effect of depth on pea crab abundance within the farm was a non-significant factor affecting 
pea crab distribution (F2, 0.004 = 1.43, p = 0.25). 
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Figure 2.3. Counts of the total number of crabs in each sample line plotted with backbone location show a 
decreasing gradient of abundance levels as water depth increases.  Changes in depth from bathymetry 
charts overlaid show a downward slope in an easterly direction. 

 

 



Chapter 2 ______________________________________ N. novaezelandiae impact in aquaculture 

 

46 | P a g e  
 

2.4.2. Mussel population estimate 

Population counts fitted to an OLS logistic regression model generated the equation: 

ŷ = 101.7 − 2.2d − 2.3b − 0.2b2, 

where: ŷ is the fitted counts value, d is the depth and b is the backbone number. 

 

The model had an R2 of 0.78 and satisfied the assumptions of normality, 

homoscedasticity and trendless residuals.  This model was used to estimate values of 

mussel population of all three depth regions of all backbones on the farm including those 

not sampled directly (Table. 2.1).  The mean individual mussel weight on the farm was 

18.86 g (SE ± 0.087).  The overall mussel farm population was estimated to be 2,384,730 

(SE ± 73,840) which equates to approximately 44.97 t of harvested mussels. 

                      

Backbone   1 2 3 4 5 6 7 8 9 

  1 108624 105294 101477 97172 92381 87102 81336 75083 68343 

Depth  2 106191 102860 99043 94739 89947 84668 78903 72650 65910 

  3 103757 100427 96609 92305 87513 82235 76469 70216 63476 

Table 2.1. Mussel farm population estimate based on OLS modelling of backbones 1 – 9 at top (1), middle (2) 
and bottom (3) sampling region depths. 

 

2.4.3. Infection level 

The binary GLM infection level model derived from infected and uninfected mussel counts 

using all 6750 observations estimated a mean infection across all 405 sample locations on 

the farm to be 5.3 % (SE ± 0.062) (Table. 2.2).  Infection level decreased linearly from 

backbone 1 – 9 according to the formula y = -2.779x + 19.61 (R2 = 0.986). 

 

Backbone 1 2 3 4 5 6 7 8 9 

Mean Infection Level 0.068 0.063 0.06 0.056 0.051 0.047 0.046 0.043 0.039 

Table 2.2. Mean estimates of pea crab infection of green-lipped mussels in farm backbones 1 – 9 based on 
binary GLM predictions.  Infection level decreased according to the formula y = -2.779x + 19.61 (R2 = 0.986).   
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2.4.4. Effect of pea crab infection on mussels  

The median effects of pea crab infection on individual mussels were predicted through 

OLS modeling, total wet mussel weight -5.99 g (SE ± 0.43), wet flesh weight -2.14 g (SE ± 

0.19), wet shell weight -1.92 g (SE ± 0.14), dry flesh weight -0.49 g (SE ± 0.053), shell 

height -10.87 mm (SE ± 0.85), and shell width -0.68 mm (SE ± 0.17).  Parasitism by N. 

novaezelandiae had a significant effect on the growth of P. canaliculus by reducing size 

and weight when compared to uninfected mussels.  Total wet mussel weight loss 

represents approximately a 30 % (F1, 10262 = 669, p < 10-5) reduction compared to 

uninfected mussels and was likely due to nutrient deprivation caused by hosting the 

parasite.  Wet meat loss due to the parasite was approximately 29 % (F1, 1323 = 355, p < 0. 

10-5).  Median shell height was reduced by 13.5 % (F1, 32306 = 936, p < 10-5) and median shell 

width was also significantly reduced by 5.9 % (F1, 129 = 107, p < 10-5).  Plotting of shell 

length versus shell height and shell height versus meat weight showed two distinct 

clusters representing infected and uninfected mussels (Fig. 2.4, Fig 2.5). Power curves 

were calculated by linear regression of the log-log data, with the exponent representing 

the linear regression slope and constant equal to the antilog of the intercept (Fig. 2.5). 

Many samples of infected or uninfected mussels appeared to display an extended shell 

width towards the ventral edge, terminating with a greater angle in the ventral slope (Fig. 

2.6).  This extension is most likely due to the rubbing of the carapace of the parasite on 

the host mussel mantle forcing growth of a larger mantle cavity in order to accommodate 

the crab.  
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Figure 2.4. Plotting of infected and uninfected mussels showed two distinct clusters representing the 
reduction of shell length and height caused by presence of parasitic P. novaezelandiae. 
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Figure 2.5. Plotting of P. canaliculus mussels shell height and wet meat mass for hosts infected and 
uninfected with N. novaezelandiae.  Figure power curves were generate by linear regression on the log-log 
data. 

 

 

 

 

Figure 2.6. Photographs showing Perna canaliculus shell distortion caused by N. novaezelandiae.  Infection 
with the parasite causes an extended shell width towards the ventral edge and the shell terminating with a 
greater angle on the ventral slope of the valves. 
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2.4.5. Effect of pea crab infection on overall farm 

The effect of pea crab infection on the overall production of the mussel farm was 

calculated by taking the sum of the combination of predictions from the three models at 

all sampling locations, total wet mussel weight 803.4 kg, wet flesh weight 290.3 kg, wet 

shell weight 255.0 kg, dry flesh weight 68.7 kg, shell height 141.9 m and shell width 87.8 

m.  At the most recently published FOB prices this farm production loss translates into US$ 

3,198. 

 

2.5 Discussion 

This research for the first time quantified the abundance, as well as the biological and 

financial impact of the parasitic pea crab N. novaezelandiae on a typical green-lipped 

mussel farm in New Zealand.  The biological conditions present in commercial aquaculture 

facilities are unique compared to naturally occurring populations of green-lipped mussels 

and there have been no reports from farms of any type to date. In the farm situation the 

mussels are of a similar age and size, growing quickly, generally in higher densities, and 

are suspended in the water column where they are subject to different environmental 

conditions.  Infection levels in natural populations of P. canaliculus have been found to be 

highly variable ranging from 4 to 70 %, although this may partly relate to sampling 

methodologies which require large samples to accurately estimate infection levels (Jones 

1977a, Baxter 1981).  For this reason a single "typical" green-lipped mussel farm was 

sampled intensely to allow for greater precision in determining the spatial abundance of 

pea crabs within the mussel farm.  Sampling multiple farms would have been useful as it 

would have allowed comparisons to be made about environmental conditions among 

farms and provided greater confidence in extrapolating infection farm-wide pea crab 

infection data to an estimate of national infection levels.  Similarly, sampling the same 

farm repeatedly through time would allow for analyses of other important biological 

aspects such as trends in recruitment and any seasonal breeding effects.  However, for 

this initial study only a single farm was able to be sampled intensively to provide high 

quality data on the pea crab infestation.  To date there are no published reports of the 
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prevalence of pea crabs in green-lipped mussel farms or on the potential for modifications 

to farming practices with the goal of reducing infection from pea crabs.  Similarly there is 

no published information on potential for developing methods of biocontrol or chemical 

interventions to treat existing infections of pea crabs. 

 

 The total mussel population of the farm sampled is estimated to be 2,384,730 (SE ± 

73, 840) or approximately 45 t of green-lipped mussels with an infection level with pea 

crabs of 5.3 % (SE ± 0.062).  This estimate was relatively low compared to previous work in 

wild populations of these same mussels with rates of infection of 16 - 70 % at Ward Island 

and 0.030 - 14 % at Seatoun Beach, both in Wellington Harbour (Jones 1977a).  These wild 

populations also had mussels that were significantly older and larger as they would not 

have been harvested like those on a mussel farm when they reach ≈ 100 mm with two 

years and are then harvested.  Reporting such high infection levels is likely a result of 

hosts being in place for longer and being benthic, which would allow for easier access for 

juvenile infective stages compared with suspended droppers within a farm.  Leaving the 

mussels suspended from the droppers in a farm for longer may also result in a longer time 

period for infection and subsequently higher infection levels. 

 

 Analysis of complete dropper lines did not show clustered distribution of pea crabs 

and no male crabs were found outside of their hosts.  From these estimates the total N. 

novaezelandiae population in the farm would be around 126,000 individuals.  Pea crab 

abundance within the sampled farm was significantly affected by the location of 

backbones (F4 ,0.027  = 4.38, p < 10-5) (Fig. 2.3, Table 2.2).  Pea crab abundance contour plots 

indicate decreasing abundance of pea crabs in an easterly direction that coincides with 

increasing sea floor depth and the distance from the adjacent coastline.  This suggests that 

there may be a relationship between the abundance of crabs and the proximity of the sea 

floor to the droppers since the bottom of the dropper lines were unlikely to make contact 

with the sea bed.  However, depth within droppers themselves did not have a significant 

effect on crab abundance (F2, 0.004 = 1.43, p = 0.25) (Fig. 2.2).  Also, the Horizontal location 
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along backbones was not a significant factor (F14, 0.031 = 1.45, p = 0.14) for influencing pea 

crab abundance, possibly as a result of sea floor depth along backbones being relatively 

uniform.  Studies of benthic mussel populations have implicated depth as a key factor in 

host selection and abundance by Pinnotherids (Houghton 1963, Pearce 1966, Seed 1969).  

Research has shown that the optimal depth for the pea crab Fabia subquadrata in the 

Northern horse mussel (Modiolus modiolus) is relatively shallow at 0 - 20 m.  Having a 

farm in close proximity to the shore would likely mean being close to neighbouring 

intertidal and benthic bivalve populations as well as the sea floor which may aid in 

increasing levels of crab infection. The existence of neighbouring intertidal and benthic 

mussel communities was visually established as well as a significant community on the 

farm structure itself. However, the population of mussels on the farm would be much 

higher than that of the natural mussels within close proximity to the farm, so they would 

only represent a small part of the total population. 

 

Parasite presence also effected shell dimensions by reducing shell height on 

average by 13.5 % (F1, 32306 = 936, p < 10-5) or -10.87 mm (SE ± 0.85) and shell width by 5.9 

% (F1, 129 = 107, p < 10-5) or -0.68 mm (SE ± 0.17).  When the shell dimensions and wet 

meat weight of infected and uninfected mussels were plotted it showed two distinct 

groupings caused by the presence or absence of the parasite indicating that infected 

mussels were substantially shorter (Fig. 2.4, Fig. 2.5).  Parasitism by N. novaezelandiae also 

has a marked effect on the shell shape of the host P. canaliculus (Fig. 2.6).  Effects of shell 

distortion by pea crabs have also been observed for Tumidotheres maculatus on its host 

Mytilus edulis, where shell shape is directly related to growth rate of the mussel and pea 

crab impact was shown to cause the “ungulate” form characteristic of slower growing 

mussels (Bierbaum and Ferson 1986). 

 

Median weight loss for the whole animal was -5.99 g (SE ± 0.43) which equates to 

an almost 30 % reduction in mussel size.  This reduction is undoubtedly caused by the 

crabs scavenging food particles gathered by the host, as well as decreasing the host 
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mussel’s ability to feed and respire as a result of erosion of the gills (Wear and Fielder 

1985, Bierbaum and Shumway 1988).  When these size losses are translated into a 

financial loss on this specific mussel farm it equates to an estimated US$ 3,198 which 

represents a moderate loss from the relatively low farm-wide infection level of 5.3 %. 

 

Some Pinnotherids demonstrate a relatively short larval developmental period 

(LDP) of 25 days.  Limited larval dispersal in N. novaezelandiae could potentially cause 

localised re-infection among mussel farms at different stages of the growing cycle, and 

into wild populations of bivalves because most female pea crabs sampled during this study 

were gravid.  However, with a LDP of 25 days and a substantial population of green-lipped 

mussels in neighbouring mussel farms and wild populations, it is unlikely that the majority 

of recruiting megalopae are from the farm itself.  If host odour were determined to be a 

settlement cue then the placement of a new farm could work to attract new recruits of 

which some would likely be from the original farm as wells as other neighbouring farms 

and the wild intertidal and benthic communities. 

 

In 2010 New Zealand exported 34,000 t of farmed P. canaliculus.  If the moderate 

infection level of 5.3 % measured in our study was extrapolated with average mussel 

export size of 25 g per individual mussel across the entire New Zealand mussel 

aquaculture industry, then the present day net loss of product from N. novaezelandiae 

parasitism at FOB prices would equate to US$ 2.16 million annually.  This value is a 

projection based upon a single farm, however, and measures of pea crab infection from 

other farms in various and representative farming locations would be needed to provide a 

more accurate estimate of infection level, product loss and nationwide financial impact. 

 

2.6 Conclusions 

The parasitic crab N. novaezelandiae significantly reduces the size and weight of 

aquacultured green-lipped mussels.  A comparatively low infection level of crabs (5.3 %) 

within a typical mussel farm still resulted in substantial productivity and financial losses.  
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Furthermore, a production loss of 0.8 t or 1.97 % of the production of a single mussel farm 

within New Zealand represents a moderate loss, but across the entire mussel aquaculture 

industry the cumulative total is estimated to be significant (US$ 2.16 million annually).  

Similar impacts could be expected to occur in other bivalve aquaculture industries around 

the world where parasitic crabs are present. The results of this study suggest that locating 

mussel farms in deeper water may reduce infection with the parasitic crabs, however, this 

remains to be tested.  In addition, the dynamics of N. novaezelandiae larval biology and 

subsequent infection of the host needs to be studied with the aim of identifying other 

potential control mechanisms for this pest. 
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Chapter Three 
Biological characteristics of Nepinnotheres 

novaezelandiae living in a Perna canaliculus farm 
________________________________________ 

 

This chapter has been published as: 

 

Trottier O. and A.G. Jeffs (2012). Biological characteristics of a population of parasitic pea 

crabs (Nepinnotheres novaezelandiae) living in a green-lipped mussel (Perna canaliculus) 

farm. Dis. Aquat. Org. 101: 61-68. 

 

3.1 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 

green-lipped 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 %) were sexually mature and of these, females comprised 86.4 % 

compared with 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 - 11.5 mm, with males tending to be smaller with a mean 

carapace width of 6.31 mm (SE ± 0.16) versus females at 8.03 mm (SE ± 0.06). The crabs did 

not show any preference for parasitizing mussels of different sexes.  Despite the mussels 

being only 10-months-old, most female crabs were sexually mature (stage V) and 89.3 % 

were gravid.  The mean clutch size was 2592 (SE ± 579) and clutch size was directly 

associated with female carapace width.  The mussel farm pea crab population was 

estimated at 126,390 (SE ± 14,144) individuals, and included 93,000 gravid females carrying 

at total of over 241 million eggs. Overall, the results show that pea crabs rapidly colonise 
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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. 

 

3.2 Introduction  

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 parasitic (Bierbaum 

and 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 taking food particles filtered out by the host, and causing erosion of the gills of 

the host (Wear and 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 and Shumway 1988). A study in New Zealand estimated 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 N. novaezelandiae vary widely and 

have been reported to range from 4 – 70 % (Jones 1977a, Hickman 1978, Baxter 1981, 

Bierbaum and 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 N. novaezelandiae has been partially described with most larval 

stages originally inferred from related species but now fully described (Bennet 1964, Jones 

1977b, Wear and Fielder 1985, Feickert 2013).  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 and Fielder 1985).  Males mature from pre-hard to a dorso-ventrally flattened 

hard shell stage and range from 3.2 - 11.8 mm in carapace width.  Females molt through 

four additional stages of soft membranous shells before reaching stage V which has a 
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hardened shell and is sexually mature (Jones 1977b, Wear and Fielder 1985).  Stage V 

females are rounded and range from 9.3 to 20.2 mm in carapace width (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 have been observed in the water column 

from August to March (Jones 1977a).  Previous studies show a low incidence of juvenile pea 

crab stages recovered from sampling mussels suggesting that their 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 apparently attempting to enter or leave mussels (Jones 1977a).  The dorso-ventrally 

flattened profile of male crabs is thought to facilitate their movement in and out of bivalve 

hosts for mating with female crabs.  Mate location by male pinnotherids has been proposed 

to be mediated by pheromone attraction (Asama and Yamaoka 2009).  A chemotactic 

mating strategy would help with the successful locating of female crabs and reduce the 

frequency that male crabs would be required to enter or exit a host.  Chemoreception is 

used by mature N. novaezelandiae for locating bivalve hosts which highlights the chemical 

sensing ability of this crab (Stevens 1990). 

 

Overall, there is only sketchy knowledge about the biology of this financially 

important parasite in 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. 

 

3.3 Materials and Methods 

3.3.1. Sampling 

Mussels were acquired and processed as part of a large scale systematic sampling of a 1.71 

ha green-lipped 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 
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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 nine pairs of parallel backbone lines spaced at 10 m intervals on the surface of the 

water which suspended dropper lines that held a crop of mussels that was approximately 

10-months-old. Paired backbones consisted of 35 mm polypropylene rope that was 

anchored at both ends and suspended 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 floor depth at 

low tide was 10 m on the western side of the farm and gradually decreased to 15 m on the 

eastern side of the farm. 

 

Sampling was carried out by a random stratified method on mussel farm backbones. 

Weighted sampling lines were placed on backbones 1, 3, 5, 7 and 9 at 15 locations each 

about 10.5 m apart (Trottier et al. 2012).  Dropper lines were stratified into three sampling 

regions: top (0 - 4 m depth), middle (4 - 8 m depth), and bottom (8 - 12 m depth).  Sample 

lines were 12 m in length and composed of 3 mm polypropylene rope with three 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. 

 

3.3.2. 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 

carapace width which were measured with a digital Vernier 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 

stage were made under a dissecting microscope at a 60× magnification with crab stage 

keyed according to Jones (1977b). Male crabs were determined to be mature based upon 

being hard stage with the presence of a well calcified creamy white carapace containing 
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distinctive orange markings and long copulatory appendages. Mature females were denoted 

by a smooth, membranous and oval carapace that was opaque white and an abdomen that 

is as large, or larger than, the carapace. Egg development was divided into three stages 

based on the colour of the eggs; red (stage 1) consisted of newly extruded eggs which 

matured into orange (Stage 2), followed by brown - yellow which were eyed ova (Stage 3). 

 

3.3.3. Crab sex ratio and reproductive characteristics 

3.3.3.1. Fecundity 

Female crab fecundity was measured by combining the means of triplicate egg counts of 

clutches.  Clutches of eggs from individual female crabs were poured onto a grided slide for 

counting.  Counts were performed under a dissecting microscope at 15× magnification with 

a hand tally counter. 

 

3.3.3.2. Relationship with host mussel  

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. 

 

3.3.4. Characteristics of mussel farm crab population 

Total fecundity of the crab population on the mussel farm was derived by first estimating 

the total population of N. novaezelandiae on the farm.  This was done by combining the 

mussel population estimate of 2,384,730 (SE ± 73,840) with the overall infection level of 5.3 

% (SE ± 0.062 SE) as reported previously using spatial abundance modeling (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. 
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3.3.5. Statistical analyses 

The sex ratio of the population of mature and immature pea crabs found within the mussel 

farm were compared with a chi-square goodness of fit against an expected ratio of 1:1 

male:female.  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 crab size with egg count, and crab 

carapace width with 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.  Three random dropper lines were processed to ensure 

distribution of the crabs was not clustered. 

 

3.4 Results 

3.4.1. Crab sex ratio and reproductive characteristics 

Of the 324 crabs retrieved from the 6750 sampled mussels only a single instance of a male / 

female pair within a single mussel was observed and significantly more 82.4 % (267) were 

female than male 17.6 % (57) (X
2
 (1, n = 324) = 132, p < 0.001).  A total of 87 % of all of the 

crabs that were sampled were mature.  Of all mature crabs, the female and male proportion 

was 86.4 % and 13.6 % respectively.  Sex distribution of immature crabs was statistically 

equal with females comprising 54.7 % and males 45.3 % (X
2
 (1, n = 42) = 0.381, p = 0.53).  

Immature male crabs ranged in size from 4.1 - 8.0 mm, and female crabs 4.1 - 8.2 mm.  

Mature male crabs ranged in size from 4.3 - 9.3 and female 4.9 - 11.5 mm. The mean egg 

count from the 217 female clutches sampled was 2592 (SE ± 579) and clutch size ranged 

from 1272 to 4128. The clutch size of female pea crabs was found to be directly related with 

maternal crab size as measured by carapace width (Pearson correlation analysis, r2 = 0.83) 

with every additional millimetre of carapace width of the female crabs relating to an 

average increase in clutch size of 500 eggs (Fig. 3.1).  Stage 3 eggs accounted for the 

majority (54.1 %) of the total clutches observed.  Stage 2 eggs were the least common (18.6 

%) and stage 1 eggs comprised 27.3 % of clutches observed. 
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Figure 3.1.  Carapace width of female N. novaezelandiae versus their respective clutch size.   

 

3.4.2. Crab size frequency  

The carapace width of all sampled crabs ranged from 4 - 11.5 mm (Fig. 3.2) and the overall 

population mean for carapace width was 7.74 mm (SE ± 0.07).  However, the mean carapace 

width for male and female crabs were significantly different, 6.31 mm (SE ± 0.16) and 8.03 

mm (SE ± 0.06) (Student’s t-test, p < 0.001).  Crab size frequency had a normal distribution 

with males absent below 5.5 mm and above 9.5 mm although gravid females were found 

across the entire size range, i.e., 4 - 11.5 mm (Fig. 3.2).  Crabs above ≈11 mm potentially have a 

plateau in their carrying capacity as mean egg counts appeared to level off above this value and may 

be due to size restrictions of the female crab in relation to space availability within the host (Fig. 

3.7). 
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Figure 3.2.  The carapace width of 324 crabs randomly sampled from a typical green-lipped mussel farm in 
northern New Zealand.  Males accounted for 17.6 % (57) and females for 82.4  % (267) of the total sample.   

 

3.4.3. Relationship with host mussel 

A Pearson's correlation analysis of crab carapace widths with host mussel shell height 

revealed a moderately positive relationship (r2 = 0.34, p < 0.001) (Fig. 3.3).  Individually, both 

females (r2 = 0.36, p < 0.001) and males (r2 = 0.53, p < 0.001) had moderately positive 

relationships that were statistically significant.  Host size ranged from 45.4 - 96.5 mm with a 

mean shell height of infected and uninfected mussels being 70.1 mm (SE ± 0.38) and 80.8 

mm (SE ± 0.12) respectively which were significantly different (Student’s t-test, p < 0.001).  

Mean male host size was 68.6 mm (SE ± 0.95) of shell height and for female mussels was 

70.4 mm (SE ± 0.41) which were not statistically different (Student’s t-test, p = 0.07). 
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Figure 3.3.  Carapace width of sample crabs versus the shell height of their mussel host.  The association 
between crab size and host size was statistically significant (p < 0.001) and both females (p < 0.001) and males 
(p < 0.001) were individually significant. 

 

Pea crabs showed no preference for host mussels of either sex.  Female (43 %) and 

male (57 %) mussels were evenly chosen and not statistically different to an even ratio (X
2
 

(1, n = 49) = 1, p = 0.32) as is expected in this population of dioecious bivalves (Alfaro et al. 

2001).  Depth within the dropper lines throughout the farm failed to be a significant factor for 

either male or female pea crab abundance or size (Fig. 3.4, Fig. 3.5).  Increasing depth on dropper 

lines with the mussel farm did slightly decrease the ratio of mature gravid female to non-gravid 

females (Fig.3.6). 

 

3.4.4. 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 (X
2
 (4, n = 324) = 0.496, p = 0.97). 

 

3.4.5. Characteristics of mussel farm crab population 
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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 (SE 

± 14,144) individuals.  When the observed sex ratio from our sampling is applied to this 

estimate of the size of the mussel farm population approximately 104,145 crabs are female 

and 22,244 are male.  Within the total crab population, stage V females capable of 

reproduction accounted for an estimated 95,188 individuals and 93,001 of them were 

estimated to be gravid.  The total standing egg count on the mussel farm at the time of 

sampling is estimated to be approximately 241,058,592 eggs. 

 

Figure 3.4.  Abundance of male and female crabs in relation to sampling depth on mussel farm dropper lines 
regardless of position of the  lines within the farm. 
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Figure 3.5.  Mean carapace width (±S.E.) of pea crabs in relation to sampling depth on mussel farm dropper 
lines regardless of position of the lines within the farm. 
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Figure 3.6.  The proportions of mature gravid and mature non-gravid female pea sampled from across a mussel 
farm at Great Barrier Island. 
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Figure 3.7.  The correlation between carapace width and egg carrying capacity of female pea crabs sampled 
from across a mussel farm at Great Barrier Island. 
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crab research not only is this the first to report fecundity, carapace width/carrying capacity, 

role of depth on sex abundance and total reproductive output from a commercial farm, but 

also these biological characteristics for a pea crab of any species. 

 

Overall, there were nearly five times more female than male crabs found in the 

mussel farm. A similarly skewed sex ratio has also been observed in pea crabs infesting wild 

populations of green-lipped mussels in New Zealand with up to 81.6 % females (Jones 

1977a).  A dominant female sex ratio has also been observed in related parasitic crab 

species such as Arcotheres tivelae (91 %) (Saeedi and Ardalan 2010), Tumidotheres 

maculatus (72.8 %) (Kruczynski 1974), and Nepinnotheres sinensis (Sun et al. 2006).  In the 

present study the sex bias was uniform and not influenced by where the crabs were on the 

farm as there was no relationship between pea crab abundance of both sexes and the 

spatial position of the backbone lines.  Total sample size of females was too small, however, 

to speculate as to if this was a significant trend.  In our sample of N. novaezelandiae the sex 

ratio among 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 

purpose of mating with females (Jones 1977a).  A 1:1 birth sex ratio among crustaceans is 

suggested to be advantageous to the species despite differential post-maturity mortality 

between the sexes (Leigh 1970).     

 

In the 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 

(Baxter 1981, Jones 1977a, Hickman 1978, Lackowicz 2005).  Sperm storage has been noted 
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in some species of pea crabs but the mating behavior in N. novaezelandiae has never been 

observed.  Male N. novaezelandiae are thought to leave their host mussel in search of 

females similar to the behavior observed in Nepinnotheres pisum and Nepinnotheres 

ostreum (Jones 1977a).  This behavior is unique as most species of pinnotherids, such as 

Tumidotheres 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 in part 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 

are killed 13 % of the time they attempt to enter a bivalve host (Stauber 1945).  Although 

our results indicate a 1:1 sex ratio for juvenile crabs, differential rates of mortality for 

mature male crabs resulting from mate searching could produce the heavily female biased 

adult sex ratio for the entire crab population observed in this study of roughly 9:1 females 

to males.  An alternate hypothesis could potentially be the absence of males from the 

sampled mussels due to being outside of the hosts at the time of sampling.  However, 

multiple whole dropper lines that were sampled and analyzed for clustered distribution of 

pea crabs failed to produce any males on or among the mussels at this specific mussel farm. 

 

The mussels within the farm at the time of sampling were 10-months-old since 

seeding-out on the dropper lines as early juvenile mussels.  This means that the 89.3 % of 

the sampled female crab had settled and grown to reach maturity inside this timeframe.  

This was reflected in the presence of an association between crab size and host size which 

was statistically significant for both females (p < 0.001) and males (p < 0.001) (Fig. 3.3).  The 

carapace size of sampled individuals ranged from 4 - 11.5 mm and the vast majority of crabs 

collected within this range were mature adults (87 %) (Fig. 3.2).  This suggests that the 

maturation rate of N. novaezelandiae from juvenile stages within a mussel farm is relatively 

rapid.  Free swimming Nepinnotheres taichungae grow at 1 mm in carapace width per 

month and N. novaezelandiae being within the protection of a host with a potentially 

unlimited food supply would be at a greater advantage for rapid development (Hsueh 2001).  

Fast growth and short moulting stages would also advance the number of mature males 

entering the adult population to alleviate mating restrictions imposed by apparently high 

rate of adult male mortality.  The limiting factor for reproduction of these mature females is 
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likely to be the availability of males as mates.  It is likely that female crabs within this 

population reproduce several times annually.  The farm-wide fecundity of 241,058,592 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 of pea crabs may also be higher 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.  The results of this 

current study indicate an increased clutch size of about 500 eggs for every millimeter of 

growth in the female carapace width (Fig. 3.1).  However, crabs above ≈11 mm may have a 

plateau in their carrying capacity as mean egg counts appeared to level off above this value 

(Fig. 3.7).  Sampling of a more mature population of pea crabs in an older farm with larger 

female crabs would be needed to confirm whether a plateau in carrying capacity exists.  

Green-lipped mussel farms within New Zealand are usually harvested from 10 – 18 months 

and at which time the pea crab population is likely to be continuing to increase via ongoing 

infection with larval 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 three egg stages 

observed.  Red and orange stages were less frequent, suggesting that these earlier egg 

stages are shorter in duration with eggs mature quickly once extruded.  The gestation period 

of N. novaezelandiae eggs is unknown, although in other crab species it can be as short as 8 

days 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 also allow for rapid establishment and recolonization of new hosts. 

 

Mussel spat used to seed the farm sampled in this study was sourced from the 

northern end of the country at Ninety Mile Beach (Jeffs et al. 1999, Alfaro et al. 2010).  This 

source of spat is used to supply the majority of New Zealand green-lipped mussel 

aquaculture operations. Previous research on the spat collected from this location indicated 

an equal sex distribution of male and female mussels among the spat (Alfaro et al. 2010).  



Chapter 3_____________________________________Nepinnotheres novaezelandiae characteristics in a farm 

 

71 | P a g e  
 

Histological analyses of N. novaezelandiae host gonads demonstrate the absence of a 

preference by pea crabs for either sex of host.  The selection of male (57 %) and female (43 

%) mussel hosts by the crab parasites was equal (X
2
 (1, n = 49) = 1, p = 0.32). These results 

suggest that pea crabs choose their host not based on sex but on other factors such as sea 

floor depth and host access (Trottier et al. 2012).  Submerged green-lipped mussels from 

farms therefore would provide an ideal habitat that was always accessible and devoid of 

most heavy wave action when compared to intertidal mussel populations. 

 

Further research is needed into pea crabs because methods for reducing infection 

levels need to be specifically tailored to the biology of this parasite to maximize their 

efficacy.  Interfering with larval settlement could potentially be achieved by using chemical 

or acoustic traps.  The chemoreceptive ability of N. novaezelandiae with respect to host 

preference has been well documented (Stevens 1990). Settlement could also be influenced 

by a number of sensory cues as has been found in many other crustaceans; including the 

presence of adult conspecifics (Welch et al. 1997), host-odour (Stevens 1990) and acoustic 

cues (Stanley et al. 2010).  Trapping adult male pea crabs by taking advantage of the 

probable use of pheromone mate location also provides an attractive option for restricting 

successful reproduction by restricting mate availability. 

 

3.6 Conclusions 

The results of this study are the first to show that pea crabs have the ability to colonize and 

establish a highly reproductive population on mussel farms very quickly.  This is achieved by 

rapid growth, early maturation, and high female fecundity.  Mussel farms quickly become a 

larval source for the parasites that may cause a significant and localized spill-over effect into 

neighbouring wild and farm populations of bivalve shellfish.  The estimate of the total 

annual farm reproductive output 241,058,592 eggs is likely to be an underestimate given 

that the female crabs probably breed multiple times within a year.  Sampling of other farms 

where pea crabs would be at a later stages of maturity would be needed to confirm the 

observed trends as well as provide further insight into the state of both crabs and mussels 

with more developmental time.  The rapid maturation of eggs and juveniles combined with 

product losses incurred by N. novaezelandiae highlight the need for further investigation 
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into their larval and reproductive biology in order to further develop parasite management 

strategies.  In particular, research is needed into the mating pheromone systems as it could 

provide the best target for biocontrol that is specifically aimed at males to take advantage of 

the skewed sex ratio in the population. 
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Chapter Four 

Mate locating and access behaviour of the parasitic 

pea crab, Nepinnotheres novaezelandiae (Filhol, 1886) 

________________________________________ 
 

This chapter has been published as: 

 

Trottier O. and A.G. Jeffs (2015). Mate locating and access behaviour of the parasitic pea crab, 

Nepinnotheres novaezelandiae, an important parasite of the mussel Perna canaliculus. Parasite 22. 

 

Also seen in National Geographic "Weird and Wild" from 05/08/2015 at: 

http://news.nationalgeographic.com/2015/05/150508-crabs-tickle-shellfish-science-

animals-new-zealand/ 

 

4.1 Abstract 

Pea crabs are globally ubiquitous parasites in the marine environment that cause serious 

economic impact in the aquaculture production of several major bivalve species.  However, 

little is known about their host-parasite interactions, especially the mating behaviour of 

these parasites that could prove useful for controlling their infestation in aquaculture.  In 

this study the mate location behaviour of male New Zealand pea crabs, Nepinnotheres 

novaezelandiae (Filhol 1886), was observed when dwelling in its preferred host, the 

commercially important green-lipped mussel, Perna canaliculus (Gmelin 1791).  The 

presence of receptive female crabs placed upstream successfully attracted 60 % of male 

crabs from their host over 24 hr.  Males spent on average 49 (± 22 SE) min on empty hosts 

and never left a mussel containing a female conspecific once found, spending 200 (± 50 SE) 

min on average to gain entry to the mussel.  Male crabs were often observed stroking the 

mantle edge of the mussel whilst attempting to gain entry, successfully increasing mussel 

valve gape during entry from 3.7 (± 0.16 SE) to 5.5 (± 0.20 SE) mm.  A pheromone-based 
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mate location system is likely used by this crab to greatly reduce the risks associated in the 

location of females. 

 

4.2 Introduction  

The parasitic New Zealand pea crab, Nepinnotheres novaezelandiae (Filhol 1886) (Filhol 

1885a, b), has been shown to cause an estimated 30 % reduction in the size of commercially 

aquacultured green-lipped mussels (Perna canaliculus) resulting in industry-wide losses in 

production equivalent to US$ 2.16 million annually (Bierbaum and Ferson 1986, Lackowicz 

2005, Trottier et al. 2012).  The parasite’s impact is primarily a result of the crab living inside 

the host mussel and stealing food, as well as eroding the gills of the mussel resulting in 

stress and decreased rates of filter feeding (Berner 1952, Wear and Fielder 1985, Bierbaum 

and Shumway 1988, Trottier et al. 2012).  Nepinnotheres novaezelandiae is found widely 

throughout New Zealand’s coastal waters, infecting wild populations of green-lipped 

mussels (Jones 1977a).  Although green-lipped mussels are the preferred host, the parasite 

can also be found in a wide range of other bivalve species where they act as potential 

reservoir populations with the potential to produce larvae that can infect populations of 

large coastal bivalves, such as farmed mussels (Palmer 1995).  

 

 Recent research on a green-lipped mussel farm has shown that 5.3 % of the mussels 

were infected with this pea crab which would suggest that the location of mates by adult 

males, which make up only 17.6 % of the population, could be particularly challenging 

because females were distributed evenly throughout the mussel farm (Trottier et al. 2012).  

Despite these seemingly poor odds, 89.3 % of mature female crabs were found to be gravid 

with fertilised eggs indicating a high rate of mating success.  Establishment and growth of N. 

novaezelandiae in newly seeded mussel farms from larval settlement is swift as the species 

appears capable of rapid infection and tremendous reproductive output (Ueira and Lyman 

2007).  For example, a 10-month-old population of farmed green-lipped mussels contained a 

crab population in which 86.4 % were mature females carrying with a mean brood size of 

2592 (± 579 SE) and totaling an estimated 241 million eggs for the farm (Trottier and Jeffs 

2012). 
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 Locating and accessing mates provides a potentially dangerous set of circumstances 

for male N. novaezelandiae.  Mature male crabs must squeeze out of the gaping valves of 

their host mussel without being crushed in order to search for female mates (Atkin 1926, 

Trottier and Jeffs 2012).  Males of the oyster pea crab, Pinnotheres oestrum, were observed 

to be routinely crushed when attempting to enter or exit an oyster host and although 70 % 

of males were able to make entry into a host, 13 % of them were crushed in the process 

(Stauber 1945, Jones 1977a).  Once a male pea crab successfully exits its bivalve host either 

in a mussel farm or wild mussel bed, they are then exposed to an increased risk of predation 

due to these environments having high diversity and abundance of predatory fish (Morrisey 

et al. 2006, Norling and Kautsky 2008).  Despite understanding the challenges faced by male 

crabs, it is still not understood what cue triggers the males to leave the protection provided 

by their host and what specific behaviours they use to mitigate the associated risks. 

 

 Crushing of mature male crabs and predation are thought to be the likely cause of a 

female-biased sex ratio in populations of N. novaezelandiae where typically about 80 % of 

individuals are female, despite the sex ratio of immature crabs being equal (Jones 1977a, 

Magnhagen 1991, Trottier et al. 2012).  Therefore, male pea crabs must balance the risk of 

mortality with the chances of reproductive success through successfully locating a mate 

(Stearns 1992, Ueira and Lyman 2007).  Any means to reduce the risks of mortality while 

locating a mate would be highly beneficial to male fitness and could be expected to be 

positively selected for.  Manipulation and exploitation of natural host behaviour by parasites 

to minimize the associated risks with reproduction does occur in other species, such as 

parasitic worms (Hindsbo 1972, Hudson et al. 1998, Roberts et al. 1998, Janovy 2000, 

Zimmer 2000, Moore 2002), and is often crucial in increasing the breeding success and 

transmission of parasites to new hosts (Combes 1991, Poulin 1994, Moore 2002, Poulin 

1995). 

 

 One of the potential ways male N. novaezelandiae may facilitate the location of 

mates is through the use of pheromones (Trottier and Jeffs 2012), a method used by many 

crustaceans and which has been observed in some Pinnotherids (Dunham 1978, Salmon 

1983, Asama and Yamaoka 2009).  The importance of chemoreception has been highlighted 

in Pinnotherid species (Ambrosio and Brooks 2011) for host recognition (Derby and Atema 
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1980, Stevens 1990), habitat selection (Weber and Epifanio 1996, Forward et al. 1997, 

Strasser and Felder 1998), predator avoidance (Brooks 1991, Derby et al. 2003) and 

conspecific signalling (Jensen 1991, Atema 1995).  Chemical cues are thought to be 

important in adult N. novaezelandiae in selecting host bivalves based on host odour but 

have not been demonstrated being used for mate location (Stevens 1990).  Therefore, the 

aim of the current research is to describe the mate-finding behaviour of male N. 

novaezelandiae, including interactions with the host green-lipped mussels, as well as 

determining if there is evidence of pheromone-based location that could further be 

developed into potential control measures. 

 

4.3 Materials and Methods 

All crabs and mussels used in experimentation were sourced from a single commercial 

mussel farm and only host mussels of 9 cm (±0.5) in shell height were used unless otherwise 

stated. Crabs and eggs were keyed to developmental stage according to Jones (1977b) and 

identified photographically through distinct individual carapace markings.  Crab size 

represented by carapace width was measured with digital callipers to an accuracy of 0.01 

mm.   Movement of male crabs between mussel hosts was performed by inserting a 

gradually sloping stainless steel wedge into the ventral edge of the mussel when the valves 

were agape.  Male crabs were then carefully removed with plastic forceps or encouraged to 

exit on their own accord by light pressure on one side of the crab towards the open valves.  

In order to introduce or remove female crabs from a host the stainless wedge was inserted 

into the gaping valves followed by continual gentle opening pressure between the valve 

applied with circlip pliers with flattened tips to spread the force over the shell edge. The 

stainless wedge was then gently pushed between the valves until the desired opening was 

achieved to remove a female.  Where presence and identification of crabs within hosts was 

only required it was confirmed visually through the valve gape as this method was less 

intrusive and stressful for the host mussel and crabs.  Movement of crabs was kept to a 

minimum to reduce stress. Where male crabs exited from their host during experimentation 

they were always returned to their original host.  Standard errors of means are reported 

throughout. 
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4.3.1. Female-Induced Male Host Exiting 

An experiment was used to determine if female crabs could elicit male crabs to exit their 

host mussel downstream, as an indicator of the possible use of a pheromone cue.  A series 

of 10 polyvinyl chloride (PVC) tubes measuring 35 cm in length and 6.5 cm in diameter each 

with a 15 cm long vertical trap located half way along the tube were placed in parallel and 

supplied with raw seawater to produce a directional flow 0.5 to 1.0 cm s-1 confirmed by 

tracing plumes of released food colouring (Figure 4.1).  A female crab within its original 

mussel host was placed in the upstream section of the tube and a male crab in its mussel 

host in the downstream section of the tube.  Vertical PVC rods at the end of the female and 

beginning of the male section prevented the host mussels from moving across the trap with 

byssus thread walking.  The bottom section of the vertical trap was removed daily to check 

for the presence of male crabs that had attempted to move toward the mussel containing 

the female crab.  Nine of the tubes contained hosts in the upstream section bearing mature 

females with early stage, late stage or no eggs and one tube contained an empty host as a 

control.  Two experiments were conducted.  The first experiment ran for 30 days and over 

this time any males found in traps at every 24 hr census were returned to their original host 

mussel and monitored for the occurrence of repeated host exiting behaviour when exposed 

to the same female.  The position of the control tube containing the mussel that was not 

hosting a female crab was randomised after each census to ensure movement was not 

influenced by the tube and a new control mussel substituted.  In total 30 mussels without a 

female crab were tested against the control male to rule out exiting behaviour in response 

to solely the host.  In the second experiment all 10 males (including the male crab used in 

the previous control treatment) were exposed to a single female known to elicit a male 

response for a 24 hr period each consecutively in the same tube. 



Chapter 4                                                                             Mate location by Nepinnotheres novaezelandiae 

78 | P a g e  
 

 

Figure 4.1.  Polyvinyl chloride (PVC) directional flow tubes measuring 35 cm in length and 6.5 cm in diameter 
with a 15 cm centrally located vertical trap were placed in parallel and supplied with raw sea water to produce 
a directional flow.  A float actuated valve in an upper reservoir provided equal water flow through the tubes at 
all times.  Females were placed upstream and males downstream within their respective hosts.  Male crabs 
exiting their hosts and attempting to proceed towards the female’s host fell into the vertical trap and were 
unable to exit.  A common drain reservoir collected out flowing water.   
 

4.3.2. Host Entrance Behaviour by Male Crabs 

Infrared recording methods were used to register male crabs gaining entry to mussel hosts 

of female crabs in the absence of visible light in order to understand the mechanisms 

involved in gaining access to females.  Video recordings were captured of crabs placed in a 

transparent polycarbonate tube measuring 35 cm in length and 6.5 cm in diameter.  Within 

the tube a male crab was placed about 10 cm downstream of a female crab each housed 

within a host mussel, and the behaviour of the male crab recorded continually with a Sony 

HDV (HVRA1U) camera under infrared illumination.  A continuous directional flow (female 

to male crab) of raw seawater of 0.5 to 1 cm s-1 was maintained in the tube during 

recordings.  Recordings were taken in 24 hr segments for each crab with a total of five 

different pairs of male and female crabs and their hosts observed (Figure 4.2). Video 

recordings were analysed to determine the following aspects of the behaviour for each male 

crab; attempts to enter host, time spent at entry point of mussel (inhalant siphon), total 

time spent on female crab’s host mussel, and total time from exit of the male’s host mussel 

to successful entrance of the female’s mussel.  Individual attempts to enter a host by the 

male crab were defined as the mussel closing and the male crab withdrawing from between 

the gaping valves to avoid being crushed. 
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 To determine whether male crab behaviour causes an increase in the valve gape of a 

mussel to facilitate access to the female crab contained inside, measurements using image 

analysis software were taken from still images sourced from the video recordings.  Repeated 

measurements (n=10) from the same location of the normal valve gape of each mussel at 

the mussel’s anterior ventral opening from a random selection of instances and the valve 

gape during male crab entrance (n=10) were made for each of the five different pairs of 

male and female crabs and their hosts that were observed.  Male crabs used in these 

experiments (n=28) were measured for their carapace height with digital callipers to an 

accuracy of 0.01 mm.  The mean measurement for normal mussel valve gape in the absence 

of a male crab and the valve gape of the same mussel at the time of a male crab entering 

between the valves were compared with a paired t-test analysis. 

 

Figure 4.2.  Observation chamber made of transparent polycarbonate tube measuring 35 cm in length and 6.5 
cm in diameter with a continuous flow of raw sea water at 0.5 to 1.0 cm s-1.  A female crab was placed 
upstream and a male downstream within their respective hosts.  The behavior of the male crab entering the 
mussel host of the female crab was recorded in darkness with video under infrared lighting. 

4.3.3. Mussel Valve Gape Behaviour 

Experimental data suggested pea crabs display a behaviour of stroking mussels into which 

they were attempting to gain entrance (see Results). We further conducted an experiment 

to determine if the stroking behaviour exhibited by crabs had the ability to increase the 

valve gape of mussels, and if there were diurnal differences in the sensitivity of the host 

mussels.  Two hundred mussels were placed in a 40 × 60 × 12 cm aquarium with constant 

inflow of filtered (10 µm) seawater and allowed to acclimate for five days in ambient 

day:night conditions.  The day-time (12:00 hr) and night-time (12:00 hr) treatment consisted 
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of gently stroking the mantle edge of 30 randomly selected mussels from the holding tank of 

200 mussels for 10 min with a pair of metal forceps, in a manner similar to the behaviour of 

male pea crabs and recording the observed responses of the mussel subjects. 

 

4.3.4. Mussel Valve Gape Profile 

To ascertain the optimal location of entry for N. novaezelandiae represented by the site of 

greatest gape of the valves, a profile of the valve gape around the exterior margin of the 

valves of P. canaliculus individuals was measured.  Understanding the point of entry with 

the behavioural manipulations by the male crab could potentially provide alternate targets 

for biocontrol. Mussels (n=100) between 89 and 91 mm in shell height were measured at six 

locations along the ventral and anterior edges of the valves with a digital calliper to an 

accuracy of 0.01 mm (Figure 4.3).  The mussels were held open on their hinge for 

measurement by insertion of a 7.7 mm stainless steel wedge at the shell apex (Figure 4.3 - 

point 3).  The locations for measuring the valve gape were selected based on being the 

common entry location for male crabs (point 5), the distance between this point and the 

umbo equally divided (points 1, 2 ,3, 4) and the anterior edge (point 6). 

 

Figure 4.3.  Perna canaliculus valve gape profile measurement locations along the ventral margin of the shell 
when the mussel was open on the shell hinge.  Predetermined locations included; the common entry location 
for male crabs (point 5), the distance between this point and the umbo equally divided (points 1, 2 ,3, 4) and 
the anterior edge (point 6). 
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4.3.5. Male Crab Mate Location Behaviour  

In order to determine if female crabs were producing a pheromone that males used for 

locating females, observations were made of the behaviour of male crabs in locating a 

female housed in a mussel host when offered a choice among five mussels of which only 

one contained a female crab.  The observations were undertaken in a tank of 44 x 54 x 13 

cm using filtered (10 µm) seawater which entered through a series of collimators before 

reaching the main chamber where laminar flow between 1 and 2 cm s-1 was confirmed prior 

to experimentation (Figure 4.4).  A mussel containing a single male crab was fixed 

downstream by a cable tie and five mussels were placed about 18 cm upstream, 7 cm apart 

across the width of the laminar flow tank with the umbo of the mussel facing downstream.  

One of the five mussels upstream was randomly selected to contain a female crab. The tank 

was held in an absence of visible light but under illumination with an infrared light source 

and male crab behaviour was recorded with a Sony HDV (HVRA1U).  The experiment was 

run for a maximum of five days or until the male had located and entered the female crab’s 

host mussel for each individual male crab. Observations were made of the behaviour of 10 

male crabs.  Two identical connected chambers were located next to each other with one 

chamber run as a control and one for experimentation.  The control experiment consisting 

of five empty host mussels with a male downstream that were run simultaneously with 

experiments under exactly the same conditions.  Video recordings were analysed to 

determine the following aspects of the behaviour for each male crab; the number of 

mussels visited, time spent on mussels with and without a female crab inside, total time to 

locate a mussel hosting female crab, and total time from exiting the male host to entering 

the female's host mussel.  To determine if the choice of mussels to investigate by male crabs 

was at random or directed, the number of mussels visited before a male crab successfully 

located the female in the laminar flow choice chamber was analysed by a Chi-square test of 

goodness of fit. The mean amount of time that male crabs spent on empty hosts compared 

to the female’s host was analysed with Student’s t-test.  In addition, the location around the 

shell margin of the mussel at which male crabs entered the mussel was determined from 

still images (n=10 images) taken from the video recording at the moment of male crab’s 

entry into the mussel host of the female crab.  The position of entry on the mussel valves by 

the male crabs was measured with Markus-Bader digital ruler measuring software as an 
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angular value from the intersection of a line drawn from the edge of the hinge ligament to 

the anterior dorsal edge and ventral edge of the mussel valves (Figure 4.5). 

 

Figure 4.4. Behavioural observation chamber with five P. canaliculus hosts upstream in laminar flow seawater, 
one containing a female N. novaezelandiae that is randomly positioned within the row.  A single host with a 
male was fixed downstream in the chamber and its movements were recorded in darkness with infrared 
lighting and video recording. 

 

Figure 4.5.  The host entry location of male N. novaezelandiae was determined as an angle from the point at 
which a perpendicular line from the anterior dorsal end of the shell hinge ligament bisects a line running along 
the ventral edge of the P. canaliculus host (α). 

 

4.4  Results 

4.4.1. Female-Induced Male Host Exiting 

In the first 30 day experiment, the male crabs in the control treatment were never observed 

outside of their host.  Four of the nine female crabs caused their respective male crabs to 
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exit their hosts and fall into the vertical trap (Table 4.1). In the second experiment the 

female crab previously found to elicit a host exiting behaviour was found to successfully 

elicit exiting behaviour in a further five different male crabs, as well as a male crab which 

had previously been used in the control treatment confirming that it was responsive to 

attraction cues from females when present (Table 4.1). 

 

Table 4.1.  Male exiting behaviour in response to Stage V females both with and without eggs of various 
development stages being present (Experiment 1).  Exiting response over a 24 hour period of same male crabs 
to a female crab known to have previously elicited male exiting. 

 

4.4.2. Host Entrance Behaviour by Male Crabs 

The pattern of behaviour of male N. novaezelandiae entering a female crab’s mussel host 

was consistent among all five individuals observed.  After making initial contact with the 

mussel containing the female, the male crab would proceed directly to the anterior region 

of the mussel and inspect the area near the exhalent and inhalant water plumes.  The male 

crab would then remain in this region until access was gained into the mussel (Supplemental 

material video "Male N. novaezelandiae Entrance").  The crab would often position itself 

with its 4th pair of legs in the valve gape once the mussel valves were slightly agape.  In this 

position it would stroke the mantle edge of the mussel with various pairs of legs, typically 

causing the mantle rim to undulate in response.  This stroking behaviour would continue on 

and off until the mussel’s valve gape was sufficient for the crab to enter.  Stroking of the 

mussel mantle was present for three of the digitally recorded observations (n=5) 

(Supplemental material video "Male N. novaezelandiae Stroking").  Male crabs took on 

average 3.4 (± 0.8) attempts to enter the host before succeeding (n=5).  The mean time 

spent at the inhalant siphon awaiting the appropriate conditions for entry to the host was 

184 (± 63) min (n=5).  The mean total time spent on the female’s host at the siphon and 
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investigating the mussel was 352 (± 195) min (n=5).   On average it took 413 (± 185) min 

from the male’s initial exit of his host through to accessing the female inside her mussel 

host, including time searching for the female host mussel, time spent on the female’s host 

and entering the mussel (n=5).  The shortest time period from the exit of the male crab’s 

host and subsequent entrance of the female crab’s host was 91 min and longest was 1101 

min. 

 

 The mean values for valve gape of mussels with and without a male crab attempting 

to enter the mussel differed significantly (Paired t-test, p < 0.001) at 5.5 (± 0.48) and 3.6 (± 

0.63) mm respectively (Figure 4.6). The mean height of male crabs used in experimentation 

(n=28) was 4.6 (± 0.7) mm and ranged from 3.8 to 5.1 mm, which was consistent with the 

valve gape measured in the mussels at the time of entry by the male crab. 

 

 

Figure 4.6.  Mean normal valve gape compared with the maximum valve gape of 5 different female N. 
novaezelandiae hosts during male crab entrance.  The combined mean normal valve gape of 3.6 mm (± 0.63 
SE) differed significantly (Students t-test, p < 0.001) from the mean valve gape during male crab entrance 5.5 
mm (± 0.48 SE). 
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4.4.3. Mussel Valve Gape Behaviour 

During the day-time treatment (12:00 hr) all 30 mussels when gently stroked along the 

mantle edge immediately closed on the forceps with enough force to require them to be 

pried out whilst holding the mussel down.  In the night-time treatment (24:00 hr) 22 of the 

30 mussels allowed continuous manual stroking with forceps along the mantle edge over 

the 10 minute period and the entire 4 cm of the forceps to be inserted into the mantle 

cavity, however, no change in valve gape was observed. Of the remaining eight mussels, 

three allowed access at first but closed within the 10 min period, and five closed shortly 

after contact of the forceps with the mantle. 

 

4.4.4. Mussel Valve Gape Profile 

The valve gape of green-lipped mussels gradually increased from 4.5 (± 0.06) mm at point 1 

near the umbo on the ventral edge through to point 4 where the maximum valve gape 

mean of 8.95 (± 0.09) mm was observed (Figure 4.4 and 4.8). The mean gape then 

decreased on the anterior edge to 5.95 (± 0.13) mm. Points 4 and 5 where the maximum 

valve gap was observed was also the identified region where male crabs consistently choose 

to enter and exit the mussel hosts. 
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Figure 4.7.  Mean valve gape of host P. canaliculus at a range of measurement locations along the ventral 
margin of the animal under normal feeding conditions (n=100).  The widest mean valve gape of 8.95 mm (± 
0.093 SE) was located at point 4 at the middle of the inhalant siphon. 

 

4.4.5. Male Crab Mate Location Behaviour  

Males leaving their host in search of mates visited on average 2.6 (± 0.8) empty mussels 

before locating the single mussel among the five hosting a female crab. Only a single 

incidence of a crab proceeding directly to the mussel hosting the female crab was recorded 

and male crabs were never observed returning to the same mussel without a crab once it 

had been inspected.  The mean amount of time males spent on mussels that were not 

hosting a female crab was 49 (± 22) min, which was significantly less (Students t-test, p = 

0.025) than the mean amount of time they spent on hosts containing a female (200 ± 50 

min) (Figure 4.8).  While visiting potential host mussels and exploring the laminar flow 

chamber male crabs took on average 107 (± 27) min to find the female crab’s host mussel 

and a total mean time of 307 (± 62) min from leaving their host to entering the mussel 

hosting the female crab (Figure 4.8).  The number of hosts a male crab visited before 

locating the mussel hosting the female crab was less than expected by chance alone (Chi-
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square analysis, χ
2

4=9.49, p < 0.05, n=10) and in the ≈ 40 days of recording the randomly 

selected males in the connected flow chamber were never observed outside their hosts. 

Male crabs (n=10) always entered a host through the valve gape at the inhalant siphon and 

the mean angle of entrance on the mussel valves hosting the female crab was 11.5° (± 3.3°) 

(Figure 4.5). 

 

Figure 4.8.  Male searching behaviour indicated that amount of time male crabs spent on mussels that were 
not hosting a female crab was 49 (± 22 SE) min, which was significantly less (Students t-test, p = 0.025) than 
the mean amount of time they spent on hosts containing a female (200 ± 50 SE min). 

 

4.5 Discussion 

Male N. novaezelandiae must balance the benefit of mating versus the predation risk from 

venturing out from the protection offered by their mussel host and the risk of being crushed 

by a mussel whilst entering or exiting mussel hosts (Lima and Dill 1990, Magnhagen 1991).  

Indeed in some marine species predation is a key factor effecting mate choice and predation 

has been observed to effect mating strategies such as searching behaviour, courtship 

duration, mate choice and mating duration (Sih 1990, Crowley 1991, Magnhagen 1991, 

Forsgren 1992, Sih 1994 ).  Changes in mating behaviour in response to predation pressure 

have also been observed in freshwater fish, such as Poecilia reticulata (Endler 1987).  For 
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pea crabs, these risks are significant, for example, 13 % of male crabs of P. oestrum have 

been found to be crushed to death during any entry or exit event of their oyster host 

(Stauber 1945).  Earlier research has potentially implicated environmental factors being 

responsible for distribution and abundance (Trottier et al. 2012).  However, understanding 

the mate location behaviour may provide insights into the distribution of pea crabs as well 

as providing a target for the greater goal of this research, to provide an avenue for in situ 

control of N. novaezelandiae.  The results of the current study suggest the male crabs 

display behaviour that may help to minimize mortality risks and may be applicable to the 

predictive behavioral model of Baeza and Thiel (2007.  For example, in this study male crabs 

were only ever observed to exit their hosts when in darkness which was consistent with a 

lack of success by the authors to elicit any response from male crabs in ambient light 

conditions during previous experiments.  Perna canaliculus hosts were hypersensitive to 

their mantle rim being touched during the day and all mussels closed firmly upon contact of 

the mantle edge with forceps. The same behaviour was not observed at night when 73 % of 

experimental mussels allowed gentle stroking of the mantle edge with forceps, suggesting 

that mussels were more vulnerable to entry by the parasitic crabs at night, a behaviour that 

concurs with the timing of mate searching activity by male crabs.  Nocturnal behaviour 

would also reduce the predation risk to male crabs from mobile visual predators, such as 

fish, further reducing the risks associated while searching for a mate as has been observed 

in other nocturnally active crustacean symbiont species (Castro 1974, Wirtz and Diesel 1983, 

Gherardi 1991, Vargas et al. 1999).  Indeed with pea crabs being global and ubiquitous they 

are found in the gut contents of Atlantic sturgeon (Savoy 2007), various types of flounder 

(Miller 1967) and members of the family Sebastidae (Copper sea perch) who feed 

exclusively on crustaceans (Prince 1975).  A major study in New Zealand found that 21 

species of reef fish fed heavily upon crabs which formed an important primary food for 

them although no direct identification of N. novaezelandiae was noted (Russell 1983). To 

date no report of fish diet directly from a green lipped mussel farms have been reported 

therefore it is impossible to comment on the direct predation of male crabs by predatory 

fish. 

 

 The first step in locating a mate for a male crab is exiting its host, the timing of which 

is mediated by the mussel itself.  Once a male exits its host mussel, the amount of time 



Chapter 4                                                                             Mate location by Nepinnotheres novaezelandiae 

89 | P a g e  
 

spent outside of the protection of a host while searching for a female would potentially 

greatly influence their risk of predation.  This risk could be expected to be reduced if those 

female crabs that were receptive to mating released a cue at night to attract males and/or 

confirm the female was present within a host mussel without the need for the male to firstly 

enter.  Crabs that could use a pheromone trail to detect a female and not need to enter 

their host to confirm a receptive female's presence would see decreased mortality and as 

the use of pheromones in crustaceans to increase mating success is widespread (Stauber 

1945, Duhnam 1978).  When offered a choice of five mussels in our behavioural arena, of 

which only one contained a female crab, the male crabs showed a significant preference for 

selecting mussels containing females (p < 0.05), and they never returned to re-inspect 

mussels without a female, never attempted to enter a mussel that was not hosting a female 

crab, and never abandoned a mussel hosting a female crab once found.  These results 

strongly suggests the presence of a chemical-based conspecific cue as has been found in 

other crustaceans (Dunham 1978).  The fact that male crabs stayed in the female's host 

once found until entering indicates that they must have known a female was present.  

However, what it also indicates is that perhaps males can detect the general region of a 

female but must investigate mussels individually once within closer proximity in order to 

ascertain which individual mussel contains the female crab, which is logical as hosts are 

often densely packed on mussel beds with relatively low abundance of females dispersed 

within the mussel population. This is interesting because waterborne pheromones can be so 

potent that in some species 1 μl of pheromone diluted in 10 ml of seawater is enough to 

elicit a response from males in some species of crustaceans (Bamber and Naylor 1997).  

However, within the enclosed experimental conditions pheromone cues could have been 

more concentrated than in the wild although the effect of constant flowing sea water in the 

choice chamber would have potentially helped to prevent the possible accumulation of the 

pheromone in the tank.  Female pea crab cues in the wild would be greatly diluted for an 

intertidal community during heightened wave action.  In the wild with potentially slower or 

higher rates of water movement the use of a pheromone by females could have varying 

degrees of effectiveness.  Nocturnal searching in densely packed mussel beds where water 

movement was relatively slow could see pheromones being highly useful as aforementioned 

1 μl of pheromone diluted in 10 ml of seawater is enough to elicit a response (Bamber and 

Naylor 1997).  Within this system though the mean time spent on empty hosts was 49 (± 22) 
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min which is significantly less (p = 0.025) than the time spent on the host mussels containing 

a female crab (200 ± 50 min).  In this same experiment the control crabs located in the 

adjacent chamber were never observed outside of their hosts in the ≈ 40 days of recordings.  

The lack of male exiting in the control eliminates the chance of a signal coming through the 

inflowing water or of visual cues.  Using multisensory channels simultaneously or 

sequentially can have huge benefits and would need to be investigated more rigorously in 

N. novaezelandiae (Smith 1977, Partan and Marler 2005).  Due to the experimental system 

being attached and recordings and movements of crabs occurring only in complete 

darkness, it suggests that acoustic or visual cues are not the primary source of mate 

attraction, although this would need to be further examined before being excluded.  This is 

necessary as other crustacean species, such as the horse crab, Limulus polyphemus, uses 

multiple sensory cues to locate mates, a strategy that can increase their mate finding 

success as different cues have different ranges and benefits in a variable marine 

environment (Saunders et al. 2010).  The use of visual cues on approach to the female's host 

or through the gaping valves would need to be examined before they could be completely 

ruled out although considering the experiments were in complete darkness it appears that 

males can indeed locate females based solely upon the likely presence of a pheromone cue.  

Again further experimentation would be needed as both types of multisensory cues are 

used by several invertebrates when finding mates (Atema 1995, Dunham and Oh 1996,  

Partan and Marler 1999, Candolin 2003).  In crustaceans, mate searching can often depend 

on different types of cues including visual, chemical, and acoustic, although chemical cues 

are more widely reported among aquatic species, especially crustaceans (Salmon 1983, 

Atema 1995, Hughes 1996, Bushmann 1999, Diaz and Thiel 2004).  Our results suggest that 

mate location in N. novaezelandiae is not random but directed by a cue that is available to 

male crabs outside of the female crab’s host mussel.  Individuals of many species of 

crustaceans are separated over various distances and need to locate each other for mating 

(Diaz and Thiel 2004). Some crab species are known to use acoustic or vibratory cues to 

attract mates, however, no evidence of this was observed during our experiments (Salmon 

1983).  Waterborne chemical signals have the potential to be effective over a significant 

distance and have been observed to be emitted by both males and females in a variety of 

crustacean species (Dunham 1978, Atema 1980, Derby and Atema 1980, Bamber and Naylor 

1996, Bushmann and Atema 1997).  Our results suggest a pheromone produced by female 
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N. novaezelandiae elicits male crabs to exit their hosts and assists them in locating the 

female crab. 

 

 Of the nine pairs of male:female crabs employed in the experiment using the PVC 

tubes, four out of nine male crabs responded to their matching female crab and three of 

these male crabs showed the same response repeatedly over a 30 day period. This result 

suggests that the five female crabs that did not elicit movement from male crabs may not 

have been producing a mating cue.  In contrast, when a female crab that had previously 

elicited a male crab to repeatedly exit his host mussel was tested individually with 10 

different male crabs, 60 % of the males exited their hosts within 24 hr.  This percentage 

could have been higher but exiting of the hosts is mediated by the male's host opening and 

if this did not occur the male could not have exited.  The limited number of male crabs and 

the reuse of individuals in this experiment limited the strength of analysis as it compromised 

the independence of samples. Despite the limitations of the experiment, the results further 

support the theory of a chemical cue although the use of a visual or acoustic cue, or 

combination of cues, would need to further verified before definitively associating the mate 

attraction of this species.  However, the ability of female crabs to remotely attract mates 

may be particularly important in this species in which the proportion of mature male crabs 

in a population can be relatively low (17.6 %) and the number of mussels hosting a female is 

low (typically <10 %) both of which would otherwise limit the successful location of mates 

by males (Trottier and Jeffs 2012).  Improved experimental design would be needed in a 

repeat of this experiment with more replicates.  With host exiting being mediated by the 

valve gapes of the host, repeats with a larger time frame than 24 hr could have provided a 

clearer picture.  This experiment was limited but does provide further indicative evidence of 

the use of a pheromone by female crabs to attract mates. 

 

 An interesting result was that the behavioural observation chamber, directional 

pheromone tubes and mate access recordings were all performed with stage V females.   

Pea crabs are thought to copulate when both sexes have reached teh hard stage or earlier 

on in the developmental cycle (Hartnoll 1969, Becker 2011).  This current research suggests 

a potential pheromone attraction system involving stage V females that is capable of 

eliciting a response from mature male crabs.  The male attraction response observed in this 
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research suggests that copulation in N. novaezelandiae may be able to occur with mature 

females. Post-hard stage mating has not been observed in other species of pea crab nor was 

it directly observed in this experimentation.  

 

 Male N. novaezelandiae always carefully positioned themselves and entered the 

mussel host of the female crab by passing through the inhalant siphon at a specific area of 

around 11.5° (± 3.8°) (Figure 4.5).  The valve gape in this region (points 4 and 5, Figure 4.3) is 

the widest and would help facilitate entry for the crabs.  This point of entry makes sense as 

it is the largest section of the valve gape for the crab to make entrance.  Once the male crab 

is located at the inhalant siphon, the crabs reverse themselves against the margin of the 

valves at the inhalant siphon with their 4th pair of legs inserted into the mussel mantle.  In 

this orientation males were observed stroking the mussel’s mantle edge with their legs 

while waiting for the valve gape to open sufficiently to allow the crab to enter the mussel. 

The specific reason for stroking the valve gapes is unknown.  Host manipulation by parasites 

is a widespread adaptive strategy yielding fitness benefits and reproductive success that has 

been reported in hundreds of parasite-host associations (Thomas et al. 1998, Moore 2005, 

Poulin et al. 2005). Stroking behaviour by the male crab could be to desensitize the mantle 

edge or simply to ascertain whether the mussel will close upon contact. Attempts to mimic 

this mantle stroking behaviour with forceps did not increase the valve gape of the mussel, 

but this may have been due to the limited time period (10 min) of experimentation 

compared to the extended time that more patient male crabs were performing this action 

(mean = 200 ± 50 min, n=10).   

 Mean male crab height (4.6 ± 0.7 mm) was larger than the mean valve gape of 

mussels (3.6 ± 0.63 mm) under normal conditions. Therefore, in order for the male crab to 

make entrance to the mussel host the valve gape would need to exceed this value and 

mantle stroking may be involved (Figure 4.6).  When making entry to the mussel hosting a 

female pea crab there was a significant (Students t-test, p < 0.001) increase of 36 % in valve 

gape compared to the normal valve gape position (Figure 4.6). This suggests that there may 

be an interaction between the male crabs and the female crab’s mussel host to facilitate the 

entrance of the male, however, it remains  to be determined if this response by the mussel 

is initiated by the male, female, or both.   
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4.6 Conclusions 

The results of this study suggests that female N. novaezelandiae use a pheromone to attract 

mates and that once cued, male crabs follow consistent behavioural patterns associated 

with the exit of their own host and the subsequent entry of the female crab's host.  

Research to further confirm the presence and identify the specific chemical composition of a 

potential pheromone is needed and could be tested by using a similar behavioural bioassay 

as demonstrated in this research.  The chemical signalling, behavioural patterns and 

potential host manipulation by male crabs are likely to have evolved to increase mating 

success and decrease male mortality because mate acquisition by females appears to be a 

potentially limiting factor to breeding success in this species.  The use of an artificial 

pheromone to attract and trap males has been successfully used in terrestrial pest species 

and would provide a novel initiative in the aquatic environment and potentially viable 

avenue to alleviate infection levels of this commercially significant parasite in aquaculture 

(Burkholder and Ma 1985, Chambers 1990, Mullen 1992). 

 

4.7 Videos (Supplemental Material) 

 

4.7.1. Male N. novaezelandiae entrance behaviour 

Entrance behaviour of a male N. novaezelandiae into a green-lipped mussel host.  

Undulation of the mantle edge occurs as it gradually backs its way into a host containing a 

female crab.   

Video link: https://www.youtube.com/watch?v=5F7hGojVfhs 

 

4.7.2. Male N. novaezelandiae stroking behaviour 

Male N. novaezelandiae would stroke the  mantle edge of the mussel with various pairs of 

legs, typically causing the mussel mantle to undulate in response.  This behaviour of stroking 

would continue on and off until the valve gape was sufficient for the crab to enter.  Stroking 

was present in the majority of the observations. 
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Video link: https://www.youtube.com/watch?v=iNF7WpVzZFc 

 

4.7.3. P. canaliculus diurnal relaxed state 

During the night-time treatment 22 of the 30 mussels allowed continuous stroking along the 

mantle edge over the 10 min period and the entire 4 cm of the forceps to be subsequently 

inserted into the mantle cavity, however, no change in valve gape was observed. In the day-

time treatment all 30 mussels when gently stroked along the mantle edge immediately 

closed on the forceps with enough force to require them to be pried out while holding the 

mussel down. 

Video link: https://www.youtube.com/watch?v=WCZvQNFSzBM 
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Chapter Five 
The effect of sea floor depth on abundance of 

Nepinnotheres novaezelandiae 
___________________________________________ 

This chapter has been published as: 

 

Trottier O. and A.G. Jeffs (2015). Recruitment of the parasitic pea crab Nepinnotheres novaezelandiae 

into green-lipped mussels Perna canaliculus. Dis. Aquat. Org. 112: 199-205. 

 

5.1 Abstract 

Pea crab species are globally ubiquitous parasites of marine bivalves including several major 

aquaculture species. However, little is known about the environmental factors that affect their 

recruitment into aquacultured mussels. The effect of depth and distance from shore on the 

recruitment of the parasitic pea crab Nepinnotheres novaezelandiae into New Zealand green-

lipped mussels Perna canaliculus was examined with a field experiment. The incidence of pea 

crab infection of mussels over 295 days was nearly double when deployed at 5−10 m depth 

(1.97 %) compared to 20−30 m depth (0.96 %), although it was not significantly different due to 

the overall low prevalence of pea crabs in the experimental population. The sex ratio of crabs 

recovered was significantly skewed towards females with a ratio of 1:14 (χ2 = 11.3, p < 0.001). 

Infection with pea crabs was found to significantly reduce final mussel shell height on average 

by 28 % (21.0 mm) over 295 days (Mann-Whitney U = 6.0, p < 0.0001). This study confirms that 

parasitism of green-lipped mussels by pea crabs has a significant impact on the growth of the 

mussels and suggests that the incidence of pea crabs will be higher in shallower water and 

when mussels are in closer proximity to the shore. With no control methods available for 

preventing pea crab infection, these results suggest that moving mussel farms offshore has the 

potential to reduce the incidence of pea crabs in mussels and warrants larger-scale assessment. 
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5.2  Introduction 

Nepinnotheres novaezelandiae is the most common pea crab species in New Zealand, 

parasitizing a wide range of native shellfish in coastal waters (Hickman 1978, Palmer 1995). This 

species was originally known as Pinnotheres novaezelandiae until the transfer of the species to 

the genus Nepinnotheres (Ahyong and Ng 2008). The most commercially important shellfish 

host of this species is the green-lipped mussel Perna canaliculus, in which the pea crab is found 

in 4 to 70 % of individuals within wild populations (Jones 1977a, Hickman 1978, Baxter 1981, 

Bierbaum and Ferson 1986, Palmer 1995, Miller et al. 2008). The green-lipped mussel is an 

important aquaculture species in New Zealand, with annual production currently valued at over 

US$ 200 million (New Zealand Ministry of Fisheries 2009, Aquaculture New Zealand 2014). The 

pea crab is a significant parasite for this mussel aquaculture industry, with a prevalence of 5.3 % 

measured in a farm population of 18-month-old mussels, although prevalence of up to 25 % has 

been anecdotally reported from mussel farms in other parts of the country (Trottier et al. 

2012). Losses in farmed mussel production due to pea crabs are estimated to amount to US$ 

2.16 million annually in New Zealand. In addition, consumer complaints and the rejection of 

exports of shellfish by biosecurity authorities at international borders are likely to impose more 

severe financial consequences than the productivity losses due directly to parasitism (Trottier 

et al. 2012). Despite the economic importance of N. novaezelandiae, only limited research has 

been available on the basic biology of the species (Jones 1977a,b, Wear and Fielder 1985, 

McLay 1988, Stevens 1990). Recent research efforts have provided a complete description of 

the  larval development of this species, and have measured the levels of parasite infection 

within a mussel farm, their impact on mussel growth and the population structure and 

reproductive output of N. novaezelandiae (Trottier et al. 2012, Trottier and Jeffs 2012, Fieckert 

2013). This pea crab may also be an important primary host for the sporozoan parasite 

Nematopsis sp., which has a prevalence of around 80 % in some wild populations of P. 

canaliculus (Jones 1977a). Despite the significant economic impact of pea crabs, no practical 

methods of control have been identified to help the New Zealand mussel aquaculture industry 

lower the incidence of these parasites in mussel farms. A previous study of the distribution of 

N. novaezelandiae within a single mussel farm found significantly lower numbers of pea crabs 
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with increasing distance from the coast and the concomitant increase in depth beneath the 

suspended lines of cultured mussels (Trottier et al. 2012). The prevalence of pea crabs in 

mussels was on average nearly halved in mussels grown in 15 m of water depth at 140 m from 

the shoreline (3.9 % prevalence), versus those in 11 m of water depth at 50 m from the 

shoreline (6.8 % prevalence). Studies of natural benthic mussel populations have also 

implicated depth as a key factor in host selection and abundance among the pinnotherids, the 

Family of crabs that are parasitic on shellfish (Houghton 1963, Pearce 1966, Seed 1969). For 

example, the optimal depth for the pea crab Fabia subquadrata in the northern horse mussel 

Modiolus modiolus is relatively shallow at 0 to 20 m (Pearce 1966). Having a mussel farm in 

close proximity to the shore would likely mean being close to neighboring intertidal and benthic 

bivalve populations as well as the seafloor which may aid in increasing the incidence of pea 

crabs perhaps through the release of larval settlement cues from conspecifics or potential 

bivalve hosts. If recruitment of pea crabs to mussels is higher in shallower waters closer to the 

coast, then a potential solution that may help to reduce pea crab incidence in commercial 

mussel aquaculture operations could be to site mussel farms farther from shore and in deeper 

water. Therefore, the aim of this study was to experimentally test for higher incidence of N. 

novaezelandiae in green-lipped mussels closer to the coast and in shallower water to 

demonstrate that moving mussel farms farther offshore may help to reduce pea crab infection. 

 

5.3 Materials and Methods 

5.3.1. Experimental site and layout 

To investigate how distance from shore and depth together influence the recruitment of 

Nepinnotheres novaezelandiae into green-lipped mussels, experimental lines, each with 140 

attached cultured juvenile mussels, were deployed along two ≈ 2 km long transects running 

perpendicular to the coast near Okakari Point on the northeastern coast of New Zealand (36°15' 

35"S, 174°46'6"E; (Fig. 5.1). The transects were parallel, placed 520 m apart and ran offshore 

from a natural intertidal population of green-lipped mussels known to contain pea crabs, 

indicating that the habitat was suitable for hosts and pea crabs. The coast in this region has a 
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gradually sloping seafloor which allowed for a relatively consistent depth gradient with distance 

offshore for the two experimental transects.  

 

Figure 5.1.  Locations of two replicate transects running perpendicular to the coast between Okakari Point and 
Goat Island, on the northeastern coast of New Zealand’s North Island. Each transect covered six positions at 5, 10, 
15, 20, 25 and 30 m depth where a single line of experimental green-lipped mussels (Perna canaliculus) was 
deployed. 

 

5.3.2.   Source of juvenile mussels 

Live juvenile green-lipped mussels used on the experimental mussel lines were sourced from a 

commercial mussel facility at a size that is typical for seeding onto farms, around 30 mm in shell 

height (FAO 2005). Juveniles were placed inside mussel seeding socking, known as ‘mussock’ 

(Mussock International), through which 1 m of commercial mussel farm dropper line was 

passed. The mussock served to hold the juvenile green-lipped mussels against the dropper line 

long enough for the mussels to attach to the mussel rope with byssus threads before the 

socking naturally biodegraded, which is the common practice used in green-lipped mussel 
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farming (Jeffs et al. 1999, Alfaro et al. 2004, Carton et al. 2007, Alfaro et al. 2011). Once 

assembled, the 12 sections of mussel rope were suspended in an open top 10,000 l 

polypropylene water tank supplied with 20 l min–1 of continuously flowing raw sea water.  

Juvenile mussels were maintained suspended from the dropper line sections until required, and 

the tank was cleaned weekly. 

 

5.3.3. Removal of existing pea crabs 

Juvenile mussels used in this experiment needed to be free of any pea crabs that could have 

already settled into the mussels while previously at the commercial mussel facility. During a 

preliminary study, two known crustaceanacides, pyrethrum and carbaryl, were experimentally 

tested to determine the minimum effective dose in order to remove any pea crabs from the 

mussels, whilst not unduly impacting the mussels themselves. Five green-lipped mussels known 

to contain pea crabs were placed in each of seven polypropylene tanks (100 l capacity) with a 

raw sea water flow of 10 l min–1 and allowed to acclimate for 24 hr. Crustaceanacide treatment 

was then administered with a different dose for each tank, and the raw sea water flow was 

stopped temporarily for 60 min in complete darkness. After the dosing period, the raw sea 

water was then reinstated at 10 l min–1, and both mussels and crabs were checked every 6 hr 

for mortality for the following 5 days. This experimental procedure was undertaken for 

pyrethrum at dosages of 0 (control), 0.0001, 0.001, 0.1, 10, 100 and 10000 μg l–1 and for 

carbaryl at dosages of 0 (control), 0.075, 7.5, 75, 750, 7500 and 750000 μg l–1. The dosage 

experiments indicated which of the two crustaceanacides and what concentration provided a 

reliable means for killing all of the pea crabs in the mussels without collateral mortality of hosts. 

Consequently, this experimentally determined dosage was then used in the 10,000 l holding 

tank to treat the 12 experimental dropper lines of mussels to remove the pea crabs before the 

lines were placed in the field the following day. 

 

5.3.4. Experimental mussel lines 

Experimental mussel lines (n = 12) were deployed at six locations along each transect at depths 

of approximately 5, 10, 15, 20, 25 and 30 m (distances of about 300, 460, 700, 1200, 1740 and 
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2120 m, respectively, from the shore). Each line consisted of a 60 kg mooring block attached by 

a 6 mm polypropylene rope to a 10 l subsurface buoy suspended approximately 1.5 to 2.0 m 

below mean low water springs (MLWS), with a single 1 m section of dropper line, enclosed in 

mussock and containing the juvenile green-lipped mussels (mean shell height = 30.3 ± 0.49 [SE] 

mm, n = 140), attached to the anchor line immediately below the buoy (Fig 5.2), which is the 

typical arrangement for commercially farmed green-lipped mussels (Jeffs et al. 1999). Hence for 

every mooring site along each transect, the mussels remained in a position 2 to 3 m below the 

sea surface, whilst the water depth beneath the mussels varied (5, 10, 15, 20, 25 or 30 m) 

depending on the position of the mooring along the transect line running offshore. 

Experimental lines were moored in position on 16 August 2012 and recovered by divers on 7 

and 12 June 2013, after approximately 295 days. Upon recovery, the experimental mussel lines 

were immediately frozen and kept in storage for later processing, at which time all of the 

mussels that were recovered on the lines were shucked and the prevalence of pea crabs in each 

experimental group of mussels was recorded. Measurement of shell height was taken for all 

mussels containing pea crabs and for 20 randomly selected mussels without pea crabs from 

every experimental line. Carapace width of crabs was measured with a digital calliper to an 

accuracy of 0.01 mm, and crab sex and stage were keyed according to Jones (1977b). 
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Figure 5.2.  Subsurface arrangement of the mooring of experimental lines of green-lipped mussels Perna 
canaliculus. 
 

 

5.3.5. Data analyses 

The effect of parasitism by pea crabs on shell height of mussels recovered from all of the 

mussel dropper lines compared to mussels without pea crabs was investigated with a Mann-

Whitney U-test. A chi squared test was used to determine whether the sex ratio of recovered 

crabs varied from 1:1. A G-test of independence was performed to determine whether the 

incidence of pea crabs differed between the two transects and whether a relationship existed 

between depth/distance from shore and incidence of pea crabs. The effect of position of 

mussels along the transect (water depth and distance from shore) on resulting mussel shell 

height was investigated through the Kruskal-Wallis one-way analysis of variance on pooled data 
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from the two transects. Student’s t-test was used on pairs of recovered experimental lines in 

order to identify any differences in shell height between the two transects. 

 

5.4 Results 

5.4.1. Crustaceanacide determination 

Of the two crustaceanacides tested (pyrethrum and carbaryl), both required relatively high 

doses to be completely effective against N. novaezelandiae compared with other common 

insecticides previously assessed with marine crustaceans (Cripe 1994). Pyrethrum required a 

minimum of 10,000 μg l−1 in order to kill all pea crabs; however, this dose also proved to be 

lethal to 60 % of the experimental mussels. At all dosage levels tested, the carbaryl was not 

lethal to the hosts whilst reliably killing all N. novaezelandiae from a concentration of 7500 μg 

l−1 and higher.  However, while dosing at 7500 μg l−1 delivered complete mortality, 100% of pea 

crabs exposed to the next lower dose tested of 750 μg l−1 survived.  Therefore, the lowest 

effective dose of carbaryl (i.e., 7500 μg l−1) was used to kill all pea crabs in the 12 lines of 

mussels immediately before they were deployed in the field. 

 

5.3.2. Experimental line data 

Of the 12 experimental lines deployed on 16 August 2012, three were lost, probably during 

extreme weather events, which are common on this coast over this time of year. Green-lipped 

mussels on the recovered lines fared well, with a mean of 108.4 ± 3.7 mussels recovered from 

the 140 initially seeded onto each experimental line. During the 295 day experiment, mussels 

without pea crabs had grown from 30.3 ± 0.5 mm in shell height initially to an overall mean size 

of 74.6 ± 0.3 mm, with mean shell heights for individual experimental mussel lines ranging from 

71.1 ± 0.6 to 79.5 ± 1.4 mm (Table 5.1). Statistical analysis of mussel shell height data showed 

no difference in the shell height of mussels between the two transects when data for mussels 

without pea crabs was compared (p = 0.36).  Therefore, mussel shell height data for the two 

transects were combined for subsequent comparisons of shell height in relation to their 

position offshore.  The position of mussels along the transects and increasing depth of 

deployment had a significant effect (H = 79.9, p < 0.001) on shell height, with mussels at greater 
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depths, and therefore farther away from shore, being significantly larger than those found 

inshore at shallower depths. Calculation of the size of the effect on shell height due to position 

along the transects from the two value showed that 41.2 % of the variability in shell height was 

accounted for by water depth and distance from shore. Post hoc analysis revealed that all 

depths were significantly different from each other except for the comparison of 5 and 10 m 

depths, the two depths closest to the shore (Table 5.1). The pea crabs found in the recovered 

mussels included five non-gravid females, nine juvenile females and a single male with mean 

carapace widths of 7.5 ± 0.1, 5.9 ± 0.2 and 6.5 mm, respectively. There was no difference in the 

mean carapace width of pea crabs recovered from experimental mussels at 5−15 m depth 

versus 20−30 m depth (t = 0.49, p = 0.62). No mussel contained more than one pea crab. 

Parasitism by pea crabs had a deleterious effect on the growth of mussels, with the mean shell 

height of parasitized mussels (53.6 ± 1.7 mm) being significantly smaller than that of 

unparasitized mussels at 74.6 ± 0.3 mm (U = 6.0, p < 0.0001). Mussels that were unparasitized 

grew an average of 44.0 mm or 0.2 mm day−1, while those that were parasitized grew 53 % less, 

at 23.7 mm or 0.1 mm day−1 over the 295 day experimental period.  Mussels in transects 1 and 

2 had a mean incidence of pea crabs of 1.33 ± 0.30 % and 2.07 ± 0.37 %, respectively. A G-test 

of independence on the incidence of pea crabs in mussels between the two transects 

determined that there was no significant difference between the transects (G = 2.51, p = 0.11). 

This result allowed for the pooling of data from transects 1 and 2 to provide a larger data set for 

comparing the incidence of pea crabs in mussels among the six different depths, which was not 

significant (G = 4.67, p = 0.46, df = 5). However, there was a trend of decreasing incidence of 

pea crabs in mussels with increasing depth and distance offshore, with an incidence of pea 

crabs in 1.97 % of all mussels at 5−15 m depth versus only 0.96 % for all mussels deployed at 

20−30 m depth. Post hoc statistical power analysis indicated that because of the overall low 

incidence of pea crabs in the experimental mussels, a total sample size nearly three times larger 

than used in the current experiment (i.e., a total of 2500 mussels) would be required in order to 

detect a difference between the two measured incidences of pea crabs in mussels at the 

different depth ranges with 80 % confidence (Sokal and Rohlf 1981). 
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Table 5.1.  Mean green-lipped mussel shell height and level of pea crab infection for recovered experimental lines 
of mussels. 

 

5.5 Discussion 

The initial seeding of the 12 experimental mussel dropper lines in this study with 140 green-

lipped mussels and subsequent recovery of an average of 108.4 ± 3.7 mussels after nearly 10 

months indicates that the environment chosen for experimentation was suitable for the 

mussels. Furthermore, the overall mean size of green-lipped mussels recovered was 74.6 ± 0.3 

mm, which is typical for the size of cultured mussels of this age (Hickman 1979). The overall 

incidence of pea crabs in the recovered experimental mussels was 1.5 ± 0.30 %, and for some 

individual experimental lines, this value was as high as 2.8 %, especially those at 5 and 10 m 

water depth. These incidences are similar to what might be expected given that a previous 

examination of the prevalence of pea crabs within a nearby commercial mussel farm found that 

5.3 % of the 18-month-old mussels (≈540 day old) were parasitized (Trottier et al. 2012). These 

results suggest that pea crabs have the capacity to rapidly recruit into mussel populations, 
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especially as all pea crabs recovered in this study were either late juveniles (60 %) or adults (40 

%), which attests to the ready availability of larval settlers and their rapid development once 

larvae have settled (Jones 1977a).  What this experiment does not account for is the post-

settlement processes.  A continued sampling effort with a much larger sample size could have 

determined what mortality and processes were in play.  It also would have indicated the period 

when larval settlement of the pea crabs occurred and if the settlement sex ratio was even.  This 

would have provided insight into post-settlement mortality and potentially linked the skewed 

sex ration to heightened rates of mortality associated with the subsequent mate searching 

behaviour by mature male crabs.  However, deploying a large number of mussels and 

continually sampling them would have been logistically impossible as only one deployment / 

retrieval event was feasible.  For this reason a period of 10 months including one of the periods 

of higher larval presence in the water column was decided upon.  The initial juvenile instar 

stage after larval settlement in Nepinnotheres novaezelandiae has a carapace width of about 

580 μm (Fieckert 2013).  Assuming that the largest pea crabs retrieved from the experimental 

lines had settled at this size 200 days prior to sampling, it would suggest that juvenile crabs 

grow rapidly about 0.04 mm day−1 in carapace width after the first instar.  

 

 The success of carbaryl in removing pea crabs at a relatively low dose without harm to 

the host showed its effectiveness and potential as a control agent.  Indeed widespread 

application of carbaryl to tidal mud flats to control the thalassinid shrimp (Neotrypaea 

californiensis and Upogebia pugettensis) in aquaculture of the Pacific oyster (Crassostrea gigas) 

has been documented and common practice for over 40 years (Dumbauld et al. 2001, 

Dumbauld et al. 2006).  The crustaceanacide is applied directly to mud flats at low tide as stock 

is either kept directly on the mud flat or suspended above the substrate (Conway 1991).  

Carbaryl has also been widely used on land for the control of insect species due to its low 

toxicity to humans and rapid degradation including in the marine environment (Karinen 1967, 

Mount and Oehme 1981, Larkin and Day 1985, Cranmer 1986).  Treatment of the Pacific oyster 

with carbaryl is mediated by having ready access to the mud flats and pest species at low tide.  

In green-lipped mussel aquaculture the mussels are suspended from dropper lines with no 
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benthic contact or exposure at low tide.  While carbaryl is an effective treatment for pea crabs 

in laboratory conditions, applying it to actively filter feeding mussels in-situ would be unrealistic 

as a treatment option and its application could also have indirect effects upon the marine 

environment (Dumbauld et al. 2001, Fleeger 2003). 

 

 The sex ratio of the crabs recovered from the experimental mussels was significantly 

skewed towards females, with a ratio of 1:14 (χ2 = 11.3, p < 0.001). A strong bias towards 

females in adult pea crabs is common in populations of N. novaezelandiae (Jones 1977a, 

Trottier and Jeffs 2012) as well as in related species, such as Pinnotheres sinensis (Sun et al. 

2006), N. maculatus (72.8 %; Kruczynski 1974) and Arcotheres tivelae (9 %; Saeedi and Ardalan 

2010). Previous research from a commercial Perna canaliculus farm near the current study site 

found an even sex ratio for juveniles (54.7 % male: 45.3 % female) and a similar bias toward 

females in adult crabs, which was thought to be due to higher mortality of mature male crabs 

(Leigh 1970, Trottier and Jeffs 2012). It is possible that site-specific differences in predation of 

male crabs may cause differences in sex bias in N. novaezelandiae (Asama and Yamaoka 2009).  

 

 Previous examination of the impact of pea crab parasitism within a commercial P. 

canaliculus farm in New Zealand found that host mussels suffered significant growth 

retardation as a result of the parasite, which ultimately resulted in substantial production losses 

for individual mussel farms, and across the New Zealand mussel aquaculture industry, i.e., an 

estimated US$ 2.16 million annually (Trottier et al. 2012). On average, the wet weight of 

mussels was found to be reduced by 30 % and shell height by 13.5 % (10.9 mm) in parasitized 

versus non-parasitized mussels cultured on the farm for 18 months (Trottier et al. 2012). In the 

current study, parasitism of mussels with pea crabs was found to significantly reduce mussel 

shell height on average by 24 % (21.0 mm) over 295 days in conditions equivalent to a culture 

situation. The more pronounced impact of the parasite on mussels in this current study may be 

due to the younger age of the mussels or localized differences in the growing conditions. In a 

previous study, the prevalence of pea crabs was found to vary significantly across a mussel 

farm, with more pea crabs (6.8 %) present in mussels held on droppers in shallow water (11 m) 
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located 50 m from shore compared to those on droppers suspended in deeper water (15 m) 

and 160 m from shore (3.9 %, Trottier et al. 2012). While not significantly different, there was a 

trend of a similar magnitude in the current study, with the incidence of pea crabs in mussels 

nearly halving with increasing depth and distance offshore, i.e., after 295 days, 1.97 % of 

mussels were parasitized at 5−10 m depth and 300−460 m distance offshore, versus only 0.96 % 

for mussels at 20−30 m depth and 1740−2120 m distance offshore. Therefore, the results of this 

current experimental study support the proposition that the incidence of pea crab parasitism 

will be lower in mussels located farther offshore in deeper water. While a commercial mussel 

farm is different in structure from a natural intertidal mussel bed, in wild mussel populations 

environmental factors such as intertidal height and water depth of the mussels, can greatly 

influence the incidence of parasites (Houghton 1963, Pearce 1966, Seed 1969, Kruczynski 1974). 

For example, in many other species of pea crabs such as N. maculatus, Fabia subquadrata and 

P. pisum, the position of hosts either in the intertidal zone or benthic community strongly 

influences the resulting prevalence of the parasites in the population of wild shellfish 

(Houghton 1963, Kruczynski 1974, Anderson 1975). The reason for this variation in the 

incidence of pea crabs in mussels growing on ropes, as occurs in mussel farms, is not clear, but 

may be related to larval settlement cues associated with shallower waters (Stevens 1990). 

Controlling of males directly within the farm may not fully alleviate high infection levels.  The 

post larval development period is approximately 28 days which is relatively short (Fieckert 

2013).  Recruitment and settlement odours from neighboring farms and benthic populations 

would likely act to attract recruits to new placed uninfected juvenile mussels in a farm.  For this 

reason, a systematic approach that treated all neighboring farms and benthic populations 

would likely be needed although there would be feasibility concerns.  Crustacean larvae 

typically accelerate metamorphosis when appropriate settlement cues are present, such as 

chemical odours from conspecifics and substratum, and acoustic cues, all of which may be in 

higher concentration and intensity closer to the intertidal zone where green-lipped mussels are 

most abundant naturally (Gebauer et al. 2003, Stanley et al. 2010, Pine et al. 2012). 

 

5.6 Conclusions 
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This study reconfirms that parasitism of Perna canaliculus by Nepinnotheres novaezelandiae has 

a significant impact on the growth of the mussels (Trottier et al. 2012). The results indicate that 

the incidence of N. novaezelandiae in mussels tends to be higher in shallower water and in 

closer proximity to the shore, as has previously been observed with significant differences in 

abundance across a large scale commercial mussel farm extending out from the coast (Trottier 

et al. 2012). The result suggests that moving mussel farms farther offshore has the potential to 

reduce the incidence of pea crabs in the cultured mussels by around half (Trottier et al. 2012). It 

would also appear that greater depth and distance from shore can also help to increase the 

growth rate of green-lipped mussels and assist in overall productivity for the mussel farming 

operation. 
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Chapter Six 
General Discussion 

__________________________________________ 

The findings of the research presented in this thesis provide new and important information on 

the mating behaviour, distribution, abundance, biological and financial impact of the New 

Zealand pea crab (Nepinnotheres novaezelandiae) within the aquaculture of the green-lipped 

mussel (Perna canaliculus).  Such information is vital to the mussel aquaculture industry 

because while it is known that pea crabs have deleterious effects on their host bivalves, there 

are no published reports of their impacts on green-lipped mussels or measures of their 

infection levels in aquaculture (Bierbaum and Ferson 1986).  This research has established that 

production losses in mussel aquaculture due to parasitism by this crab, in addition to the 

rejection by foreign biosecurity agencies of export shipments of mussels, have a significant 

financial impact on the New Zealand mussel aquaculture industry.  Therefore, an improved 

understanding of the behaviour and factors affecting distribution and abundance of this 

commercially relevant parasite is a crucial starting point for the development of approaches to 

reduce infection levels, such as through biocontrol and farm management practices. 

 

6.1 Infection and the potential for spill-over / spill back 

Aquaculture Infection Levels 

Global production of bivalve aquaculture is estimated to have a value in excess of US$ 78.5 

billion annually and this research provides the first report on the impact of pea crabs in an 

aquaculture setting, which is surprising given that pea crabs are found ubiquitously among 

commercial bivalve crops throughout the world (Rees et al. 2010).  As of 2010 there were 

approximately 313 described species of pea crabs in 56 genera, many of which form host-

parasite associations with commercially important aquacultured bivalves, the nature of which is 

uncertain (Zmarzly 1992, Manning 1993, Campos 1996a,b, Martin et al. 2009).  However, given 

the results of this current study it would seem there is significant potential benefit in 

researching the biology of these parasites in the commercial aquaculture setting. 
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Infection levels of N. novaezelandiae from naturally occurring populations of green-lipped 

mussels are typically reported at around 4 %, although levels of up to 70 % have been observed 

(Jones 1977a, Hickman 1978, Baxter 1981, Bierbaum and Ferson 1986). Values for pea crab 

infection vary highly according to season, substrate, host type and host placement.  The 

phenomenon of highly variable infection levels within pea crabs is a common theme and for 

example infection of Anadara grosa (blood cockle) with Pinnotheres alcocki can vary from 0 - 46 

% over a 3 month period (Narasimham 1988). Similarly levels of infection of N. novaezelandiae 

in a single study of P. canaliculus hosts varied from 19 - 66 % (Jones 1977a,.  In the research 

presented in this thesis 6750 mussels were systematically sampled from a commercial mussel 

farm which was a unique initiative and provided an estimated mean infection rate of mussels 

on the farm with N. novaezelandiae of 5.3 %, representing a total population estimate of  

126,000 crabs within the 1.71 ha farm (Trottier et al. 2012).  This level of infection is higher 

than has been previously reported for some naturally occurring populations of P. canaliculus 

despite the farmed mussel population being only 18 months old (Jones 1977a, Hickman 1978, 

Baxter 1981, Bierbaum and Ferson 1986).  Attaining this level of parasite infection highlights for 

the first time the speed with which infection of mussel farms by N. novaezelandiae larvae can 

occur, followed by  their subsequent rapid growth to form a reproductively active population.  

More research is needed on mussel farms as although this study is based on a large scale 

systematic sampling effort, it comes from a single farm in a single environment and a more 

accurate assessment of biological and financial impact would come from replicated study of 

multiple representative farms.  However, such rapid rates of infection of a farmed bivalve 

population indicate how potentially vulnerable the global bivalve aquaculture is to the various 

species of pea crab that are found world-wide.   

 

Potential for spill-over / spillback 

If results of increased infection with pea crabs in New Zealand mussel farms are found to be 

commonplace, which is likely, then there is a significant potential that farms will act as an 

artificial reservoir for parasitic pea crabs that is capable of producing large quantities of larvae 

capable of infecting neighbouring wild and farmed populations of bivalves (Trottier et al. 2012).  
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Likewise, elevated parasite infection levels in natural populations of bivalves could also be 

expected to promote larval spillback into new crops of bivalves on the nearby farms.  These 

principles have been demonstrated in other parasite populations.  For example, studies of the 

parasite Toxoplasma gondii in domestic cats and dogs show that the quantity and density of 

hosts as reservoirs is an important factor influencing parasite spread to native fauna with an 

increase in domestic host abundance directly linked to increased abundance of this parasite in 

the native host populations (Fiorello et al. 2004, Lehmann et al. 2006).  Mussel farms represent 

a unique biological situation with hundreds of thousands of potential pea crab hosts held 

together at a much higher density than found in natural populations of bivalve hosts.  

Therefore, naturally occurring populations of mussels in proximity to mussel farms are likely to 

assist with re-infection by pea crabs of newly placed stock on mussel farms by greatly 

facilitating spillover-spillback (Gozlan et al. 2005, Krkošek et al. 2005, Hutson et al. 2007).  

Better understanding of the dynamics of spillover and spillback between farms, as well as 

between farms and wild populations would be valuable information which could assist in the 

placement of mussel farms to reduce cross infection.  However, to achieve this level of 

understanding requires substantial further research. 

 

6.2 Size loss, financial impact and global implications 

Initial Biological Impact 

This study reported the first measures of the damage that N. novaezelandiae cause by 

parasitizing green-lipped mussels in a commercial farm, resulting on average a loss of wet 

weight in mussels of around 30 % (Trottier et al. 2012).  This growth retardation of the mussels 

is likely to be directly due to food deprivation caused by hosting the parasite.  The field study 

conducted on juvenile mussels found that the pea crabs had a greater impact on the green-

lipped mussels by decreasing shell height by 17 mm or 24 % over ≈ 10 months of growth 

compared to the 10.9 mm or 13.5 % over 18 months observed in adult mussels sampled from 

the farm.  This result further substantiates the evidence that pea crabs are actually parasites, 

rather than maintaining a commensal relationship with bivalves as was previously thought 

(Bostock and Riley 1855, Kruczynski 1972, Pregenzer 1979, Ross and Smith 1912).  This 
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confirmation of parasitism and the corresponding measures of reduced mussel production 

confirms for the green-lipped mussel aquaculture industry and global bivalve aquaculture that 

pea crabs are an important pest that warrant greater attention for their control. 

 

New Zealand Aquaculture Cost Estimate 

Extrapolating from the estimate of lost mussel production from one mussel farm due to pea 

crab infection to the entire New Zealand mussel aquaculture industry, assuming similar levels of 

pea crab infection among all farms, equated to around US$ 2.16 million of lost annual 

production (Trottier et al. 2012).  However, this value could potentially be a gross 

underestimate as recent discussions with marine farmers in other parts of New Zealand have 

indicated pea crab infection levels on their farms can commonly reach around 25 %.  Aside from 

the direct financial impact due to loss of production by pea crabs, rejections of consignments at 

international borders due to concerns by biosecurity agencies currently is unaccounted for and 

could further inflate the total industry losses due to this parasite.  Pea crabs are ubiquitous 

parasites of bivalves and can also be accomplished generalists, such as N. novaezelandiae which 

is found in a host of other bivalve species in New Zealand (Palmer 1995).  Various pea crabs 

species have been found to infect some of the most commercially important global species of 

bivalve in the world, including the Mediterranean mussel (Mytius galloprovincialis), green 

mussel (Perna viridis), Eastern oyster (Crassostrea virginica), common blue mussel (Mytilus 

edulis) and the Japanese carpet shell (Ruditapes phillippinarum) (Yoo and Kajihara 1985, 

Tablado and Gappa 1995, Martin and Jong-Deoch 2005, Mercado-Silva 2005, Asama and 

Yamaoka 2009).  If pea crabs create similar levels of production losses as estimated for New 

Zealand’s green-lipped mussel industry, for the global bivalve aquaculture industry it would 

represent around US$ 1.04 billion in lost annual production (Rees et al. 2010, The New Zealand 

Marine Farming Association 2012).  However, this value is a very rough estimate.  Much more 

work would be needed to fully quantify the global impact of parasitic crabs on commercial 

aquaculture production of a wide range of bivalve species. 
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Parasite Shell Distortion 

The presence of pea crabs within a host has also been observed to have a profound effect on 

the shape of mussel hosts (Trottier et al. 2012).  The results of this study observed that infected 

hosts had an extended shell width towards the ventral edge, terminating with a greater angle in 

the ventral slope (Trottier et al. 2012).  Shell distortion of bivalve hosts due to hosting pea crabs 

has also been observed in N. maculatus on its mussel host M. edulis (Bierbaum and Ferson 

1986).  Presence of N.  maculatus was shown to cause the “ungulate” form of M. edulis which is 

characteristic of slower growth in mussels (Bierbaum and Ferson 1986).  The shell extension 

observed in P. canaliculus in this current study is likely due to the constant rubbing of the pea 

crab carapace on the host mussel mantle, forcing the growth of a larger mantle cavity in order 

to accommodate presence of the crab.  This deformation in the shape of the shell due to the 

pea crab could potentially be used as a method to screen out mussels infected with N. 

novaezelandiae whilst processing mussels after harvesting.  Being able to remove mussels 

during processing that contain pea crabs could reduce the amount of infected mussels ending 

up in export shipments where they can cause rejection of entire shipments and can give rise to 

end consumer complaints. 

 

6.3 Biological characteristics of infection in a commercial farm 

Sex Bias and Abundance 

The reproductive dynamics of N. novaezelandiae within a mussel farm were investigated for the 

first time to help develop a more complete biological picture of this species in an aquaculture 

setting.  Stratified sampling within a commercial green-lipped mussel farm resulted in 6750 

mussels being analysed, with 324 pea crabs being found which did not display a preference for 

locating within either sex of mussel host (Trottier and Jeffs 2012).  There was a pronounced 

overall sex bias of 5:1 in favour of female crabs, a trend which was uniform throughout the 

mussel farm.  However, the sex ratio for juvenile crabs was even throughout the farm indicating 

that the mortality of male crabs occurs post-maturation (Trottier and Jeffs 2012).  Previous 

reports from naturally occurring populations of N. novaezelandiae infecting populations of P. 

canaliculus have also found a strong bias toward female crabs, comprising up to 81.6 % of the 



Chapter 6                                                                                                                                        General Discussion 

114 | P a g e  
 

population of these parasites (Baxter 1981, Jones 1977a).  This skewed sex ratio toward females 

is also common to other Pinnotherid species such as Arcotheres tivelae (91 %) (Saeedi and 

Ardalan 2010), N. maculatus (72.8 %) (Kruczynski 1974) and Pinnotheres sinensis (53.8 %) (Sun 

et al. 2006).  The results from this study mirror what is seen in the wild but represent the first 

report from aquaculture.  The likely cause of the sex bias in N. novaezelandiae is predation after 

leaving the protection of host bivalves in order to search for females or crushing by the host of 

male crabs or the hosts of their potential mates.  Previous studies on pea crabs have found 

crushed male crabs after they have apparently attempted to enter or exit a host for the 

purpose of mating with females (Jones 1977a, Asama and Yamaoka 2009).  Alternatively there 

is the possibility that sampling error could account for the absence of males from the samples.  

However, numerous whole mussel farm droppers were analyzed and no males were found 

outside of their hosts.  An even birth sex ratio among crustaceans has been noted to be 

advantageous despite high post-maturity mortality of males (Leigh 1970).  Confirming the skew 

sex ration in the population of pea crabs found in a green-lipped mussel farm suggests that a 

strategy aimed at removing male crabs could potentially have a greater effect on controlling 

this parasite in mussel farms by interrupting their breeding cycle. 

 

Aquaculture Fecundity 

A total of 87 % of N. novaezelandiae retrieved from the farm were mature crabs of which a 

further 86.4 % were mature females and the vast majority of those (81.3 %) were gravid 

(Trottier and Jeffs 2012).  The mean clutch size of 2592 (SE ± 579) eggs as well as a farm-wide 

fecundity estimate of 241,058,592 eggs highlighted the tremendous reproductive output of N. 

novaezelandiae within a mussel farm, which is a typical feature of parasitic organisms.  Clutch 

size in adult females increased in direct proportion to increasing carapace width with a 1 mm 

increase in carapace width translating into an increase of 500 eggs in the clutch (Trottier and 

Jeffs 2012).  The increasing fecundity with female size was likely a function of increased body 

space available for ovarian development and clutch retention which is not found in all species 

of crustaceans (Gardner 1997).  The results of the current study tend to indicate that N. 

novaezelandiae demonstrates a definite r-strategy for reproduction (i.e., high fecundity, small 
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body size, early maturity, short generation time, and wide offspring dispersion) which is 

common to many parasitic species (Poulin 1995, Cavaleiro and Santos 2014).  For the 

aquaculture industry, the longer the mussel crops are left in situ, the larger the female crabs 

will become with significant increases in reproductive output and total fecundity of the pea 

crabs.  However, the limiting factor for reproduction in pea crabs is likely to be acquisition of 

sperm from the relatively few males present in the population, although female crabs have 

been reported to have sperm storage capability which would somewhat overcome any 

reproductive constraints from limited opportunities for mating (Feickert 2013).  The rapid 

infection and growth of pea crabs to maturity within mussel farms combined with their high 

fecundity further supports the concept that infection of mussel farms by this species has the 

potential to increase the recruitment into naturally occurring bivalve populations (spillover) and 

back into newly established commercial populations (spillback) (Trottier et al. 2012). 

 

6.4 Gradient of infection in farms 

Parasite Distribution 

Sampling from a commercial mussel farm revealed a gradient in N. novaezelandiae infection of 

mussels from 6.8 % near to shore in shallower water down to 3.9 % amongst mussels furthest 

from shore in the deepest water, a 43 % reduction in the rate of infection over a 110 m range 

(Trottier et al. 2012).  A subsequent field experiment mirrored this trend in decreasing pea crab 

infection of farmed mussels with distance from shore and increasing depth, with the shallowest 

(5 m depth) mussel samples having pea crab infection levels of 2.7 % and 2.8 % while the 

furthest from shore (up to 2 km offshore) and deepest (25 and 30 m depth) had 0 and 0.8 %.  

These results indicated a 71 % reduction in pea crab infection over ≈ 1550 m distance seaward, 

further supporting the theory that the establishment of pea crabs in mussels in suspended 

culture appears to be related to depth and distance from shore.  Better understanding of the 

larval settlement cues and post-larval survival that affect recruitment of pea crabs into mussels 

may also provide new avenues for tackling pea crab infection in mussel farms. The settlement 

cues used by N. novaezelandiae have not been reported but considering that naturally 

occurring populations of hosts and conspecifics are typically found close to shore, it is likely that 
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a link exists between higher recruitment levels to these populations where they commonly exist 

most often in shallow depths in close proximity to the shoreline (Houghton 1963, Kruczynski 

1974, Anderson 1975, Star et al. 2003).  A range of environmental factors including water depth 

have been shown to have a substantial effect on the abundance of several pea crab species 

such as N. maculatus, Fabia subquadrata and Pinnotheres pisum through their strong influence 

on settlement and recruitment (Houghton 1963, Kruczynski 1974, Anderson 1975).  Likely larval 

settlement cues for N. novaezelandiae could include the presence of conspecifics, substrate 

odour or acoustic cues, all of which would be in higher concentration and intensity closer to the 

intertidal zone and without these cues larval crabs would experience delayed metamorphosis 

which is linked to higher mortality (Gebauer et al. 2003, Stanley et al. 2010, Pine et al. 2012).  

Regardless, of the cause it appears that there is sufficient evidence to suggest that sitting 

green-lipped mussel farms in deeper water and further away from the coast will assist in 

reducing infection of mussels with N. novaezelandiae. 

 

6.5 Pheromone induced mate locating behaviour 

Potential for Biocontrol 

The improved understanding of the biology of N. novaezelandiae through the research 

presented in this thesis aimed to identify potential vulnerabilities that could be exploited for 

the development of pea crab biocontrol methods, a concept that has never been attempted in 

marine systems before.  This current study discovered many unique aspects of the mate 

locating and access process undertaken by male pea crabs.  Locating mates and gaining 

entrance to the bivalve host of a female N. novaezelandiae presents a particularly dangerous 

challenge for male pea crabs, and that is likely major contributor to the high post-maturity 

mortality in male crabs (Jones 1977a, Trottier and Jeffs 2012).  To find a mate, male pea crabs 

must firstly squeeze out of through the valve gape of their mussel host without being crushed 

and many pea crabs have been observed to be crushed in the process (Atkin 1926, Jones 1977a, 

Trottier and Jeffs 2012).  Upon locating a female pea crab the male must again risk being 

crushed whilst attempting to squeeze between the gaping valves of her host (Atkin 1926, 

Asama and Yamaoka 2009).  For the related species of pea crab, Pinnotheres oestrum, males 
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are commonly observed stuck between the valves of bivalve hosts with 13 % of male crabs 

being crushed whilst attempting entry to female hosts (Stauber 1945, Jones 1977a).  In addition 

to the risks of exiting and entering mussel hosts, male crabs also face a heightened risk of 

predation whilst outside of the protection of their hosts.  Strategies to reduce crab infection 

levels that could extend the amount of time male crabs spend outside of bivalve hosts could 

potentially be very effective, exploiting the dangerous circumstances involved and helping to 

further reduce the reproductive effectiveness of the male population. 

 

Evidence of Pheromone Use in Mate Attraction 

Describing the mate acquisition process of male crabs and determining if a pheromone 

attractant is involved was a key goal for this research.  Behavioural experiments were 

conducted in darkness to elucidate the mate finding behaviour of male N. novaezelandiae 

because initial experiments in ambient light failed to produce a movement response in male 

crabs.  Three out of nine males in male:female pairs were found to respond to their respective 

female, being enticed to leave their host within a 30 day period.  The fact that the remaining six 

male crabs were never observed leaving their hosts maybe due to their respective females not 

producing a cue to elicit male pea crabs to exit their hosts or an inability of these male crabs to 

secure an exit from their hosts.  When one of the females that repeatedly initiated exiting of 

male crabs over the 30 day period was subsequently experimentally exposed to nine other 

males for a short 24 hr period, 60 % of male crabs exited their host.  The ability of females to 

remotely attract male crabs strongly suggests a pheromone cue is being used by female N. 

novaezelandiae to attract male crabs out of their hosts and is likely to be used to indicate their 

receptiveness for mating (Asama and Yamaoka 2009).  This response by male crabs was elicited 

by both gravid and non-gravid females suggesting that the production of the cue is independent 

of the female carrying eggs.  The use of pheromones is widely established in crustaceans but to 

date no reports of its use in pea crabs have been published. 

 

 The consistent behaviour that male crabs displayed in locating a female once they have 

exited their host was also indicative of the use of a chemical cue released from the female pea 
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crab.  When male N. novaezelandiae were placed in a choice chamber and offered five mussels, 

with only one containing a female, the male crabs were reliably able to select the mussel that 

contained the female.  During their mate searching behaviour males also never returned to, or 

attempted to, enter mussels that did not contain a female and once the host mussel containing 

the female was found the male crab remained until securing successful entry of the mussel.  

Male crabs also spent four times less time on mussels that did not contain a female which was 

significantly less than the average of over 3 hr spent on mussels hosting a female whilst 

attempting to secure entry.  Male crabs positioned and entered the female pea crab's host 

through the mussel’s inhalant siphon at the same area where that valve gape was found to be 

at its widest.  This could be expected when you consider the likelihood of crushing observed in 

P. oestrum of 13 % and commonly observed male N. novaezelandiae trapped between the 

valves of hosts (Stauber 1945, Jones 1977a).  The process by which males enter mussels by 

using their 4th pair of legs was consistent and involved the insertion and gentle stroking of the 

mussel’s mantle edge with the leg whilst waiting for the valve gape to increase.  Attempts to 

artificially stimulate the opening of mussels in the same manner as male pea crabs by manual 

mantle stroking with forceps were unsuccessful.  However, it was observed that host P. 

canaliculus were desensitized to touch at night concurrent with the nocturnal emergence of the 

male crabs.  Although P. canaliculus is highly sensitive to touch of the mantle during the day, 73 

% of mussels allowed gentle stroking at night which coincides with the nocturnal behaviour of 

male crabs.  Mantle stroking by male pea crabs may explain their ability to secure entrance to 

the female’s host mussel by significantly increasing the valve gape past the relaxed mean value 

of the gape observed for the hosts.  Previous reports on the ability of pea crabs to locate 

females, and the interaction required to enter a host, or any report of stroking behaviour are 

non-existent making comparisons of the results of this current study difficult.  Although some 

species of crustaceans are known for their use of acoustic or vibratory cues to attract mates, 

the results observed in this study strongly suggest that mate attraction is pheromone-mediated 

by the female N. novaezelandiae (Salmon 1983).  Pheromone attraction of mates could be 

particularly important in this species where the abundance of males is low, and despite sperm 

storage, the availability of males is likely to be limiting reproductive success (Jones 1977a, 
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Baxter 1981, Trottier and Jeffs 2012, Feickert 2013).  Further research is required to positively 

confirm the presence of the pheromone cue and to identify the pheromone molecule(s) 

involved.  The success of this further research would have the potential to lead to the 

development of a pheromone based biocontrol trap aimed at removing males from the 

population. 

 

6.6 Potential control measures 

A Novel Approach 

Methods to alleviate infection levels with N. novaezelandiae would be highly beneficial to the 

New Zealand green-lipped mussel aquaculture industry and could also potentially be adapted 

to other species of pea crabs infecting other commercially important bivalve aquaculture crops 

globally.  Based on the research presented in this thesis there are two potential avenues for 

reducing N. novaezelandiae infection levels.  Firstly, the design of a pheromone-based 

biocontrol trap for specifically targeting the capture and removal of male crabs from mussel 

farm populations to interrupt the breeding cycle.  With a potential larval development period of 

around 43 days and gravid females found throughout the year, continual trapping of males 

through a pheromone trap would be required if further diminishing the male proportion of the 

population was to be effective at control.  However, with an approximate larval development 

period of 43 days and a distinct larval spike from July to October and January to February, a 

time delayed biocontrol effort could be intensified during hypothesized settlement periods to 

eliminate newly-recruited males (Jones 1977a, Feickert 2014). Our results indicate that female 

N. novaezelandiae are likely to release a pheromone to attract male crabs and as such the 

pheromone could also be used to either attract males into a trap or to confuse them while they 

are attempting to locate a female (Feickert 2014).  Targeting males within a farm could greatly 

reduce reproductive output, especially given that pea crabs within mussel farm populations 

appear to have limited male availability.  Considerable success with the use of pheromone-

based traps has been widely reported with insect pests with a wide range of insect pheromones 

now being synthesized commercially for this purpose (Copping and Menn 2000).  The use of 

pheromones by insects and their use in traps and has been well documented with over 1600 
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pheromones described (Mayer and McLaughlin 1991).  There are currently 45 pheromones in 

use with insects including as monitoring agents, alarm pheromones, aggregation pheromones, 

mating disrupters and “lure to kill” pheromones (Copping and Menn 2000).  It is these last two 

uses of pheromones in insects which provide a practical model with the potential to be 

followed for controlling mating in populations of N. novaezelandiae in mussel farms.  The use of 

pheromones as a mating disrupter or for luring and killing mates has had good practical 

application in insects.  For example, pheromone traps have had considerable success with mass 

trapping of the redbanded leafroller (Argyrotaenia velutinana) and grape berry moth 

(Paralobesia viteana) resulting in a substantial reduction in damage to crops (Taschenberg et al. 

1974).  Mating disruption experiments for both species showed almost total disruption of male 

orientation to artificial sources of attractant as well as traps baited with live females 

(Taschenberg et al. 1974).  For this approach to be successful in N. novaezelandiae it will rely on 

further research to precisely identity the pheromone in use by N. novaezelandiae which could 

make good use of bioassay research methods presented in this thesis to test isolated extract 

fractions.  A major advantage of an effective biocontrol method based upon the ecology of a 

particular parasite is that in being specifically tailored it is much less likely to generate collateral 

effects such as those of chemical treatments, e.g., toxicity to mussels. 

  

 An alternative method for reducing N. novaezelandiae numbers in green-lipped mussel 

farms would be to move farms further offshore which the results from this current study 

suggest could halve parasite infection levels within the farmed mussels.  The results of this 

study show that the environmental factors associated with deeper water and greater distance 

from the coast tend to reduce the rate of recruitment of pea crabs, and therefore would also be 

likely to reduce their infection of a green-lipped mussel farm if located further from shore in 

deeper water. 
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6.7 Future directions  

Farm Relocation 

As indicated in Trottier et al. (2012) and in the results presented in Chapter 5 of this thesis, 

increased depth and distance from shore of the farm appears to reduce pea crab levels by up to 

50 %.  To explore if changes to farm management practices based upon the relocation of 

mussel farms to deeper water and further away from shore would be a commercially viable 

option for reducing levels of N. novaezelandiae infection, comparative experiments across of 

range of locations would be required to definitively establish the wider practical applicability of 

this method of control.  The environmental conditions encountered at mussel farms vary 

considerably among locations and therefore sufficient onshore-offshore replication within a 

range of locations would be required to deliver sufficient confidence in the results.  

Furthermore, further research to identify what the specific causative factor involved in 

decreasing pea crab infection of mussels with increasing depth and distance from shore would 

also be valuable as it may provide a novel route for further reduction in pea crab infection in 

mussel farms. For example, if a chemical larval settlement cue is used by N. novaezelandiae it 

could provide another target for biocontrol methods. 

 

Pheromone Identification 

The evidence and support for the use of a pheromone by female N. novaezelandiae to attract 

males was further substantiated by the results of the behaviour experiments presented in 

Chapter 3 of this thesis.  Many other species of crustaceans use pheromones for mate 

attraction and pea crabs have previously been suggested to also use them (Asama and Yamaoka 

2009).  Pursuing the development of a pheromone-based biocontrol trap would require further 

investigation and the identification of the specific pheromone chemical(s) released by female 

crabs.  This type of biocontrol system could potentially be highly effective with no side effects 

on farmed mussels or the wider environment, although cost-effectiveness may need to 

addressed.  Once a pheromone has been identified, the modelling of the tactics and methods 

currently in use for deploying pheromones for controlling pest insects could greatly help to 

streamline the development of pea crab pheromone for application in the marine environment. 
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Foundation Work 

This research has greatly improved the understanding of the biology of N. novaezelandiae 

especially in relation to their infection, production and financial impact, abundance and 

distribution within mussel farms.  The study has also helped to reveal more about the mating 

behaviour of this economically important species.  However, many other species of pea crab 

are known to negatively impact their bivalve hosts including some that are economically 

important on a global scale.  Further efforts are needed to quantify the effect these species of 

parasitic pea crabs have on their bivalve hosts as currently there is a dearth of published 

information, despite their likely negative economic impact.  Overall, the research presented in 

this thesis can provide a useful foundation from which to extend new research efforts on other  

pea crab species and methods of control that are important to a wide range of commercially 

important bivalve species. 
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