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Abstract 

The number of parasite species being described is still rising sharply, with little sign of 

slowing down. This illustrates a limitation in our current understanding of host-parasite 

interactions. The need for improved knowledge of the biodiversity of parasites and of 

their effects is especially important due to the realised and potential impacts of 

parasites across a wide variety of domains, including in clinical, environmental and 

agricultural practices. Concurrently, as data mounts on specific biological systems, 

from a more macroecological viewpoint there is an intensifying search for common 

patterns across systems, with the aim of providing clearer insights into the general 

properties of host-parasite interactions. This thesis encompasses several of these 

challenges, namely, parasite species descriptions, parasite impacts and the search for 

general properties affecting host-parasite interactions.  

 The novel study systems investigated were Australasian rocky shore periwinkle 

or littorinid snails, and their trematode parasites. Previously, parasites of periwinkle 

snails were well studied in the Northern Hemisphere, though nothing is known about 

Southern Hemisphere periwinkles. In New Zealand, two snail species were studied and 

a total of five parasite species found (Chapter Two). In Australia, a single snail species 

was found to host five parasites also (Chapter Three). An important knowledge gap was 

filled with the finding of one of these parasites in Australia providing the first record of 

a snail host for the trematode family Gorgocephalidae. All parasite species were 

described using an integrative taxonomical approach, which incorporated line 

drawings, scanning electron microscopy and molecular analyses.  

 Low prevalence was recorded for most parasites in New Zealand, therefore 

further experimental work focused on the most abundant parasite, Parorchis sp. NZ 

(family Philophthalmidae). This parasite displayed an unusual biology whereby it can 

abbreviate its development, possibly as an adaptation to stressful conditions. To 

investigate this, the incidence of the abbreviated life cycle (precocious encystment) was 

studied in response to host stress due to desiccation. Although the results confirmed 

desiccation as a host stress, it appeared to have little effect on the development pattern 

of the parasite (Chapter Four). 

 The focus then turned to the effect of the parasite on its host and specifically to 

the impact of infection on microhabitat choice of snails (Chapter Five). The choice of 
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microhabitat on a rocky shore may influence a snail’s success in withstanding 

dislodgement, due to wave exposure or predation. Interestingly, the results showed that 

infected snails spend more time on the rock surface than in crevices, possibly leading to 

enhanced parasite transmission, and inevitably to a higher risk of mortality for infected 

snails. 

 Finally, to gain a broader understanding of the ecological drivers underpinning 

interspecific variation in parasite species richness among periwinkles, a comparative 

analysis was carried out using data compiled from the literature (Chapter Six). I 

quantified the contribution of both evolutionary history and ecology to observed 

patterns of parasite species richness, and found that both latitude and host phylogeny 

accounted for much of the variation in how many trematode species exploit particular 

periwinkle species.  
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1.1 Parasites in marine systems 

As the dominant lifestyle on Earth, it is not surprising that parasites have 

adapted well to the marine environment and to the numerous organisms this 

habitat supports (Poulin and Morand 2004). Due to their pervasiveness in this 

ecosystem, a large body of literature has focused on their contributions to 

marine biodiversity and ecology (Curtis 1990; Mouritsen and Poulin 2002; 

Wood et al. 2007; Lafferty et al. 2008; Kuris et al. 2008; Hechinger et al. 2008). 

Marine metazoan parasites belong to a variety of phyla, including Crustacea, 

Mollusca, Platyhelminthes, Annelida and Cnidaria. These parasites can also be 

divided on the basis of resource use, into generalists or specialists, and many 

parameters can influence their degree of host specificity (Martínez-Aquino et al. 

2014; Hadfield et al. 2014). For instance, closely related hosts may share 

generalist parasites or harbour more similar specialist parasites, compared to 

more distantly related hosts, due to host switching events (Blair et al. 2001). A 

number of phylogenetic and ecological factors will therefore influence the range 

of hosts a parasite may infect. In addition, studies of parasite species richness in 

different host species can also provide valuable information regarding the 

evolutionary factors that shape host-parasite interactions. Recent studies have 

found that, generally, host body size, host density, host geographical range size 

and host diversity are important drivers of parasite species richness, and that the 

influence of phylogenetic history can be strong when comparing different host 

taxa (Kamiya et al. 2014a; b). On shorter ecological time scales, the impacts of 

parasites following infection of marine hosts are both numerous and diverse. 

Through altered host phenotypes, survival and reproductive capacity, among 

other effects, parasites can alter the wider ecosystem. Some examples of these 

effects, as well as details on the interplay between host and parasite 

distributions, are provided in Box 1.1 and include (a) adding to the biomass of 

the community (Kuris et al. 2008), (b) changing local biodiversity (Hechinger 

and Lafferty 2005; Wood et al. 2007), and (c) influencing species patterns in 

distribution (Thieltges et al. 2009a; Hopper et al. 2014). A recent review 

highlighted several aspects of marine parasitology awaiting further investigation 

(Poulin et al. 2014). This thesis deals with three of those, namely: the 

establishment of new host-parasite model systems, the discovery of parasite 
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biodiversity, and addressing current marine ecological concepts in studies of 

marine parasites. 

 
Box 1.1 Ecological Parasitology. 
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A diverse assemblage of parasites can lead to greater parasite standing stock biomass, possibly as 
a result of complementary use of host resources and space (Hechinger et al. 2008). In a study 
across three estuaries in the western USA, parasites were found to contribute greatly to total 
community biomass (Kuris et al. 2008). Across the estuaries parasite biomass accounted for 0.2–
1.2% of total animal biomass. In particular, trematode parasite biomass exceeded free-living bird 
biomass in all estuaries. The biomass of these parasites, as well as their productivity, reduction of 
host energy and contribution to food webs, highlight their energetic importance in these 
ecosystems. The first and most comprehensive studies of parasites in food webs were those carried 
out in marine systems (Huxham et al. 1995; Dunne et al. 2013). Those studies have documented 
some of the main effects of parasites on food web properties (Huxham et al. 1995), the importance 
of parasite life history characteristics on food web structure (Thompson et al. 2005), the 
importance of parasites for ecosystem stability (Lafferty et al. 2006) and the unique trophic roles 
of parasites and how they increase food web complexity (Dunne et al. 2013).  
!
!

The effects of parasites on their hosts can also influence local community biodiversity. For 
example, upon infecting a clam some parasites prevent the bivalve from burrowing into the mud, 
leading to an increased number of clams on the surface of the mudflat, and indirectly to enhanced 
biodiversity of benthic invertebrates (Mouritsen and Poulin 2005; 2010). Polychaetes and other 
burrowing organisms benefit from the altered sediment conditions, whereas other species colonise 
the shells of exposed clams. Further, this attracts a diverse array of predators and the biodiversity 
of the entire ecosystem is thus enhanced by the action of these parasites. Another well recognised 
example of the effect of parasites on community structure involves a reduction in the feeding rate 
of infected snails, causing increased diversity of the ephemeral microalgae community (Wood et 
al. 2007). These examples demonstrate the direct effect of parasitism on a host leading to an 
indirect effect on the community as a whole. Parasites can further alter community structure via 
trait mediated indirect effects, i.e. changes in how hosts react to their environment when they are 
infected, such as reduced predator avoidance by infected prey (Kamiya and Poulin 2012), and 
reduced predator functional responses to prey (Toscano et al. 2014).!

It is widely accepted that higher levels of biodiversity, in free-living animals, are observed close to 
the equator, but for parasites this pattern is less clear (Lindenfors et al. 2007; Bordes et al. 2011; 
Kamiya et al. 2014a). Meanwhile studies of parasite spatial distribution on a more local scale have 
found some interesting patterns. For instance, the similarity of parasite communities in different 
populations of the same host species almost universally decreases exponentially with greater 
distance between them (Thieltges et al. 2009a; Poulin 2010). Furthermore, investigations of 
parasites have highlighted aspects of species invasions and range expansions which otherwise 
would go unnoticed. The diversity of parasites found in hosts outside of their native range is often 
reduced, supporting the enemy release hypothesis (Torchin et al. 2002; 2003; 2005). This is to be 
expected and may be due to a number of factors, including a lack of suitable hosts for life cycle 
completion in the new habitat. Establishment in the new range would be impossible for such 
parasites. Similarly, reduced parasite diversity has been reported in the expanded range of an 
intertidal snail (Hopper et al 2014). Adding parasites to studies of host ranges and investigating 
the spatial distribution of parasites are two approaches which have provided useful information on 
some of the extrinsic and intrinsic factors influencing host-parasite relationships.!
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1.2 A thesis on marine parasites - highlights 

Set within the theme of marine parasitology, this thesis is focused on parasites 

of intertidal snails. On rocky shores, littorinid snails or periwinkles are generally 

very abundant, and in the Northern Hemisphere they have been well studied for 

their trematode parasites. In this thesis, I describe for the first time some of the 

trematode parasites found in Southern Hemisphere littorinid snails. For one of 

the most prevalent species, I quantify some of the effects the parasites have on 

their host. Finally, in a more general context, I investigate the contribution of 

both ecology and phylogeny as key determinants shaping trematode species 

richness of littorinid snails worldwide, through a comparative study. 

1.3 Intertidal trematodes and their snail hosts 

The intertidal community is situated in the littoral zone, or the area of the shore 

lying between the tidal range. It is an extremely turbulent environment, with the 

magnitude of many abiotic factors rapidly changing back and forth with the 

tides. The daily physical and biological challenges faced by organisms on the 

seashore play an important role in shaping the structure of the intertidal 

community. They include: fluctuating temperature, salinity and light intensity, 

desiccation, submersion, wave exposure, pollution, predation and competition 

(Tait 1981; Nybakken and Bertness 2001). For example, considering the effect 

of wave exposure, periwinkles from an exposed shore were found to possess a 

larger foot relative to their shell size than those from a sheltered shore 

(Chapman 1997). This may assist by increasing their steadfastness in rough 

conditions.  A difference in total body size between sheltered and exposed 

shores has also been found for periwinkles, with larger individuals dominating 

more exposed shores (Kemppainen et al. 2005). Within one particular shore 

location, larger periwinkles were found lower on the shore, where only large 

individuals can withstand dislodgement (McQuaid 1981). A further biological 

challenge faced by intertidal inhabitants, but often overlooked, is parasitism. In 

studies that pay attention to them, parasites have repeatedly been found to play 

an important role in the intertidal community, with trematodes being the most 

common parasites found in intertidal organisms (Mouritsen and Poulin 2002). 
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This makes them the more likely parasite candidates to influence biological 

processes in this habitat.  

Trematodes have been described as being “among the most common and 

abundant of parasitic worms” (Roberts and Janovy 1999).  They have been 

observed in a variety of marine organisms investigated thus far, such as snails 

and crabs, seals and sharks. Marine trematodes affect their hosts in a number of 

ways, including reproductive castration, altered growth patterns, decreased 

survival and behavioural alterations. Due to their wide variety of deleterious 

effects on hosts, it is little wonder that this group of parasites has been the focus 

of many investigations. They are also the focus of the studies described 

throughout this thesis. 

Digenean trematode parasites are characterised by their complex life 

cycles, typically involving three hosts. This life cycle is thought to have 

developed from a one-host life cycle in a vertebrate, with later incorporation of 

an intermediate host to form a two-host life cycle (Cribb et al. 2003; Parker et 

al. 2015). The intermediate host originally adopted into the life cycle was a 

gastropod, hence the association of trematodes with snails dates back over 200 

million years (Blair et al. 2001). The later inclusion of a third host occurred 

separately in many trematode lineages (Cribb et al. 2003). One hypothesis 

aimed at explaining the evolution of such complex life cycles via natural 

selection is that the incorporation of the gastropod host, in which asexual 

multiplication occurs, allows for the numerical expansion of infective stages 

before embarking on the next stage of the life cycle (Sorensen and Minchella 

2001; Cribb et al. 2003; Choisy et al. 2003).  

The typical three-host life cycle begins with the infection of a gastropod 

first intermediate host. This may be via the ingestion of parasite eggs or via an 

active penetration stage called a miracidium, which hatches from the egg. Inside 

the snail, the parasites multiply asexually, producing sporocysts or rediae 

depending on the trematode species. Sporocysts are sac-like structures that 

absorb nutrients from the host through their sac wall. Rediae on the other hand 

actively feed on host tissue, using their mouth parts. Within both sporocysts and 

rediae, cercariae are produced via asexual (clonal) reproduction. Once mature, 

cercariae are released into the environment as a free living transmission stage to 

go on to infect a second intermediate host, which may be a bivalve, crab or fish, 
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depending on the trematode species. In the second intermediate host, the 

parasite (now called a metacercaria) usually forms a cyst, which is a resting 

stage, and awaits ingestion by the definitive host. The definitive host is 

invariably a vertebrate. Upon reaching the definitive host, the parasites mature 

and sexually reproduce, releasing eggs that are passed to the external 

environment in the host’s faeces, so beginning the cycle again (Galaktionov and 

Dobrovolskij 2003). A summary of a three-host life cycle is shown in Figure 

1.1, with further details provided in Table 1.1. 

 

 
Figure 1.1 Example of a three host digenean trematode life cycle. A = adult; E = egg; M = miracidium; R 
= redia; S = sporocyst; C = cercaria; Mc = metacercaria. 

! !
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Table 1.1 Description of typical life stages of a trematode parasite. 

Life stage Egg Miracidium Sporocyst Redia Cercaria Metacercaria Adult 

Features 

Free 
living 

in 
water 

Hatch in 
host, some 
free living 

Metamorphosis 
of miracidium 

in host and 
embryos 

develop inside 

Migrate 
within host 
and feed on 

host as 
embryos 
develop 
inside 

Free 
living 
stage 

Usually 
encysted in/on 
intermediate 
host.  Resting 

stage. 

Mature by 
penetration of 
cercaria into 

definitive host 
or excystment 

of 
metacercaria. 

 
Host  

1st 
Intermediate 

host 

1st 
Intermediate 

host 

1st 
Intermediate 

host 
 

2nd 
Intermediate 

host 

Definitive 
host 

 

There exist various combinations of hosts and transmission routes in the 

life cycle of these parasites. Following the evolution of the typical three host life 

cycle, several species have later evolved either a truncated or extended life 

cycle. Some species complete their life cycle in a single gastropod host (eg. 

Bunocotyle progenetica (Galaktionov and Dobrovolskij 2003; Levakin 2007), 

while others have incorporated additional hosts to form a four-host life cycle 

(eg. Halipegus occidualis (Goater et al. 1990).  Here, I discuss these two cases 

of alternative life cycles. Firstly, depending on the availability of the definitive 

host, some parasites facultatively abbreviate their life cycle. For example if the 

definitive fish host is abundant in the environment, the parasite adopts a three-

host life cycle; however, when that host is scarce the parasite may detect its 

absence, and bypass the need to reach that host by adopting a shorter two-host 

life cycle. The two-host life cycle is characterised by the parasite maturing 

precociously and producing eggs while still inside the second intermediate host, 

a phenomenon termed progenesis (reviewed by Lefebvre and Poulin (2005)). 

The adoption of a two-host life cycle has occurred independently in multiple 

trematode lineages, and other trematodes may form the encysted resting stage 

without ever leaving the snail. For example, some microphallid species form 

metacercariae inside sporocysts, and the parasite awaits ingestion of its snail 

host by the definitive host (Galaktionov and Skirnisson 2006). The second 

example of a deviation from the three-host life cycle involves the addition of a 

host to create a four-host life cycle. The inclusion of a mesocercaria stage is 
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associated with the incorporation of an additional intermediate host between the 

original first and second intermediate hosts (Matthews and Matthews 1988; 

Goater et al. 1990). These examples represent only a few of the many 

exceptional life cycles of trematodes, with several other variations described in 

the parasitological literature (for a review on abbreviated life cycles see Poulin 

and Cribb (2002)). In Chapter Four, an exceptional life cycle in a trematode 

infecting a New Zealand species of littorinid snail is investigated and discussed 

in detail. 

Due to the close association between trematodes and snail hosts, it is 

unsurprising that many of these pairings are based on strict host specificity, for 

successful completion of parasite life cycles. Each trematode species usually 

infects only one snail species as its first intermediate host (Adema and Loker 

1997; Sapp and Loker 2000a; b). The relationship with the first intermediate 

host is generally the most host specific stage of the trematode life cycle 

(Lockyer et al. 2004). Few studies have reported relaxed specificity for the 

gastropod first intermediate host (e.g. Jousson et al. 1999; Born-Torrijos et al. 

2012).  The main reason for these rare exceptions is that snail species which are 

phylogenetically or ecologically similar to the parasite’s original host are likely 

candidates for host additions or host switches (Blair et al. 2001). It is worth 

noting that following the recent rise in the discovery of cryptic species, i.e. 

morphologically indistinguishable species that can only be separated 

genetically, there is growing evidence that host specificity may currently be 

greatly underestimated (Donald et al. 2004). Therefore, future studies of 

trematode-snail relationships using molecular approaches will yield further 

valuable insights into this close association. 

The fascinating life cycles, broad diversity and widespread impacts of this 

group of parasites, as well as their success in the marine intertidal zone, have 

only been briefly summarised above. The research described in this thesis is 

focused on finding answers to some of the unknown questions concerning the 

trematode parasites of a group of Australasian intertidal snails, their host 

specificity, life cycles, and ecological impacts.  
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1.4 Periwinkles and periwinkle parasites 

Periwinkle snails inhabit shores worldwide across the tropics, temperate and 

polar regions (Davies and Williams 1998). They occur in the intertidal zone on 

a variety of shore types including mangroves, kelp beds, muddy and rocky 

shores. On rocky shores, they are typically among the most abundant organisms. 

Due to their wide distribution and the fact that they occur at relatively high 

abundances, these snails have been referred to as ‘zone-forming’ (Saies 1973), 

with the periwinkle zone being a long recognised habitat by intertidal 

ecologists. Also, due to their high densities, these snails can have a huge impact 

on the ecosystems they inhabit (Wahl and Hoppe 2002). They are grazers and 

given their high numbers, they often control the density and diversity of algae 

on the shore (Stafford and Davies 2005; Hidalgo et al. 2008). Such key 

herbivores can play an important role linking primary producers with higher 

trophic levels (Carlson et al. 2006). In turn, these herbivores are preyed upon by 

crabs in most areas where they occur, including America (Carlson et al. 2006; 

Moody and Aronson 2012) and Europe (Jacobsen and Stabell 1999) and also by, 

for example: whelks in New Zealand (though not frequently, Novak 2010), sun-

stars in South America (Tokeshi et al. 1989) and pufferfish in Costa Rica 

(Duncan and Szelistowski 1998). Therefore, due to the central trophic role of 

periwinkles in intertidal systems, they have been referred to as ‘keystone’ 

organisms (Melatunan et al. 2011). 

 As well as being highly abundant locally, periwinkles are also a diverse 

group and the best-studied of the marine gastropods (Reid et al. 2012). There 

are over 150 species in the subfamily Littorininae, all characterised by the 

possession of a pelagic egg capsule, which can withstand the threat of 

desiccation in the harsh littoral zone. Their phylogeny has been relatively well 

resolved in recent years, facilitating further studies of interspecific differences 

within the group, and they are estimated to have an evolutionary history of over 

100 million years, with a fossil history of about half that time (Reid et al. 2012). 

Based on this available information, periwinkles provide a good model for 

studies of gastropod biology. 

 Unsurprisingly, trematode parasites, also abundant organisms in 

intertidal environments, often infect these snails. A wide range of trematodes, 
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representing diverse life cycle types, infect periwinkles. These include more 

than 30 species from a variety of families (James 1968a; Skirnisson and 

Galaktionov 2002; Granovitch and Mikhailova 2004; Blakeslee and Byers 2008; 

Thieltges et al. 2009b). Up to 12 species have been reported from a single 

periwinkle population (Skirnisson and Galaktionov 2002), 

 Due to both the widespread and abundant nature of these snails, and the 

rich diversity of their trematode parasites, an extensive body of literature exists 

detailing the effects of trematodes on periwinkles. Strikingly, one main effect of 

these parasites on their snail host is castration, whereby the parasite tissue 

completely replaces the gonad tissue of the snail (Combescot-Lang 1976; 

Lauckner 1984; Tétreault et al. 2000; Negovetich and Esch 2008). This 

transforms the snail into a parasite-producing factory.  Related to castration, 

phenotypic variation induced by parasitism, for example gigantism and altered 

shell shape, has also been reported (McCarthy et al. 2004). Due to the 

requirement of parasites with complex life cycles to reach their next host, 

manipulation of host behaviour or morphology by parasites, in ways that 

enhance transmission success has been widely reported in a range of parasite 

taxa (Poulin 1995; Poulin 2010). Without direct evidence of fitness benefit to 

the parasite, the adaptive nature of such effects on periwinkles remains unclear. 

Examples of phenotypic effects of parasitism on periwinkles include: increased 

tendency to move upshore, towards predators (McCarthy et al. 2000), and 

reduced fecundity in infected females from highly infested populations 

(Granovitch et al. 2009). Further behavioural impacts of trematode infections on 

periwinkles are explored in Chapter Five (O’Dwyer et al. 2014a). These earlier 

studies make it clear that trematode-periwinkle associations provide useful 

systems for studying the effects of trematode parasites on their first intermediate 

hosts. 

! !
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1.5 Australasian rocky shores and their periwinkles 

Rocky shores account for a large proportion of the New Zealand coastline (Fig. 

1.2). A wide variety of organisms inhabit these shorelines, with periwinkles 

being particularly widespread and locally abundant. 

 

 
Figure 1.2 Distribution of New Zealand rocky shores, shown in dark blue. [Edited from: 
https://data.linz.govt.nz/layer/332-nz-mainland-rock-polygons-topo-150k/] 

 

The current species of Austrolittorina all have a Southern Hemisphere 

distribution. Of the five species, three are found in Australasia, with a further 

two species found in South America, A. fernandezensis and A. araucana (Reid 

and Williams 2004). Two species of Austrolittorina periwinkle inhabit New 

Zealand rocky shores, the blue-banded periwinkle, A. antipodum, and the brown 

periwinkle, A. cincta. The two species differ in colouration and shell pattern, as 

well as in size (Fig. 1.3). They are sympatric, both occurring together in the 

high intertidal zone. Their geographical distributions differ slightly, with A. 

antipodum more abundant further north and A. cincta further south (Reid and 

Williams 2004). They are dioecious, or have separate sexes, and utilise internal 

fertilisation. They possess a planktonic larval stage, allowing dispersal across 

localities prior to settlement on a rocky substrate.  



Chapter One – General Introduction 

!

12 

 
Figure 1.3 New Zealand periwinkles: blue banded phenotype, Austrolittorina antipodum, and brown 
phenotype, A. cincta. 

 

Recent molecular work using mitochondrial genes has shown that these 

two phenotypically distinct species (Figure 1.3) are in fact closely related 

(Waters et al. 2007).  

In Australia A. unifasciata also occurs in abundance, along the high 

intertidal zone of rocky shores. It has a widespread distribution, throughout the 

temperate zone (Reid and Williams 2004). This species is phenotypically very 

similar to the blue-banded A. antipodum of New Zealand (Figs. 1.3 and 1.4).  

 

 
Figure 1.4 Australian periwinkle, Austrolittorina unifasciata. 

!
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Through investigations of the three Austrolittorina species in 

Australasia, I sought to discover and describe the trematode parasites they 

harbour, and quantify how the most abundant New Zealand parasite species 

influences the ecology of its hosts in the marine intertidal environment. This is 

the first study investigating this group of snails (Austrolittorina), and indeed 

Southern hemisphere littorinids, as hosts to trematode parasites. 

In New Zealand, a preliminary survey revealed that both periwinkle 

species are infected by parasites at relatively low prevalence, year round. In a 

small-scale seasonal study, the prevalence of trematode parasitism in the two 

species across three sites changed slightly among seasons, but tended to differ 

more across sampling sites (Figs. 1.5 and 1.6; K O’Dwyer, pers. obs.). A fourth 

site shown in Figure 1.5, Waipuna Bay, was also sampled seasonally but 

infected snails were never found. Additional exposed coastal sites were sampled 

but parasites were never found. The pattern in parasite prevalence agrees with 

the current hypothesis that the prevalence of trematodes in intertidal snails is 

driven more by local factors than by broader regional processes (Byers et al. 

2008; Parietti et al. 2013; Galaktionov et al. 2015). 

 

 
Figure 1.5 Map of Otago Harbour showing the localities where periwinkles were sampled for a 
preliminary survey of trematode infections. 

 



Chapter One – General Introduction 

!

14 

 

 
Figure 1.6 Seasonal prevalence of trematode infections (all parasite species combined) for Otago Harbour, 
a) Austrolittorina antipodum, b) A. cincta. Total snail sample sizes are given above the prevalence bars. 

!

1.6 Objectives 

The suite of parasites infecting a host can consist of a large collection of 

species, and these can have broad and varied effects on their host. However, in 

many cases, we do not know what parasites are infecting particular host species, 

nor the effects that these parasites might have on the host individual, host 

population and/or wider ecosystem. The overall aim of this thesis was to 

uncover and characterise the trematode diversity in Australasian periwinkles, 

and explore some of the reciprocal effects of hosts and parasites on each other’s 

biology. The information presented here provides new knowledge on a 

previously un-investigated system, and adds to our understanding of ecological 

parasitology in temperate marine environments.  

 A variety of methods and approaches were incorporated into an 

integrative approach to achieve the thesis aims. Firstly, a detailed taxonomic 

study of the parasites infecting periwinkles was carried out, including 

morphological descriptions in addition to the use of scanning electron 

microscopy and molecular data. This information provided the base for further 

biological and ecological investigations, which included field observations, 

laboratory experiments and comparative analysis methods. The effect of host 

stress on parasite life history was studied in a laboratory experiment by applying 

desiccation stress to the snail host. An assessment of the effect of parasitism on 
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host ecology was performed using both field and laboratory experiments. 

Finally, a comparative analysis was carried out to investigate drivers of parasite 

species richness in periwinkle first intermediate hosts to provide a broader 

understanding of the host-parasite relationships within this taxonomic group. 

 

This thesis had the following specific objectives: 

 

1. To characterise, via formal taxonomic descriptions, the parasite fauna of 

Australasian periwinkles (Chapter Two and Three). 

 

2. To examine the effect of host stress, specifically desiccation, on parasite 

biology and life history (Chapter Four). 

 

3. To assess the effects of the most common parasite on the ecology of two 

species of New Zealand periwinkle, through their movement and use of 

microhabitats (Chapter Five). 

 

4. To identify the factors leading to interspecific variation in parasite species 

richness among first intermediate periwinkle hosts, with data compiled from all 

available sources (Chapter Six). 
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1.7 Thesis structure 

The main data chapters, Chapters Two to Six, were prepared in manuscript style 

for submission to scientific journals. Therefore, there is a small element of 

repetition among the chapters. I am the first author of the chapters, having 

carried out the research, analysed the data and written the text, with the help and 

constructive criticism of my co-authors (see Table 1.2). An additional study, 

focused on whether parasitism reduces the attachment strength of periwinkles, is 

included as an Appendix; although I designed the study, data collection was 

carried out by co-author A. Lynch, working under my direct supervision.  
 

Table 1.2 Structure of thesis. 

Chapter Content 
One General Introduction 
Two Four marine digenean parasites of Austrolittorina spp. (Gastropoda: Littorinidae) in 

New Zealand: morphological and molecular data 
Published as: O’Dwyer K, Blasco-Costa I, Poulin R & Faltynkova A 2014; 
Systematic Parasitology 89: 133-152 

Three An integrative taxonomic investigation of the diversity of digenean parasites 
infecting the intertidal snail Austrolittorina unifasciata Gray (Gastropoda: 
Littorinidae) in Australia 
Accepted as: O’Dwyer K, Georgieva S, Faltynkova A & Kostadinova A 2015; 
Parasitology Research 

Four Taken to the limit– Is desiccation stress causing precocious encystment of trematode 
parasites in snails? 
To be submitted as: O’Dwyer K & Poulin R 2015; Parasitology International 

Five Altered microhabitat use and movement of littorinid gastropods: the effects of 
parasites 
Published as: O’Dwyer K, Kamiya T & Poulin R 2014; Marine Biology 161: 437-
455 

Six Disentangling phylogenetic constraints from ecological drivers of parasite species 
richness in first intermediate hosts 
To be submitted as: O’Dwyer K, Poulin R & Thieltges D 2015 

Seven General Conclusion 
Appendix  Reduced attachment strength of rocky shore gastropods caused by trematode 

infection 
Published as: O’Dwyer Lynch A & Poulin R 2014; Journal of Experimental Marine 
Biology and Ecology 458: 1-5 

!



 

!
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2 Chapter Two 

Four marine digenean parasites of Austrolittorina 

spp. (Gastropoda: Littorinidae) in New Zealand: 

morphological and molecular data 
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2.1 Abstract  

Littorinid snails are one particular group of gastropods identified as important 

intermediate hosts for a wide range of digenean parasite species, at least 

throughout the Northern Hemisphere.  There is, however, little information on 

the trematode species infecting these snails in the Southern Hemisphere. This 

study is the first attempt at cataloguing the digenean parasites infecting 

littorinids in New Zealand. Examination of c.2,000 individuals each, of two 

species of the genus Austrolittorina Rosewater, A. cincta Quoy & Gaimard and 

A. antipodum Philippi, from intertidal rocky shores, revealed infections with 

five digenean species representative of a diverse range of families: 

Philophthalmidae Looss, 1899, Notocotylidae Lühe, 1909, Renicolidae Dollfus, 

1939 and Microphallidae Ward, 1901. This paper provides detailed 

morphological descriptions of the cercariae and intramolluscan stages of these 

parasites. Furthermore, sequences of the 28S rRNA gene and the mitochondrial 

gene cytochrome c oxidase subunit 1 (cox1) for varying numbers of isolates of 

each species were obtained. Phylogenetic analyses were carried out at the 

superfamily level and along with the morphological data were used to infer the 

generic affiliation of the species. 
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2.2 Introduction 

Digenean trematode parasites typically infect a gastropod as the first 

intermediate host in their complex life-cycles. They are common in the marine 

environment, particularly in the intertidal zone (Mouritsen and Poulin 2002). 

One abundant group of gastropods in the marine intertidal environment is the 

littorinids (i.e. periwinkles), which are characteristic organisms of the high 

intertidal or littoral zone and have a global distribution (Davies and Williams 

1998). In the Northern Hemisphere, species rich digenean faunas have been 

reported for littorinids such as Littorina littorea L., L. obtusata L. and L. 

saxatilis Olivi (e.g. Blakeslee and Byers 2008; Granovitch and Maximovich 

2013; Granovitch and Mikhailova 2004; James 1968a; b; Thieltges et al. 2009b; 

Thieltges et al. 2006). These include more than 30 species from the families 

Echinostomatidae Looss, 1899, Microphallidae Ward, 1901, Notocotylidae 

Lühe, 1909, Heterophyidae Leiper, 1909, Renicolidae Dollfus, 1939 and 

Opecoelidae Ozaki, 1925 (James 1968a; Skirnisson and Galaktionov 2002; 

Granovitch and Mikhailova 2004; Blakeslee and Byers 2008; Thieltges et al. 

2009b) with up to 12 species per sampling site (Skirnisson and Galaktionov 

2002). However, in stark contrast to that available for the Northern Hemisphere 

no comprehensive parasitological investigations of periwinkles could be 

sourced in the literature for the Southern Hemisphere. 

Austrolittorina Rosewater includes five species, all distributed in the 

Southern Hemisphere: Austrolittorina antipodum Philippi and A. cincta Quoy & 

Gaimard in New Zealand, A. unifasciata Gray in Australia, and A. 

fernandezensis Rosewater and A. araucana d’Orbigny in western South 

America (Reid and Williams 2004). During 2012 and 2013 extensive sampling 

of A. antipodum and A. cincta was carried out in the high intertidal zone around 

the Otago Harbour and Kaikoura, South Island, New Zealand and Paihia, North 

Island, New Zealand. Frequent infections with larval stages of four digeneans of 

the families Philophthalmidae Looss, 1899, Notocotylidae, Renicolidae and 

Microphallidae were found. Here detailed morphological descriptions are 

provided of the cercariae and intramolluscan stages of the four species and 

molecular details only, of an additional fifth species from a prepatent infection. 
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Molecular evidence based on phylogenetic analyses at the superfamily level 

using newly obtained 28S rDNA sequences and, where possible, sequences of 

the mitochondrial gene cytochrome c oxidase subunit 1 (cox1). 

2.3 Materials and methods 

Austrolittorina antipodum and A. cincta were collected in 2012 and 2013 off 

New Zealand, primarily around Otago Harbour (-45.80, 170.66) (four sites: 

Aramoana, Portobello Marine Laboratory, Lower Portobello Bay and Weller’s 

Rock) and off Kaikoura (-42.43, 173.69) and Paihia (-35.28, 174.09). Snails 

were dissected in the laboratory under a dissecting microscope and mature 

cercariae were selected. Cercariae, sporocysts and rediae were photographed 

live, under natural conditions and following staining with Neutral Red under 

slight coverslip pressure, using a compound microscope. Metacercarial cysts 

were photographed and measured following encystment on a glass slide. 

Samples of cercariae killed in hot seawater were photographed for 

morphological study and subsamples were fixed in 100% ethanol for molecular 

analysis and in 2.5% glutaraldehyde, 4% formalin or 70% ethanol for scanning 

electron microscopy (SEM) examination. Photomicrographs were taken using 

an Olympus CX41 microscope, Olympus DP25 camera and DP2-BSW v. 1.4 

software. Measurements were obtained from digital photographs using ImageJ 

(Schneider et al. 2012). Samples for SEM fixed in glutaraldehyde and formalin 

were washed in 0.1 M phosphate buffer (three washes, 15 min each), post-fixed 

in 1% osmium tetroxide, washed in 0.1 M phosphate buffer (three washes, 15 

min each), and dehydrated in a graded ethanol series. Samples fixed in 70% 

ethanol were dehydrated in a graded ethanol series. After dehydration all 

samples were critical point-dried and splutter-coated with gold. Samples were 

examined using a JEOL JSM 7401-F (JEOL USA Inc) at an accelerating 

voltage of 4 kV.   

All measurements are in micrometres and are presented as the range 

followed by the mean in parentheses. Metrical data in the descriptions are based 

on live specimens under slight coverslip pressure; measurements of fixed 

material are provided separately (where available). Voucher material (in alcohol 

and permanent mounts in Canada balsam) has been deposited at the Institute of 
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Parasitology, Academy of Sciences of the Czech Republic under accession 

numbers HCIP D-700; D-701; D-702 and D-703. 

DNA was extracted from single ethanol-fixed 

cercariae/sporocysts/rediae in 150–500 µl of 5% suspension of Chelex® (Bio-

Rad Inc) in deionised water containing 0.1 mg/ml proteinase K, followed by 

incubation overnight at 60°C, boiling at 90°C for 8 min and centrifugation at 15 

000 g for 10 min. 

Polymerase chain reaction (PCR) amplifications (total volume 20 µl) were 

carried out using 1 µl extraction supernatant, 4 µl MyTaqRed buffer (Bioline 

Ltd) (5mM dNTPs), 10 µM of each primer and 0.5 units MyTaq (Bioline Ltd). 

Partial (domains D1–D3) 28S rDNA sequences were amplified using primers 

U178 (forward: 5'-GCA CCC GCT GAA YTT AAG-3') and L1642 (reverse: 5'-

CCA GCG CCA TCC ATT TTC A-3') (Lockyer et al. 2003). The following 

thermocycling profile was used: DNA denaturation at 95°C for 3 min; 40 

amplification cycles (94°C for 40 s, 56°C for 30 s, 72°C for 1 min 20 s); and a 

final extension step for 4 min at 72°C. Amplification of partial cox1 gene 

fragments was performed using the primer combination JB3 (forward: 5'-TTT 

TTT GGG CAT CCT GAG GTT TAT-3’) (Bowles et al. 1993) and Plag16S-

COIdR (reverse: 5'-TCG GGG TCT TTC CGT CT-3') (Blasco-Costa et al. 

2012). The following thermocycling profile was used: DNA denaturation at 

94°C for 3 min; 40 amplification cycles (94°C for 40 s, 54°C for 35 s, 72°C for 

2 min); and a final extension step for 4 min at 72°C. The thermocycling profile 

for microphallid and renicolid samples was run at a higher annealing 

temperature (57°C).  

The PCR products were purified using exonuclease I and shrimp alkaline 

phosphatase enzymes (Werle et al. 1994). For 20 µl PCR product 1.5 U of Exo1 

and 1 U of SAP was added. PCR amplicons were cycle-sequenced from both 

strands using the PCR primers [plus 1200R (5'-GCA TAG TTC ACC ATC TTT 

CGG-3') for 28S rDNA (Lockyer et al. 2003)] with BigDye® Terminator 

Version 3.1 Ready Reaction Cycle Sequencing Kit, alcohol-precipitated and run 

on an ABI 3730XL Analyser (Applied Biosystems). Contiguous sequences were 

assembled and edited using Sequencher™ (GeneCodes Corp. v. 5) and 

submitted to GenBank under accession numbers KJ868206–KJ868217 (28S 

rDNA) and KJ868192–KJ868205 (cox1). These genes were selected for 
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assessing phylogenetic relationships due to the availability of comparative 

sequences from other trematode species. In this study, based on knowledge of 

this group, 28S rDNA sequences with more than one base pair difference 

between them were considered to constitute different species. 

The newly-generated partial sequences for the 28S rRNA gene (931–

1,608 bp) were aligned using MAFFT (default progressive FFT alignment with 

two-tree building cycles) (Katoh and Standley 2013) and the ends of each 

sequence were trimmed to match the shortest sequences in the alignments. The 

alignments included members of the three corresponding superfamilies, i.e. the 

Echinostomatoidea Looss, 1902, Pronocephaloidea Looss, 1899 and 

Microphalloidea Ward, 1901 (GenBank numbers included in Figs. 2.4, 2.7, 

2.10). Phylogenetic relationships were assessed via Bayesian inference (BI) 

analyses. Prior to analyses, the best-fitting substitution models were estimated 

with jModelTest 2.1.4 (Guindon and Gascuel 2003; Darriba et al. 2012) using 

the Akaike Information Criterion (AIC); the general time reversible model with 

estimates of invariant sites and gamma-distributed among-site rate variation 

(GTR+I+G) was the model estimated for all alignments. Bayesian inference 

analyses were carried out in MrBayes 3.2.2 (Ronquist et al. 2012) using Markov 

chain Monte Carlo (MCMC) searches on two simultaneous runs of four chains 

over 10,000,000 generations. Trees were sampled every 1,000 generations. 

“Burn-in” was applied by discarding the first 25% of the sampled trees for each 

dataset. Estimation of consensus tree topology and nodal support was obtained 

as posterior probability values from the remaining samples. 

The newly-generated cox1 sequences were aligned using Muscle 

implemented in MEGA v6 (Tamura et al. 2013) with reference to the amino 

acid translation, using the echinoderm and flatworm mitochondrial code 

(Telford et al. 2000). Genetic distances (uncorrected p-distance) were calculated 

for each gene/species using MEGA v6.  

2.4 Results 

Examination of over 5000 individuals of two species of the genus 

Austrolittorina Rosewater, A. cincta Quoy & Gaimard (1955 individuals) and A. 

antipodum Philippi (3424 individuals), from intertidal rocky shores at six 
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localities in New Zealand revealed infections with four digenean species. 

Periwinkle collections for A. cincta numbered 173–993 individual snails per site 

(across four sites), and 193–633 per site (across five sites) for A. antipodum. 

Both littorinid species were found infected with the philophthalmid Parorchis 

sp. NZ and an unidentified notocotylid (Notocotylidae gen. sp. 1 NZ). Three 

other parasite species were also recovered: the renicolid Renicola sp. NZ and a 

second unidentified notocotylid (Notocotylidae gen. sp. 2 NZ) in A. antipodum 

and the microphallid Microphallus sp. NZ in A. cincta. Detailed descriptions of 

the mature cercariae and intramolluscan stages of these digeneans are provided 

below. 

 

Superfamily Echinostomatoidea Looss, 1902 

Family Philophthalmidae Looss, 1899 

 

Parorchis sp. NZ 

 

First intermediate hosts: Austrolittorina antipodum Philippi, Austrolittorina 

cincta Quoy & Gaimard (Gastropoda: Littorinidae). 

Localities: Otago Harbour, Dunedin (New Zealand). 

Prevalence: A. antipodum: 0.56% (Aramoana; n = 716); 7.45% (Weller’s Rock; 

n = 993); 12.14% (Portobello Marine Laboratory; n = 725); 69.36% (Lower 

Portobello Bay; n = 173); 5.08% (Kaikoura; n = 394). A. cincta: 0.32% 

(Aramoana; n = 633); 3.22% (Weller’s Rock; n = 622); 2.96% (Portobello 

Marine Laboratory; n = 507); 64.77% (Lower Portobello Bay; n = 193). 

Voucher material: HCIP D-700. 

Representative sequences: KJ868206–KJ868209 (28S rDNA); KJ868192–

KJ868197 (cox1). 

 

Description (Figs. 2.1, 2.2, 2.3A) 

 

Redia 

[Measurements based on 13 small and 15 large live specimens.] Two types 

(small and large) of white, opaque rediae present (Fig. 2.1B). Small rediae 

occasionally containing germinal balls, cylindrical, tapering at both ends, 354–
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683 × 51–96 (484 × 68), with slender prominent locomotory processes at 

posterior fifth of body. Pharynx large, 44–64 × 30–52 (52 × 41); intestine broad, 

extends beyond locomotory processes, close to posterior extremity. Large rediae 

containing 1–7 (4) cercariae, sausage-shaped, 768–1,694 × 176–471 (1,335 × 

321), with indistinct locomotory processes, slender intestine extending to one 

third of body length; pharynx 40–75 × 40–70 (60 × 53).  

 

 
Figure 2.1 Parorchis sp. NZ ex Austrolittorina cincta. A, Cercaria; B, Redia; C, Encysted metacercaria. 
Scale-bars: A, 250 µm; B, 400 µm; C, 100 µm. 

A

B

C
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Cercaria 

[Measurements based on 40 live specimens under slight coverslip pressure; not 

all specimens contributed a data point to all metrical variables.] Distome 

megalurous cercaria (Fig. 2.1A). Body elongate-pyriform, 364–498 (418) long, 

with maximum width 173–284 (224) at anterior level of ventral sucker, 

narrowing posterior to its mid-level, with deep transverse pit just anterior to 

ventral sucker. Forebody 149–305 (217) long, 41–58 (50)% body length. 

Tegument thick, spineless, with regularly alternating minute tubercles and 

depressions on ventral surface (appearance of knitted sweater under SEM (Fig. 

2.2A, B) and giving a false impression of spined tegument under light 

microscopy), covered with sponge-like matter on lateral and dorsal surfaces 

probably released from cystogenous gland-cells after cercarial emergence (Fig. 

2.2A, B). Tail 330–579 (438) long, 45–85 (58) wide at base, 72–119 (94)% of 

body length, containing spherical parenchymatous cells for c.2/3 of length; 

posterior part [1/3 of length, 80–137 (107)] contains 10–12 club-shaped 

nucleated gland-cells staining intensely with neutral red (probably involved in 

adhesion to substrate), ends with a cup-shaped tip (adhesive organ), 15–29 (21) 

long.  

Oral sucker ventro-subterminal, muscular, transversely elongate, 61–82 

× 56–97 (67 × 77), followed by muscular 'neck' (narrow area with smooth 

tegument, see Figs. 2.1, 2.2A, C), clearly delineated by the absence of gland-

cells (lack of staining with neutral red). 'Neck', may be highly contracted or 

extended [distance from posterior margin of 'neck' to anterior extremity 42–55 

(47); width at posterior margin 92–155 (114)]. Ventral sucker post-equatorial, 

larger than oral, strongly muscular, subspherical, 77–118 × 70–129 (93 × 99), 

surrounded by smooth tegument delineated anteriorly by deep tegumental fold 

(Figs. 2.1A, 2.2A); opening bears 6 small papillae (2 median and 2 sublateral on 

anterior rim and 2 sublateral on posterior rim). Four small papillae with long 

cilia on posterior rim of ventral sucker, outer circle of 2 medio-lateral anterior 

papillae, 2 lateral and 4 sublateral posterior papillae. Sucker length ratio 1:1.20–

1.73 (1:1.38); width ratio 1:1.06–1.86 (1:1.28). Prepharynx long, pharynx 

muscular, elongate-oval, 30–43 × 21–29 (36 × 25). Oesophagus long, rather 
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wide, bifurcates short distance from ventral sucker, anterior to ventral pit. Caeca 

long, wide, extends nearly to level of excretory vesicle. 

 

 
Figure 2.2 Parorchis sp. NZ, scanning electron micrographs. A, Cercaria, ventral view (* indicates the 
area at the margin between ventral and lateral tegument detailed in B); B, Detail of ventral (upper left) and 
lateral tegumental surface (lower right); C, Detail of the cephalic region with four types of sensory papillae 
(A–D) indicated by arrowheads; D, Detail of the cephalic region. Scale-bars: A, 50 µm; B, 4 µm; C, 30 
µm; D, 50 µm. 

 

Cystogenous gland-cells abundant, from level of 'neck' to posterior 

extremity, narrow area (single to double row of cells) on both lateral sides 

stained most intensely with neutral red. Two groups of c.6–7 nucleated gland-

cells on either side of oesophagus, ducts open in a row of 12–14 pores on dorsal 

surface of oral sucker, just posterior to circle CI of sensory receptors (Fig. 2.2C, 

D). 

Excretory vesicle thick-walled, sub-rectangular in ventral aspect; main 

collecting ducts extend to level of prepharynx, forming a tight loop, filled with 

small spherical refractive granules, smallest 1–2 × 1–2 (1 × 1), largest 3–4 × 3–

4 (3 × 3). Caudal excretory tubule obscured by parenchymatous cells. Flame-

cell formula not determined (flame-cells obscured by cystogenous gland-cells). 
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Measurements based on material killed in hot seawater. Body 442–525 

(480) × 164–195 (181); tail 359–409 (387) long, 47–53 (49) wide at base; oral 

sucker 55–65 × 58–67 (62 × 62); ventral sucker 67–77 × 35–53 (72 × 45).  

Sensory receptors. Four new types of sensory receptors, all lacking 

tegumentary collar or tegumentary sheath (see Bogea (2004)), were observed in 

the cephalic region under SEM (Fig. 2.2C): (i) large, double, papilla-like 

receptors with dome-like base, each with long cilium (type A); (ii) large and 

medium-sized single papilla-like receptors with dome-like base, each with 

single long cilium (type B); (iii) small dome-like receptors each with single very 

short cilium (type C); (iv) small deep depressions with single very short cilium 

(type D). Four cephalic (CI, CII, CIII and CIV) and one ventral sucker (S) circle 

were identified from SEM reconstructions. A total of 106 sensory receptors 

were found on the tegument in the cephalic region (Type A = 24; Type B = 60; 

Type C = 12; Type D = 10) and 4 and 2 non-ciliated papillae were located on 

the anterior and posterior inner rim of the ventral sucker, respectively. 

Breakdown of the four types of receptors by cephalic circle was as follows: (CI: 

6A + 14B; CII: 4A + 6B + 10D; CIII: 8A + 12B + 12C; CIV: 6A +28B). The 

chaetotaxy of the cephalic region is summarised as follows, using the 

nomenclature of Bayssade-Dufour (1979) (double papillae indicated by "×2"; 

see also Fig. 2.3A): 

Circle CI: 1CIV + 1CIL1 + 2CIL2 + (2×2+1)CIIL3 +3CID1 +(1×2)CID2 

Circle CII: (1×2 +1)CIIL1 + 1CIIL2 + (1+1×2)CIID1 + 5CIID2 

Circle CIII: (1+1×2)CIIIL1 + (1+1×2+1)CIIIL2 + 6CIIIL3 + 2CIIIL4 + (1×2)CIIID1 

        + (1+1×2)CIIID2 

Circle CIV: 1CIVL1 + 7CIVL2 + (3+1×2)CIVL3 + (2×2)CIVD1 + 3CIVD2  
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Figure 2.3 Cercarial chaetotaxy patterns (cehalic region). A, Parorchis sp. NZ; B, Notocotylidae gen. sp. 1 
NZ; C, Renicola sp. NZ. 

A

B

C
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Metacercaria (Fig. 2.1C) 

[Measurements based on 5 live specimens, following encystment on a glass 

slide, after perforation of the snail tissue during dissection.] Cyst oval, dome-

shaped, flattened at base, 227–237 × 182–208 (232 × 195), with 2-layered wall, 

outer layer 56–65 (61) wide at widest point, with anterior and posterior 

indentations, inner layer 7–8 (7). 

 

Molecular analysis 

 

The 28S rDNA alignment for the Echinostomatoidea comprised 1,208 

characters for analysis and included one sequence (four replicates) for 

Parorchis sp. NZ together with ten sequences for species of eight genera from 

four families (Philophthalmidae, Echinostomatidae, Fasciolidae Railliet, 1895 

and Cyclocoelidae Stossich, 1902), available on GenBank (Olson et al. 2003; 

Lotfy et al. 2008; Griffin et al. 2012; Church et al. 2013), with the 

haplosplanchnid Hymenocotta mulli Manter, 1961 as an outgroup (Olson et al. 

2003) (accession numbers provided in Fig 2.4). There was good support at the 

family level within the Echinostomatoidea with the newly-generated sequence 

clustering with strong support within the family Philophthalmidae. However, 

the relationships among the representative taxa within the Philophthalmidae 

were poorly resolved due to the small number of sequences. The sequence for 

Parorchis sp. NZ did not show affiliation to Philophthalmus gralli Looss, 1899 

or Cloacitrema spp. The genetic divergence between Parorchis sp. NZ and the 

remaining philophthalmids was 4.6–4.8% (55–58 bp) whereas the latter differed 

by 1.8–3.0% (22–36 bp). 
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Figure 2.4 Phylogenetic relationships inferred by Bayesian analysis based on 28S rDNA sequence data for 
representatives of the superfamily Echinostomatoidea. The newly-generated sequence is indicated by a 
star. Only posterior probabilities > 0.95 are shown; the scale-bar indicates the expected number of 
substitutions per site. 

 

The six cox1 sequences generated (791 bp) represented six haplotypes. 

Of these one was widespread among four sites, three within Otago Harbour 

(Lower Portobello Bay, Weller’s Rock, Aramoana) and one at Kaikoura. The 

remaining five haplotypes were recorded once each, three haplotypes at 

Portobello Marine Laboratory, one at Weller’s Rock and one at Kaikoura. The 

intraspecific divergence was 0.1–0.3% (0–2 bp) thus confirming the 

conspecificity of all isolates. Comparisons with the only available 

philophthalmid sequences on GenBank [Philophthalmus sp. SMS-2011 ex 

Melanoides tuberculata in Iran; Philophthalmus sp. DBK-2009 and 

Philophthalmus sp. TLFL-2009, both ex Zeacumantus subcarinatus (Sowerby 

II) in Otago Harbour (Keeney et al. 2009; Leung et al. 2009)] revealed a range 

of genetic divergence of 15.9–16.6%.  
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Remarks 

 

The present cercaria bears all characteristics of megalurous cercariae sensu Cort 

(1914) of species of the Philophthalmidae: elongate-pyriform body, well-

developed suckers, thick, granular tegument, tail comprised of anterior region 

with parenchymatous cells followed by nucleated gland-cells and a cup-shaped 

adhesive organ, and encystment on the substrate. The cercaria further possesses 

characteristics of the cercariae of Parorchis spp. such as the large number of 

sensory papillae in the region of oral and ventral suckers, long oesophagus and 

encystment in a dome-shaped flattened cyst (see Angel 1954; Gilardoni et al. 

2012; Yamaguti 1975). 

The cercaria of Parorchis sp. NZ resembles in many aspects the cercaria 

of Parorchis acanthus Nicoll, 1907 described by Rees (1937) as Cercaria 

purpurae Lebour 1911 from the muricid Nucella lapillus (L.) (as Purpura 

lapillus) at Aberystwyth, UK, especially in the presence of distinct papillae 

around the openings of the suckers but differs in their number (six double and 

14 single vs 16 around mouth opening) and in the lack of collar spines (64 in P. 

acanthus). The metrical data for live cercariae of Parorchis sp. NZ generally 

fall within the rather wide range given for P. acanthus (body 364–498 × 173–

284 vs 360 × 250 and 1,000 × 90 µm in contracted and expanded cercariae, 

respectively; tail 330–579 vs 180–820 µm). 

Angel (1954) completed the life-cycle of Parorchis acanthus var. 

australis Angel, 1954 starting with cercariae from the littorinind Bembicium 

auratum (Quoy & Gaimard) collected from a tidal mud-flat at the mouth of the 

Patawalonga Creek, Glenelg, South Australia; three other snail species 

[Bembicium nanum (Lamarck), B. melanostoma (Gmelin) and Lepsiella 

flindersi (Adams & Angas) (as Emozamia flindersi (Adams & Angas)] in the 

region were also found to be infected. The present cercaria is consistent with the 

morphological description of Angel (1954) in the shape and structure of the 

body and tail as well as in the thinner tegument of the cephalic region (Fig. 

2.2C, D) that also stains poorly with vital stains ('neck' region in the description 

above, see Fig. 2.1A) and in the presence of a number of large papillae in the 

cephalic region and on the ventral sucker (six on the inner rim as in the present 
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cercaria). However, the following were not observed: collar spines, excretory 

tubule in the tail in live cercariae and a ventral excretory pore (as illustrated in 

Figure 1 of Angel, (1954)) in specimens examined either live or under SEM. 

Further, although no detail on the number of the papillae was provided by this 

author, c.10 papillae were counted in the outer rim of the oral sucker in Figure 1 

of Angel (1954) (vs six double plus 14 single papillae in the cercaria of 

Parorchis sp. NZ). Comparisons of data from fixed cercariae revealed that the 

cercaria of Parorchis sp. NZ exhibits lower upper limits for body length and 

width (442–525 × 164–195 vs 370–670 × 130–225 µm) but is on average longer 

and wider (means 480 × 181 vs 450 × 170 µm) than the cercaria of P. acanthus 

var. australis. The tail length and width at base in Parorchis sp. NZ vary within 

the range given for P. acanthus var. australis (359–409 × 47–53 vs 265–595 × 

45–60 µm) but the means are lower (387 × 49 vs 450 × 52 µm).  

The cercaria of Parorchis sp. NZ also resembles morphologically 

Cercaria caribbea LIX Cable, 1963 developing in Thais rustica (Lamarck) in 

Curaçao (Cable 1963) but differs in the absence of collar spines. Moreover, C. 

caribbea LIX is a much longer form (690–752 vs 364–498 µm) with a tail of 

similar length (470–502 vs 330–579 µm), smaller oral sucker (width 67–72 vs 

56–97 µm) and with a ventral sucker falling within the range of the present 

material (width 91–94 vs 70–129 µm) but generally below the mean (99 µm).  

Recently Gilardoni et al. (2012) described a cercaria of Parorchis sp. 

emerging from the muricid snail Trophon geversianus Pallas on the Patagonian 

coast of the South West Atlantic and provided morphological data from both 

light and SEM study. Their description resembles the cercaria of Parorchis sp. 

NZ in the general structure of body and tail, the presence of poorly stained 

'neck' region, the appearance of the tegumental surface in light and SEM 

micrographs, and the presence of numerous papillae in the region of suckers. 

However, the cercaria of Parorchis sp. NZ possesses two and 20 papillae on the 

inner and outer rim of the oral sucker, respectively (vs eight and 12) and 18 (vs 

eight) papillae on the ventral sucker.  

The major consistent difference of the cercaria of Parorchis sp. NZ from 

the cercariae of Parorchis spp. in the comparisons above, is the lack of 

tegumental and 'collar' spines. However, a crown of collar spines may be 
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present or absent in Parorchis spp. (see Kanev et al. (2005)); the morphological 

similarities and the specific dissimilarities depicted above indicate that a species 

was discovered here without 'collar' spines at least at the stage of cercaria. It is 

also possible that these spines failed to be observed because the tegument was 

already covered by the substance excreted by the cystogenous gland-cells, 

especially on the lateral and dorsal surfaces of the body (Fig. 2.2A, B). The 

presence of tegumental spines in all species of Parorchis appears questionable 

since the only other SEM study of Parorchis sp. reveals similar structure of the 

tegument that appears as spined under light microscopy (see Gilardoni et al., 

2012). Under SEM small, shrunken follicles scattered on the tegumental surface 

were observed; these are likely misinterpreted as spines under light microscopy.   

The only record of larval philophthalmids in New Zealand is that of 

Philophthalmus sp., tentatively assigned to P. burrili Howell & Bearup, 1967 

by Martorelli et al. (2008), infecting the mudsnail Z. subcarinatus (see Howell 

(1965); Leung et al. (2009); Martorelli et al. (2008) and references therein). 

Adults of three philophthalmid species have been reported from New Zealand: 

Cloacitrema sp. in Haematopus finschi Martens and H. unicolor Forster; 

Parorchis acanthus in Chroicocephalus scopulinus Forster, H. finschi, Larus 

dominicanus Lichtenstein and Limosa lapponica baueri L.; and Philophthalmus 

sp. in L. dominicanus (see McKenna (2010)). The above comparisons indicate 

that Parorchis sp. NZ may represent an as yet undescribed species of Parorchis. 

The detailed morphological and molecular data provided here will help the 

discovery of the adult stage of this species.  

!  
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Superfamily Pronocephaloidea Looss, 1899 

Family Notocotylidae Lühe, 1909 

 

Notocotylidae gen. sp. 1 NZ 

 

First intermediate hosts: Austrolittorina antipodum Philippi and Austrolittorina 

cincta Quoy & Gaimard (Gastropoda: Littorinidae). 

Localities: Otago Harbour, Dunedin; Kaikoura; Paihia (New Zealand). 

Prevalence: A. antipodum: 1.73% (Lower Portobello Bay; n = 173); 0.01% 

(Kaikoura; n = 560); 0.39% (Paihia; n = 257). A. cincta: 1.55% (Lower 

Portobello Bay; n = 193). 

Voucher material: HCIP D-701. 

Representative sequences: KJ868210–KJ868213 (28S rDNA); KJ868198–

KJ868201 (cox1). 

 

 

Description (Figs. 2.3B, 2.5, 2.6) 

 

Redia 

[Measurements based on 12 live specimens.] Rediae (Fig. 2.5B) orange, 

saccular, muscular, with contractile posterior third, large, 654–1,464 × 141–349 

(992 × 239), contain 1–14 (6) mostly immature cercariae; with constrictions 

when containing few (0–1) cercariae. Locomotory processes lacking; pharynx 

36–56 × 32–47 (44 × 37); intestine sac-like, extends to 3/4 of length in young 

rediae, to 1/4–1/3 of body length in mature rediae packed with cercariae, 

contain yellow refractive particles. 
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Figure 2.5 Notocotylidae gen. sp. 1 NZ ex Austrolittorina antipodum A, Cercaria; B, Redia. Scale-bars: A, 
100 µm; B, 200 µm. 

!  
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Cercaria 

[Measurements based on 16 live specimens; not all specimens contributed a data 

point to all metrical variables.] Monostome triocellate cercaria (Fig. 2.5A). 

Body greyish, opaque, almost round, 194–298 × 155–240 (243 × 207), with 2 

indistinct posterior-lateral glands opening dorsally. Tegument spineless, densely 

covered with minute (c.0.5 long) projections (presumably microvilli, see Fig. 

2.6A, B, C). Eye spots 3: 2 lateral, black, measuring 5–10 × 7–10 (7 × 8) and 1 

diffuse, brownish, median. Tail simple, 115–194 (162) long, 30–60 (46) wide at 

base, shorter than body [50–79 (68)% of body length], with tegument covered 

with microvilli, central axis comprising cells densely stained with neutral red, 

and strongly muscular contractile tip.  

Oral sucker terminal, muscular, subglobular, 30–44 × 31–51 (37 × 42). 

Pharynx and ventral sucker absent. Oesophagus short, bifurcation posterior to 

anterior collecting duct loop, just posterior to median eye spot. Caeca long, 

narrow, extends to posterior body, extremities not observed (obscured by main 

collecting ducts). 

Cystogenous gland-cells densely distributed throughout body, staining 

intensely with neutral red along lateral margins. Anlagen of reproductive organs 

a chain of transparent cells along median line of body. 

Excretory vesicle thin-walled, transversely oval; main collecting ducts 

wide, extend to and unite just posterior to oral sucker, forming small median 

anterior loop ventral to median eyespot, filled with irregular refractive granules 

with variable size [smaller posteriorly, 2–5 × 3–4 (4 × 3), larger anteriorly 8–14 

× 3–7 (11 × 5)]. Bifurcation of caudal excretory tubule not observed. Flame-cell 

formula not determined (flame-cells obscured by cystogenous gland-cells). 

Measurements based on material killed in hot seawater. Body 257–334 

(290) × 139–176 (159); tail 214–272 (241) long, 22–27 (24) wide at base; oral 

sucker 30–42 × 32–40 (34 × 36). 
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Figure 2.6 Notocotylidae gen. sp. 1 NZ, scanning electron micrographs. A, Cercaria, ventral view (* 
indicates the area of the tegument detailed in C); B, Detail of the cephalic region with three types of 
sensory papillae (B–D) indicated by arrowheads; C, Detail of tegumental surface. Scale-bars: A, 50 µm; B, 
10 µm; C, 5 µm. 

  

Sensory receptors. Three types of sensory receptors, all lacking 

tegumentary collar or tegumentary sheath, were observed in the cephalic region 

under SEM (Fig. 2.6B): (i) large dome-like receptors, each with single long 

cilium (type B); (ii) small dome-like receptors each with single very short 

cilium (type C); medium-sized knob-like non-ciliated receptors (type E, new 

type). Three body circles were observed ventrally (1AI  + 1AII + 1AIII) but the 

rest of the chaetotaxy was not resolved successfully. A total of 56 sensory 

receptors were found on the tegument in the cephalic region (Type B = 10; Type 

C = 40; Type E = 6). The chaetotaxy of the cephalic region is summarised as 

follows (see Fig. 2.3B): 

Circle CI: 2CIV + 1CIL + 2CID 

Circle CII: 3CIIV1 + 4CIIV2 + 2CIIL1 + 4CIIL2 + 4CIID 

Circle CIII: 2CIIIL1 + 1CIIIL2 + 3CIIIL3 +5CIIID 
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Molecular analysis 

 

The 28S rDNA alignment (940 bp) for Pronocephaloidea included two 

sequences, one (four replicates) for the cercaria identified as Notocotylidae gen. 

sp. 1 NZ and one for Notocotylidae gen. sp. 2 NZ (see below), plus eight 

sequences for representatives of eight genera from four families, available on 

GenBank (Boyce et al. 2012; Detwiler et al. 2012; Olson et al. 2003; Tkach et 

al. 2001); the fellodistomid Fellodistomum fellis (Olsson, 1868) was used as an 

outgroup (Olson et al. 2003) (accession numbers in Fig. 2.7). The Notocotylidae 

was strongly supported in the analysis but the relationships among genera 

within this family were poorly resolved. The newly-generated sequences 

exhibited close relationship in a well-supported clade within the Notocotylidae 

but did not associate with other representatives of Notocotylus Diesing, 1839, 

Quinqueserialis Barker & Laughlin, 1911 or Catatropis Odhner, 1905.  

 

 
Figure 2.7 Phylogenetic relationships inferred by Bayesian analysis based on 28S rDNA sequence data for 
representatives of the superfamily Pronocephaloidea. The newly-generated sequences are indicated by 
stars). Only posterior probabilities > 0.95 are shown; the scale-bar indicates the expected number of 
substitutions per site. 
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The four cox1 sequences generated (646 bp) for Notocotylidae gen. sp. 1 

NZ represented different haplotypes: two from isolates from Lower Portobello 

Bay and one each from isolates sampled at Kaikoura and Paihia. The 

intraspecific difference between the isolates of Notocotylidae gen. sp. 1 NZ 

ranged between 0.2–1.1% thus confirming their conspecificity whereas the cox1 

sequence divergence between Notocotylidae gen. sp. 1 NZ and Notocotylidae 

gen. sp. 2 NZ (see overleaf) was 5.7–6.2%. These data provide additional 

molecular evidence for their distinct species status.  

 

Remarks 

 

The monostome triocellate cercaria, with densely packed cystogenous gland-

cells, main excretory collecting ducts united just posterior to oral sucker and 

two indistinct posterior-lateral glands opening dorsally, is also characterised by 

the absence of prepharynx and pharynx, the presence of a short oesophagus and 

long caeca reaching to posterior extremity of body. These features are consistent 

with the morphology of cercariae of the family Notocotylidae (see Yamaguti 

(1975)). Furthermore, few mature cercariae were observed in the rediae thus 

suggesting that final maturation occurs outside the redia. The microvilli-like 

projections of the tegument in the present cercaria suggests similarities with 

Paramonostomum philippinense Velasquez, 1969, P. caeci Smith & Hickman, 

1983, P. bursae Smith & Hickman, 1983 and Catatropis johnstoni Martin, 

1956, the only notocotylid species described as having "spined" tegument 

(Martin 1956; Velasquez 1969; Smith and Hickman 1983); it is possible that 

"spines" represent similar structures in these species (as indicated by Smith and 

Hickman (1983): "tegument is speckled with minute papillae or spines") but this 

would require a SEM examination.   

A number of notocotylid records in a range of birds in New Zealand 

exist (summarised by Bisset (1977); McKenna (2010)): Catatropis sp. ex 

Tadorna variegata Gmelin, Anas superciliosa superciliosa Gmelin; A. 

platyrhynchos platyrhynchos L., A. rhynchotis variegata Gould, Himantopus 

novaezelandiae Gould and H. himantopus L.; Notocotylus attenuatus Rudolphi, 

1809 ex T. variegata and Branta canadensis L.; Notocotylus tadornae Bisset, 

1977 ex T. variegata and Anser anser L.; Notocotylus sp. ex H. finschi and H. 
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unicolor; and Uniserialis gippyensis Beverley-Burton, 1958 ex T. variegata, A. 

superciliosa superciliosa, A. rhynchotis variegata, B. canadensis and A. anser. 

Considering the result of the phylogenetic analysis and existing records of 

species with predominantly fresh water life-cycles from New Zealand, it is 

currently impossible to suggest a generic affiliation for the notocotylid cercariae 

described here. 

 

 

Notocotylidae gen. sp. 2 NZ 

 

First intermediate host: Austrolittorina antipodum Philippi (Gastropoda: 

Littorinidae). 

Locality: Kaikoura (New Zealand). 

Prevalence: A. antipodum: 0.002% (n = 560). 

Voucher material: None.  

Representative sequences: KJ868214 (28S rDNA); KJ868202 (cox1) 

 

Remark 

 

A second notocotylid genotype was detected in a sample collected at Kaikoura. 

However no morphological data was obtained for cercariae of this isolate since 

the infection was prepatent. The 28S rDNA sequence for this isolate comprised 

940 bp and differed by seven base pairs from the isolate Notocotylidae gen. sp. 

1 NZ. Therefore, it is considered that this isolate represents a second species of 

notocotylid (Fig. 2.7). 

!  
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Superfamily Microphalloidea Ward, 1901 

Family Renicolidae Dollfus, 1939 

 

Renicola sp. NZ 

 

First intermediate host: Austrolittorina antipodum Philippi (Gastropoda: 

Littorinidae). 

Locality: Paihia, New Zealand. 

Prevalence: 1.56% (n = 257). 

Voucher material: HCIP D-703. 

Representative sequences: KJ868215 (28S rDNA); KJ868205 (cox1). 

 

Description (Figs. 2.3C, 2.8C, D, 2.9) 

 

Sporocyst 

[Measurements based on 12 live specimens.] Sporocysts (Fig. 2.8D) greyish, 

elongate-oval, small, 256–627 × 150–277 (397 × 198), containing 1–5 cercariae.   

 

Cercaria 

[Measurements based on 13 live specimens; not all specimens contributed a data 

point to all metrical variables.] Distome leptocercous xiphidiocercaria (Fig. 

2.8C). Body elongate-oval, 205–264 × 77–101 (240 × 86). Forebody long, 95–

128 (114), 46–56 (49)% of body length. Tegument armed with simple sharp 

spines; spines dense on ventral surface anteriorly, less abundant posteriorly and 

dorsally; oral sucker opening surrounded by narrow area devoid of spines (Fig. 

2.9A, C, D). Tail simple, with smooth tegument, 150–207 (166) long, 16–24 

(19) wide at base, shorter than body, 61–81 (70)% of body length.  

Oral sucker sub-terminal, muscular, subglobular, 33–40 × 29–37 (37 × 

33), armed with single row of 29–30 spines, surrounded by smooth tegument 

bearing numerous sensory receptors (see below). Stylet simple, small, 10–12 × 

1 (n=2), dorsal to mouth opening, terminates in a single point. Ventral sucker 

subspherical, just post-equatorial, 30–36 × 26–36 (33 × 32), armed with single 

row of 41–46 spines, with outer circle of 6 large non-ciliated papillae (2 anterior 
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and 4 posterior) and inner circle of 6 small dome-shaped ciliated papillae (4 

anterior and 2 posterior) (Fig. 2.9B). Sucker length ratio 1:0.81–1.00 (0.90), 

width ratio 1:0.76–1.13 (0.98). Prepharynx absent; pharynx very small, 

spherical, 12 × 12 (n=1); intestine and caeca obscured by cystogenous cells.  

Cystogenous gland-cells numerous throughout body. Penetration gland-

cells 10 pairs antero-lateral to ventral sucker, with inconspicuous ducts opening 

in two groups on either side of stylet (Fig. 2.9D). Numerous small, refractive 

granula scattered throughout body, aggregated in places. Anlagen of 

reproductive organs just anterior to ventral sucker. 

Excretory vesicle thick-walled, Y-shaped, stem undulating, longer than 

arms, the latter reaching to mid-level of ventral sucker. Flame-cell formula not 

determined (flame-cells obscured by cystogenous gland-cells). 

Sensory receptors. Two types of sensory receptors, all lacking 

tegumentary collar or tegumentary sheath, were observed in the cephalic region 

under SEM: (i) large and medium-sized single papilla-like receptors with dome-

like base, each with single long cilium (type B, Fig. 2.9C, D); (ii) small dome-

like receptors each with single short cilium (type C, Fig. 2.9C, D). Three 

cephalic (CI, CII and CIII), two ventral sucker (S), four anterior and two posterior 

body circles were identified from SEM reconstructions. A total of 66 sensory 

receptors were found on the tegument in the cephalic region; six non-ciliated 

and six ciliated papillae (type C) were located on the ventral sucker (Fig. 2.9B), 

and 32 sensory papillae were observed on body surface. The chaetotaxy is 

summarised as follows (see also Fig. 2.3C for schematic representation of the 

papillae in the cephalic region): 

Circle CI: 4CIL + 1CID 

Circle CII: 1CIIV1 + 1CIIV2 + 1CIIL1 + 1CIIL2 + 1CIIL3 + (1+5)CIID 

Circle CIII: 1CIIIV1 + 2CIIIV2 + 3CIIIL1 + 2CIIIL2 + (5+1)CIIIL3 +3CIIID 

Circle AI: 1AIV + 1AIL + 1AID 

Circle AII: 1AIIV + 1AIIL + 1AIID 

Circle AIII: 1AIIIV + 1AIIIL + 1AIIID 

Circle AIV: 1AIVV + 1AIVL 

Circle S: 6SI + 6SII 

Circle PI: 1PIV + 2PIL + 1PID 
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Circle PII: 1PIIV + 2PIIL 

 

 
Figure 2.8 Microphalloidean larval stages ex Austrolittorina cincta (A, B) and A. antipodum (C, D). A, B, 
Cercaria and sporocyst of Microphallus sp. NZ; C, D, Cercaria and sporocyst of Renicola sp. NZ. Scale-
bars: 100 µm. 

!  
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Figure 2.9 Renicola sp. NZ, scanning electron micrographs. A, Cercaria, ventral view; B, Detail of ventral 
sucker; C, Detail of cephalic region with two types of sensory papillae (B and C) indicated by arrowheads; 
D, Detail of cephalic region, dorsoventral view. Scale-bars: A, 30 µm; B, 10 µm; C, 5 µm; D, 10 µm. 

 

Molecular analysis 

 

One 28S rDNA sequence for cercariae of Renicola sp. NZ was incorporated in 

an alignment (1,180 bp) together with representatives for the superfamily 

Microphalloidea comprising two sequences for cercariae identified as 

Microphallus sp. NZ (see below) and 40 sequences for species of 29 genera 

from nine families, available on GenBank (Al-Kandari et al. 2011; Galaktionov 

et al. 2012; Lockyer et al. 2003; Olson et al. 2003; Tkach et al. 2000; 2001; 

2003; Unwin et al. 2013), plus a sequence for the plagiorchiid Plagiorchis 
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elegans Rudolphi, 1802 as an outgroup (Zikmundová et al. 2014) (accession 

numbers in Fig. 2.10). Support for almost all families was high in the 

phylogenetic hypothesis depicted for the Microphalloidea. The newly-generated 

renicolid sequence exhibited a well-supported affiliation with Renicola sp. VT-

2002 ex Numenius arquata L. from the Ukraine (AY116871; Olson et al., 2003) 

within the Renicolidae.  

 

 
Figure 2.10 Phylogenetic relationships inferred by Bayesian analysis based on 28S rDNA sequence data 
for representatives of the superfamily Microphalloidea. The newly-generated sequences are indicated by 
stars. Only posterior probabilities > 0.95 are shown; the scale-bar indicates the expected number of 
substitutions per site. 

 

Only one cox1 sequence (679 bp) was obtained for Renicola sp. 

described above; the divergence between this isolate and the isolates ex Z. 

subcarinatus described by Martorelli et al. (2008) and sequenced by Leung et 

al. (2009) ranged between 16.9 and 17.2% indicating the distinct status of the 

two renicolids from New Zealand. 
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Remarks 

 

The morphology of the present cercaria agrees well with the diagnosis of 

renicolid cercariae by Hechinger and Miura (2014) based on the following 

features: spined tegument and ventral sucker, eyespots and prepharynx absent, 

cystogenous gland-cells conspicuous, abundant, mesostomate excretory system 

with epithelial Y-shaped excretory vesicle. Renicolid cercariae represent a 

heterogeneous assemblage represented by the "rhodometopa" group of cercariae 

with large finned tails, exemplified by Cercaria rhodometopa Pérez, 1924 and a 

group with non-finned tails. The latter is further subdivided into a sub-group of 

cercariae with large tails lacking stylets, exemplified by Cercaria buchanani 

Martin & Gregory, 1951 and a sub-group of cercariae with small tails with or 

without stylets, exemplified by Renicola roscovita Stunkard, 1932 (see Martin 

(1971)). The cercaria of Renicola sp. NZ belongs to the latter subgroup. 

The present cercaria exhibits similarities with the cercaria of Renicola 

sp. described from Z. subcarinatus by Martorelli et al. (2008) in having spined 

tegument, short tail, Y-shaped excretory vesicle with arms reaching to mid-level 

of ventral sucker. However, it differs in the number (10 vs 6 pairs) and the more 

posterior location of the penetration gland-cells, as well as in the shape (anterior 

thickening absent vs present) and the size (10–12 × 1 vs 10–14 × 4–6 µm) of the 

stylet. Detailed SEM examination of the cercariae revealed a specific armament 

of the oral and ventral suckers and a complex chaetotaxy pattern with two new 

types of sensory receptors; this adds a range of new characters that, in 

association with sequence data, may be useful in characterisation of renicolid 

larval stages in Austrolittorina spp. There is a single record of an unidentified 

Renicola sp. from New Zealand, recovered from Phalacrocorax punctatus 

punctatus Sparrman, a species associated with the coastal environment, 

including the Otago coastline (Szabo 2013). 

!  
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Family Microphallidae Ward, 1901 

 

Microphallus sp. NZ 

 

First intermediate host: Austrolittorina cincta Quoy & Gaimard (Gastropoda: 

Littorinidae). 

Locality: Weller’s Rock, Otago Harbour, Dunedin (New Zealand). 

Prevalence: 0.32% (n = 312). 

Voucher material: HCIP D-702 

Representative sequences: KJ868216–KJ868217 (28S rDNA); KJ868203–

KJ868204 (cox1) 

 

Description (Figs. 2.8A, B)  

 

Sporocyst 

[Measurements based on 16 live specimens.] Sporocysts (Fig. 2.8B) oval, 

yellowish, contain 5–9 (7) cercariae, 133–385 × 101–169 (216 × 123).  

 

Cercaria 

[Measurements based on 6 live specimens under slight coverslip pressure, not 

all specimens contributed a data point to all metrical variables.] Monostome 

anenteric, leptocercous xiphidiocercaria (Fig. 2.8A). Body small, elongate-oval 

140–177 × 36–64 (156 × 54). Tegument covered with minute spines. Tail 

simple, 94–132 (115) long, 13–18 (16) wide at base, shorter than body [TL/BL 

= 53–88 (74)%], with fine tegumental annulations and pointed tip.  

Oral sucker subterminal, muscular, subspherical, 31–38 × 27–34 (34 × 

32). Stylet simple, sharply-pointed, 19–21 (20) long, 2–3 (2) wide at base, with 

long triangular tip comprising c.2/3 of length and rectangular base in ventral 

view; widest point 3–4 (3) wide (Fig. 2.8A). No anlagen of ventral sucker 

observed. 

Penetration gland-cells 4 pairs: 2 anterior pairs of larger gland-cells with 

narrow undulating lateral ducts opening close to stylet tip; 2 posterior pairs of 
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smaller gland-cells with medial ducts, widely expanding at level of oral sucker 

(staining intensely with neutral red), opening on its antero-lateral margin.  

Excretory vesicle V-shaped. Other details of excretory system not 

observed; flame-cell formula not determined. 

 

Molecular analysis 

 

The newly-generated sequences for Microphallus sp. (1,315 bp) clustered with 

strong support together with representatives of six species of the genus 

Microphallus Ward, 1901 within the family Microphallidae (Fig. 2.10). The 

second strongly supported clade within the family represented five species of 

Maritrema. Two cox1 haplotypes of Microphallus sp. NZ (656 bp) were 

identified from two locations in Otago Harbour with an intraspecific difference 

of 0.2%.  

The availability of cox1 sequences for other microphallids sampled in 

New Zealand allowed a comparison with the newly-generated sequences (Fig. 

2.11). These formed a monophyletic lineage associated with strong support with 

sequences for Microphallus sp. from the mudsnail Z. subcarinatus and "crabs", 

described as a "larval stage of Microphallus sp. or Megallophalus sp." by 

Martorelli et al. (2008) and sequenced by Leung et al. (2009). The sequence 

divergence between the isolates of the two lineages of Microphallus from New 

Zealand ranged between 20.1–20.5% thus confirming a specific distinction.    

 

Remarks 

 

The monostome, anenteric, leptocercous xiphidiocercaria described above 

clearly belongs to a species of the Microphallidae (see Deblock (1980)). This 

form further exhibits features typical for cercariae of the species of 

Microphallus Ward, 1901 i.e. two pairs of large penetration gland-cells with 

narrow ducts opening just next to the stylet tip and two pairs of smaller,  more 

difficult to observe penetration gland-cells with ducts conspicuously enlarged at 

the level of oral sucker (their content staining intensely with Neutral Red) and 

opening lateral to stylet (see Deblock (1980)). 
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The only marine cercaria of a species of Microphallus described from 

New Zealand is that recorded from Z. subcarinatus by Martorelli et al. (2008) 

under the names "Microphallus sp. or Megalophallus sp.". The dubious 

identification of this material is associated with the similarities in the shape and 

location of the penetration gland-cells with Microphallus claviformis Brandes, 

1888 and Megalophallus carcini Prévot & Deblock, 1970 as described by 

Deblock and Rose (1965) and (Prévot 1972), respectively. No comparison of the 

metrical data is possible since no sample of fixed cercariae was available, but 

the cercaria of Microphallus sp. NZ clearly differs from the cercaria described 

by Martorelli et al. (2008) in having a much longer and thinner stylet (19–21 × 

2–3 vs 9–13 × 3–4 µm) that also exhibits a different shape. Further, the enlarged 

ducts in the cercaria described here are clearly connected with the two posterior 

pairs of small penetration gland-cells and do not represent "very short anterior 

pairs of cephalic glands" restricted only to the region of oral sucker. It is worth 

noting that Galaktionov and Skirnisson (2000) in their description of Cercaria 

littorina saxatilis VII Newell, 1986, considered morphologically similar with 

the form described by Martorelli et al. (2008), indicated that two pairs of 

penetration gland-cells degenerate by the final stages of larval morphogenesis 

within the sporocysts so that only their enlarged ducts were visible at the level 

of oral sucker in fully formed cercariae. It is possible that a similar process may 

have resulted in the morphology observed by Martorelli et al. (2008) .  

Finally, the phylogenetic analyses clearly indicated the close relationships 

of Microphallus sp. NZ and other Microphallus spp. (28S rDNA data) and 

supported its distinct species status relative to the forms sequenced from New 

Zealand including "Microphallus sp. or Megalophallus sp." of Martorelli et al. 

(2008). Obtaining 28S rDNA sequences from the latter species would be 

essential for clarifying its affiliation to a genus. Because of the few diagnostic 

characters of the microphallid cercariae the use of molecular methods for 

identification is indispensable. Regarding the possible definitive hosts of 

Microphallus sp. NZ, only unidentified Microphallus spp. (also as Spelotrema 

sp.) have been reported from Anas chlorotis Grey (as A. aucklandica chlorotis) 

and “wild duck” in New Zealand (McKenna 2010). It is likely that shore birds 
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feeding upon small crustaceans in the high intertidal zone may represent the 

definitive hosts of the species reported here.  

2.5 Discussion 

In conclusion, this study provides descriptions of the cercariae and 

intramolluscan stages of four digenean parasites of New Zealand littorinid 

snails. The observation of five distinct species in the relatively geographically 

confined sample highlights, for the first time, the potential parasite diversity of 

this group in the Southern Hemisphere. The provision of both morphological 

and molecular data enables future studies to compare and contrast their findings 

with the parasites found here, hence enabling better distinctions of parasite 

taxonomy and phylogeny. Although the gastropod hosts studied inhabit the 

harsh upper intertidal zone, they remain an important transmission step in the 

life-cycles of these digeneans, all of which require a bird definitive host. 
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3 Chapter Three 

An integrative taxonomic investigation of the 

diversity of digenean parasites infecting the 

intertidal snail Austrolittorina unifasciata Gray 

(Gastropoda: Littorinidae) in Australia 
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3.1 Abstract 

For the first time the digenean parasites of Austrolittorina unifasciata Gray, a 

periwinkle snail inhabiting the rocky shores of Australia were investigated. Here 

detailed morphological descriptions for the cercariae and intramolluscan stages 

of the digenean parasites found in this snail are presented. Five species, one 

each of the families Notocotylidae Lühe, 1909, Gorgocephalidae Manter, 1966 

and Philophthalmidae Looss, 1899, and two of the family Renicolidae Dollfus, 

1939 were recorded and characterised molecularly (sequences for the 

mitochondrial cox1 and the nuclear 28S rRNA gene). Superfamily-level 

phylogenetic trees are provided demonstrating the relationships between these 

species and those close relatives previously described. This study is the first to 

provide data on the life-cycle of a species of the family Gorgocephalidae, a 

parasite of kyphosid fish for which only adult stages had, thus far, been 

described. The relatively high prevalence of this species allowed mapping of the 

cox1 haplotype distribution of Gorgocephalus sp. Aus along the southern coast 

of New South Wales. 
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3.2 Introduction 

Trematode parasites are ubiquitous and perhaps the most numerous metazoan 

parasites in marine environments. They are important constituents of this 

environment owing to their effects on host biology and ecology (Curtis 1990; 

Mouritsen and Poulin 2002; Poulin and Morand 2004; Mouritsen and Poulin 

2005; Mouritsen and Poulin 2010), the biomass they contribute to their 

environment (Kuris et al. 2008), their contribution to food webs (Marcogliese 

2002; Lafferty et al. 2008) and the community-wide impacts they can initiate 

(Wood et al. 2007). They have complex life-cycles, often involving up to three 

hosts, with gastropods playing a crucial role in the life-cycle, as intermediate 

hosts. Littorinids, or periwinkles, are common gastropods inhabiting the marine 

rocky intertidal zone and are distributed worldwide. In the Northern Hemisphere 

their interactions with digenean trematodes have been relatively well recorded 

and they are found to host a wide variety of trematode species (Granovitch and 

Mikhailova 2004; Blakeslee and Byers 2008; Thieltges et al. 2009b). However, 

the trematodes of littorinids in the Southern Hemisphere have been 

comprehensively studied only recently, see Chapter Two (O’Dwyer et al. 

2014b). 

Five species of snail from the genus Austrolittorina Rosewater are 

distributed across three continents in the Southern Hemisphere: two species, A. 

fernandezensis Rosewater and A. araucana d’Orbigny, in South America; two, 

A. antipodum Philippi, A. cincta Quoy & Gaimard in New Zealand; and one, A. 

unifasciata Gray, in Australia (Reid and Williams 2004). Recently the two 

Austrolittorina spp. in New Zealand have been reported to host a number of 

digenean species from a range of families as seen in Chapter Two (O’Dwyer et 

al. 2014b). Later there was an opportunity to sample the Australian species, A. 

unifasciata, previously not examined for parasites. Few infected snails were 

found at sites investigated along the coast of Adelaide but I recorded 

considerably higher infection levels at sites along the coast of Sydney. Overall, 

the most frequent digenean was a species of the family Gorgocephalidae 

Manter, 1966, with further records of larval stages, one species each, from the 

families Notocotylidae Lühe, 1909, Renicolidae Dollfus, 1939 and 
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Philophthalmidae Looss, 1899. Here detailed descriptions of the morphology of 

both the cercariae and the intramolluscan stages of four digenean species are 

provided and the record of one additional species. Furthermore phylogenetic 

analyses were carried out using newly generated sequences of 28S rDNA and 

the mitochondrial gene cytochrome c oxidase subunit 1 (cox1) providing new 

insights on the familial/generic affiliations and relationships of the species 

studied. 

3.3 Materials and methods 

The Australian littorinid Austrolittorina unifasciata was collected along the 

coast of Adelaide (six sites; from -33.86, 137.86 to -34.05, 138.71) on 1, 3 and 9 

August 2013 and Sydney (six sites; from -33.54, 151.31 to -35.39, 150.45) on 

14–15 September 2013. Snails were dissected under a dissecting microscope 

and photographs of live mature cercariae, sporocysts or rediae were obtained 

using a compound microscope. This was done both, under natural conditions 

and following staining with Neutral Red, under slight coverslip pressure. For 

further morphological investigations photographs were taken of cercariae killed 

in hot seawater. Subsamples of individual cercariae were prepared for molecular 

analysis using fixation in 100% ethanol and for scanning electron microscopy 

(SEM) using fixation in 2.5% glutaraldehyde. Measurements were obtained 

from digital photographs using ImageJ (Schneider et al. 2012). Samples for 

SEM were washed using 0.1 M phosphate buffer (three 15 min washes), post-

fixed in 1% osmium tetroxide, washed using 0.1 M phosphate buffer (three 15 

min washes), and dehydrated in a graded ethanol series. Following dehydration, 

samples were critical point-dried and splutter-coated with gold and examined 

using a JEOL JSM 7401-F (JEOL USA Inc) at an accelerating voltage of 4kV. 

The nomenclature of Bayssade-Dufour (1979) was generally accepted for 

describing the chaetotaxy reconstructed from series of SEM photomicrographs. 

All measurements are in micrometres and are given as the range followed by the 

mean in parentheses. Voucher material has been deposited (as samples in 

ethanol and mounted in Canada balsam) at the South Australian Museum, 

Adelaide under accession numbers AHC 47092–47095 and AHC 35894–35897, 

respectively.  
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Genomic DNA was isolated from single ethanol-fixed 

cercariae/sporocysts/rediae using Chelex®  (Bio-Rad Inc) extraction as described 

in Chapter Two (O’Dwyer et al. 2014b). DNA amplification was carried out by 

polymerase chain reaction (PCR) in a total volume of 20 µl using 1 µl extraction 

supernatant, 4 µl MyTaqRed buffer (Bioline Ltd) (5 mM dNTPs), 10 µM of 

each primer and 0.5 units MyTaq (Bioline Ltd). Partial fragments (domains D1–

D3) of the 28S rRNA gene were amplified using the primers U178 (forward: 5'-

GCA CCC GCT GAA YTT AAG-3') and L1642 (reverse: 5'-CCA GCG CCA 

TCC ATT TTC A-3') (Lockyer et al. 2003). The thermocycling profile was as 

follows: DNA denaturation at 95°C for 3 min; 40 amplification cycles (94°C for 

40 s, 56°C for 30 s, 72°C for 1 min 20 s); and a final extension step at 72°C for 

4 min. Partial cox1 gene fragments were amplified using the primer 

combination JB3 (forward: 5'-TTT TTT GGG CAT CCT GAG GTT TAT-3’) 

(Bowles et al. 1993) and Plag16S-COIdR (reverse: 5'-TCG GGG TCT TTC 

CGT CT-3') (Blasco-Costa et al. 2012) with the following thermocycling 

profile: DNA denaturation at 94°C for 3 min; 40 amplification cycles (94°C for 

40 s, 54°C for 35 s, 72°C for 2 min); and a final extension step at 72°C for 4 

min. The thermocycling profile for renicolid samples was run at a higher 

annealing temperature (57°C). 

Purification of PCR products was carried out using exonuclease I and 

shrimp alkaline phosphatase enzymes (Werle et al. 1994). PCR amplicons were 

cycle-sequenced from both strands using the PCR primers [plus 1200R (5'-GCA 

TAG TTC ACC ATC TTT CGG-3') for 28S rDNA (Lockyer et al. 2003)] with 

BigDye® Terminator Version 3.1 Ready Reaction Cycle Sequencing Kit, 

alcohol-precipitated and run on an ABI 3730XL Analyser (Applied 

Biosystems). Contiguous sequences were assembled and edited using 

Sequencher™ (GeneCodes Corp. v. 5). Sequences were submitted to GenBank 

with accession numbers KP903407–KP903415 (28S rDNA) and KP903416–

KP903431 (cox1). As for Chapter Two, based on current knowledge of this 

group, 28S rDNA sequences with more than one base pair difference were 

considered to constitute different species. 

The partial sequences generated for the 28S rRNA gene (931–1,641 bp) 

were aligned using MAFFT (default progressive FFT alignment with two-tree 

building cycles) (Katoh and Standley 2013) and the ends of each sequence were 
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trimmed to match the shortest sequences in the alignments. The alignments 

included members of the four corresponding superfamilies, i.e. the 

Echinostomatoidea Looss, 1902, Pronocephaloidea Looss, 1899, the 

Lepocreadioidea Odhner, 1905 and the family Renicolidae Dollfuss, 1939. 

Phylogenetic relationships were reconstructed using Bayesian inference 

analyses. Before each analysis, the best-fitting substitution model was estimated 

with jModelTest 2.1.4 (Guindon and Gascuel 2003; Darriba et al. 2012) using 

the Akaike Information Criterion (AIC); the general time reversible model with 

estimates of invariant sites and gamma-distributed among-site rate variation 

(GTR+I+G) was the model estimated for all alignments, except for the 

renicolids (GTR+I). The analyses were carried out in MrBayes 3.2.2 (Ronquist 

et al. 2012) using Markov chain Monte Carlo (MCMC) searches for two 

simultaneous runs of four chains over 10,000,000 generations. Trees were 

sampled every 1,000 generations. The first 25% of the sampled trees for each 

dataset were discarded forming the “burn-in”. Consensus tree topology and 

nodal support was estimated using the posterior probability values from the 

remaining samples.   

The newly-generated cox1 sequences were aligned in MEGA v6 

(Tamura et al. 2013) using Muscle, with reference to the amino acid translation, 

and using the echinoderm and flatworm mitochondrial code (Telford et al. 

2000). Genetic distances (uncorrected p-distance) were calculated using MEGA 

v6. A haplotype network was constructed for Gorgocephalus sp. with TCS 

v.1.21 (Clement et al. 2000) using statistical parsimony analysis. Plausible 

branch connections between the haplotypes were tested at 95% connection 

limits. 

3.4 Results  

A total of five digenean parasites are reported following the examination of 

2,407 individuals of Austrolittorina unifasciata. Periwinkles were sampled from 

six sites each, at Adelaide and Sydney; approximately 210 individual snails 

were sampled per site. The overall prevalence of infection at Adelaide was low 

(0.3%) with a total of four infected snails found across three sites whereas at 

Sydney infected snails were found at five of the six sites sampled and the 
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overall prevalence was much higher (8.4%), with site prevalences varying from 

0.5–21.9%. The digenean parasites found included an unidentified notocotylid 

(Notocotylidae gen. sp. 2 NZ), two members of the genus Renicola (Renicola 

sp. 1 Aus and Renicola sp. 2 Aus), one gorgocephalid (Gorgocephalus sp. Aus), 

plus one prepatent infection with a philophthalmid species of the genus 

Parorchis (the latter was only molecularly characterised).  

 

Superfamily Pronocephaloidea Looss, 1899 

Family Notocotylidae Lühe, 1909  

 

Notocotylidae gen. sp. 2 NZ 

 

First intermediate host: Austrolittorina unifasciata Gray (Gastropoda: 

Littorinidae). 

Localities: Moonta Bay, Adelaide, South Australia; Ulladulla and Dolphin 

Point, Sydney, New South Wales. 

Prevalence: 0.48% (Moonta Bay; n = 210); 1.43% (Ulladulla; n = 210); 0.48% 

(Dolphin Point; n = 210). 

Voucher material: AHC 47094, AHC 35896. 

Representative sequences: KP903408–KP903410 (28S rDNA); KP903417–

KP903420 (cox1).   

 

Description (Figs. 3.1A, B) 

 

Redia  

[Measurements based on 9 live specimens.] Rediae (Fig. 3.1B) orange, saccular, 

large, 524–1,205 × 103–292 (885 × 193); contain 1–10 (5) immature cercariae. 

Locomotory processes lacking; pharynx 38–52 × 30–47 (44 × 40); intestine sac-

like, extends to 1/3 of body length. 
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Figure 3.1 Notocotylidae gen. sp. 2 NZ ex Austrolittorina unifasciata. A, Cercaria; B, Redia. Scale-bars: 
A, 100 µm; B, 200 µm. 

 

Cercaria 

[Measurements based on 10 live specimens, not all specimens contributed a data 

point to all metrical variables.] Monostome triocellate cercaria (Fig. 3.1A). 
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Body greyish, opaque, elongate-oval, 297–377 × 146–279 (329 × 227), with 2 

prominent posterior-lateral glands opening dorsally. Tegument spineless, 

covered with minute projections (presumably microvilli). Eye-spots 3, 2 

prominent lateral eye-spots measuring 7–14 × 7–11 (11 × 9) plus median 

slightly diffuse, but distinct eye-spot. Tail simple, 357–470 (423) long, 36–60 

(47) wide at base, longer than body [116–145 (132)% of body length]; tegument 

densely covered with microvilli; cells along central line of tail densely stained 

with Neutral Red; tip muscular, contractile.  

Oral sucker terminal, muscular, spherical, 41–55 × 43–55 (48 × 49), 

with a circle of 16 large dome-shaped sensory papillae. Pharynx and ventral 

sucker absent. Digestive system obscured by cystogenous gland-cells.   

Cystogenous gland-cells abundant throughout body, stain intensely with 

Neutral Red along lateral margins. Anlagen of reproductive organs a chain of 

transparent cells along median line of body.  

Excretory vesicle thin-walled, round; main collecting ducts wide, extend 

to and unite just posterior to median eye-spot, forming an indistinct median 

anterior loop; ducts filled with oval refractive granules with variable size 

[smaller 2–3 × 2–3 (2 × 3), larger 6–8 × 4–5 (7 × 5)]. Bifurcation of caudal 

excretory tubule not observed. Flame-cell formula not determined (flame-cells 

obscured by cystogenous gland-cells). 

Measurements based on material killed in hot seawater. Body 366–501 

(431) × 131–228 (185); tail 306–437 (371) long, 36–60 (48) wide at base; oral 

sucker 39–48 × 41–54 (44 × 47).  

Sensory receptors. Two types of sensory receptors, both lacking 

tegumentary collar or tegumentary sheath, were observed in the cephalic region 

under SEM: (i) large dome-like receptors, each with single long cilium (type B 

of Chapter Two (O’Dwyer et al. 2014b); and (ii) small dome-like receptors each 

with single very short cilium (type C of Chapter Two (O’Dwyer et al. 2014b). 

Unfortunately, the state of the material allowed reconstruction from SEM 

examination of the first circle of sensory receptors only: 

Circle CI: 2CIV + 2CIL + 4CID 
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Molecular analysis 

 

The three 28S rDNA sequences for this species (931 bp) were identical with a 

sequence generated in a previous study carried out in New Zealand (O’Dwyer et 

al. 2014b), which reported an additional genotype for Notocotylidae gen. sp. 2 

NZ ex A. antipodum (GenBank KJ868214) (prepatent infection). The 

relationships of the notocotylid isolates from Australia and New Zealand with 

other representatives of the Pronocephaloidea available on GenBank (Tkach et 

al. 2001; Olson et al. 2003; Boyce et al. 2012; Detwiler et al. 2012), using the 

fellodistomid Fellodistomum fellis Olsson, 1868 as an outgroup (Olson et al. 

2003) are provided in Figure 3.2. Although the Notocotylidae as a family is well 

supported in the analysis, the relationships within the group are poorly resolved 

due to many posterior probabilities being below 0.95.  

The six cox1 sequences generated for isolates of Notocotylidae gen. sp. 

2 were 646 bp long and represented five haplotypes: one each sampled at 

Kaikoura, New Zealand and Moonta Bay, Adelaide; one shared between 

Dolphin Point and Ulladulla, Sydney; and two additional haplotypes from 

Ulladulla, Australia. The cox1 sequence divergence between Notocotylidae gen. 

sp. 2 NZ sampled in New Zealand and Australia ranges between 0.2 and 0.5% 

thus confirming the conspecificity of the isolates.  
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Figure 3.2 Phylogenetic relationships for representatives of the superfamily Pronocephaloidea inferred by 
Bayesian analysis of 28S rDNA sequence data. The newly-generated sequence is indicated by a star. 
Shaded area indicates family Notocotylidae. Posterior probabilities > 0.95 are shown only; scale-bar 
indicates number of substitutions per site. 

 

Remarks 

 

The characteristic features of the present monostome triocellate cercaria, i.e. 

dark-coloured body with abundant cystogenous gland-cells, lack of pharynx and 

ventral sucker and main excretory collecting ducts united just posterior to oral 

sucker, are consistent with the morphology of the family Notocotylidae (see 

Yamaguti (1975)). 

Recently, a prepatent infection with this species was reported in A. antipodum in 

New Zealand, as detailed in Chapter Two (O’Dwyer et al. 2014b). Since the 

sequences of the isolates from Australia and New Zealand were identical the 

same name is used for consistency. The present study thus provides the first 

morphological description for this notocotylid cercaria and molecular evidence 

for the distribution of this species in Australia as well as for the new host record 
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(A. unifasciata). The cercaria closely resembles the second notocotylid cercaria 

(Notocotylidae gen. sp. 1 NZ) characterised morphologically and molecularly in 

Chapter Two (O’Dwyer et al. 2014b) based on isolates ex A. antipodum and A. 

cincta from New Zealand. However, the present cercaria differs from the 

cercaria of Notocotylidae gen. sp. 1 NZ in having a diffuse median eye-spot, 

larger posterior-lateral glands and a less distinct median anterior loop at the 

union of the main excretory collecting ducts. Furthermore, the cercaria of 

Notocotylidae gen sp. 2 NZ has a larger elongate-oval (vs almost round) body 

(329 × 227 vs 243 × 207 µm), larger oral sucker (48 × 49 vs 37 × 42 µm) and 

longer tail (423 vs 162 µm), that is also longer than the body (tail length 132% 

of body length vs 68%) compared with Notocotylidae gen sp. 1 NZ.  

Several trematode species of the cosmopolitan family Notocotylidae 

have been reported in Australian birds [Notocotylus attenuatus Rudolphi, 1809, 

Catatropis gallinulae Johnston, 1928, Catatropis sp., Paramonostomum bursae, 

P. caeci Smith & Hickman, 1983, Paramonostomum sp., unidentified 

notocotylids] and mammals [Catatropis nicolli and Notocotylus johnstoni 

Cribb, 1991, N. imbricatus Looss, 1893 (Mawson et al. 1986)], some with still 

unknown life-cycles (Cribb 1991). Identification to the species level of the 

isolates studied would require matching sequences of larval and adult stages, 

but with few notocotylid cercariae described from snails in the Southern 

Hemisphere these matches are, as yet, mostly unattainable.  

!  
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Superfamily Microphalloidea Ward, 1901 

Family Renicolidae Dollfus, 1939 

Genus Renicola Cohn, 1904 

 

Renicola sp. 1 Aus 

 

First intermediate host: Austrolittorina unifasciata Gray (Gastropoda: 

Littorinidae). 

Localities: Moonta Bay, Adelaide, South Australia; Gerringong and Dolphin 

Point, Sydney, New South Wales. 

Prevalence: 0.48% (Moonta Bay; n = 210); 0.48% (Gerringong; n = 210); 

0.48% (Dolphin Point; n = 210). 

Voucher material: AHC 47095, AHC 35897. 

Representative sequences: KP903411–KP903412 (28S rDNA); KP903421–

KP903422 (cox1).   

 

Description (Figs. 3.3A, B, 3.4A, B) 

 

Sporocyst  

[Measurements based on 10 live specimens.] Sporocyst (Fig. 3.3B) elongate-

oval, 235–1,130 × 170–386 (585 × 236), containing 1–18 (4) cercariae. 

 

Cercaria 

[Measurements based on 19 live specimens; not all specimens contributed a data 

point to all metrical variables.] Distome leptocercous xiphidiocercaria (Fig. 

3.3A). Body elongate-oval, 239–307 × 71–90 (268 × 82). Forebody long, 103–

128 (113) [40–45 (42) % body length]. Tegument armed with simple pointed 

spines, spines larger and more prominent on dorsal and lateral surfaces, 

gradually becoming smaller in hindbody; mouth and ventral sucker surrounded 

by narrow area devoid of spines (Fig. 3.4A). Tail simple, with smooth tegument, 

168–222 (193) long, 15–21 (18) wide at base, shorter than body [63–75 (70) % 

body length].  
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Oral sucker ventro-subterminal, muscular, oval, 33–44 × 28–35 (36 × 

32), armed with two rows of spines: outer row complete (42–44 spines); inner 

row incomplete, comprising 16 spines on upper rim of oral sucker. Narrow area 

surrounding oral sucker spine rows devoid of spines, bearing numerous sensory 

receptors (Fig. 3.4A). Stylet small, simple, single-pointed, 11 × 2 (n = 1), dorsal 

to mouth opening. Ventral sucker subglobular, equatorial, 30–41 × 30–41 (36 × 

34), armed with two alternating rows of spines (inner row of 58–60 spines, outer 

row of 53–58 spines) (Fig. 3.4B). Two circles of papillae present on ventral 

sucker: outer circle of 6 large non-ciliated papillae (2 anterior and 4 posterior) 

and inner circle of 9 small dome-shaped ciliated papillae (5 anterior and 4 

posterior) (Fig. 3.4B). Sucker length ratio 1:0.90–1.23 (1:1.04), width ratio 

1:0.72–1.17 (1:0.92). Prepharynx very short; pharynx very small, oval; 

oesophagus and caeca obscured by cystogenous gland-cells.  

Cystogenous gland-cells densely distributed throughout body posterior 

to level of pharynx. Penetration gland-cells antero-lateral to ventral sucker, 

obscured by cystogenous gland-cells, with c. 5 pairs of inconspicuous ducts 

opening in two groups on either side of stylet (Fig. 3.4A). Numerous small 

refractive granules scattered throughout body posterior to oral sucker. Anlagen 

of reproductive organs just anterior to ventral sucker. 

Excretory vesicle thick-walled, Y-shaped; stem with undulating 

margins; arms shorter than stem, extend to mid-level of ventral sucker. Flame-

cell formula not determined (flame-cells obscured by cystogenous gland-cells). 

Measurements based on material killed in hot seawater. Body 253–293 

(270) × 74–88 (80); tail 162–182 (173) long, 14–19 (16) wide at base; oral 

sucker 31–37 × 29–34 (35 × 31); ventral sucker 31–40 × 29–36 (35 × 32). 

Sensory receptors. Two types of sensory receptors, all lacking 

tegumentary collar or tegumentary sheath, were observed in the cephalic region 

under SEM (Fig. 3.4A): (i) large and medium-sized papilla-like receptors with 

dome-like base, each with single very short cilium; and (ii) small dome-like 

receptors each with single very short cilium. The chaetotaxy of the body was 

not reconstructed successfully. The chaetotaxy of the cephalic region is 

summarised as follows (missing data indicated by a question mark): 

Circle CI: 4CIL + 1CID 
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Circle CII: 1CIIV1 + 2CIIV2 + 1CIIL1 + 1CIIL2 + 1CIID1 + (1+4)CIID2 

Circle CIII: ?CIIIV1 + 1CIIIV2 + 4CIIIL1 + 1CIIIL2 + 6CIIIL3 +1CIIID 

 

 
Figure 3.3 Renicola spp. ex Austrolittorina unifasciata. A–B, Renicola sp. 1 Aus: A, Cercaria; B, 
Sporocyst. C, D, Renicola sp. 2 Aus: C, Cercaria; D, Sporocyst. Scale-bars: A, C, 100 µm; B, 200 µm; D, 
150 µm. 
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Remarks 

 

The morphological features of the present cercaria are consistent with the 

diagnosis for renicolid cercariae by Hechinger and Miura (2014). This form 

belongs to the subgroup possessing small leptocercous tails and stylets (see 

Martin (1971) for details) that includes Renicola roscovitus Stunkard, 1932 and 

Renicola thaidus Stunkard, 1964, occurring in the Northern Hemisphere 

(Stunkard 1932; 1964; James 1968a; b; Galaktionov and Skirnisson 2000; 

Blakeslee and Byers 2008), Renicola sp. "polychaetophila" and Renicola sp. 

"martini", described from the Carpinteria Salt Marsh, California (Hechinger and 

Miura 2014), and Renicola sp. of Martorelli et al. (2008) and Renicola NZ of 

Chapter Two (O’Dwyer et al. 2014b), both described in New Zealand. The 

seven forms share a number of characters such as small size, presence of a 

stylet, Y-shaped excretory vesicle, spined tegument and leptocercous tail shorter 

than body. However, several differences exist between the cercaria described 

here and the six species listed above. These include, most distinctively, the 

number of rows of spines around the oral and ventral sucker. The cercaria of 

Renicola sp. 1 Aus possesses two (one complete and one incomplete) rows of 

spines on the oral sucker and two rows of spines on the ventral sucker whereas 

in the species listed above, the number of rows appears to always be one, absent 

or not mentioned (Stunkard and Shaw 1931; Stunkard 1932; Martorelli et al. 

2008; Hechinger and Miura 2014), except for R. thaidus which is reported as 

having a staggered double row of spines around both the oral and ventral 

sucker. Furthermore the six forms utilise different snails as first intermediate 

hosts. R. roscovitus uses littorinid snails, R. thaidus uses the dogwhelk, Nucella 

lapillus Linneaus, Renicola sp. "polychaetophila" and Renicola sp. "martini" use 

Cerithideopsis californica Haldeman, (formerly Cerithidea), Renicola sp. of 

Martorelli et al. (2008) use Zeacumantus subcarinatus G.B. Sowerby II, 

whereas Renicola sp. 1 Aus develops in A. unifasciata. 

The present cercaria appears most similar to the cercaria of Renicola sp. 

NZ described from A. antipodum in Chapter Two (O’Dwyer et al. 2014b) in 

New Zealand but differs from the latter in having: (i) a much larger number of 

spines on the oral sucker (58–60 vs 29–30) that are arranged in two rows (vs 

single row); (ii) a substantially larger number of spines on the ventral sucker 
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(more than 111-118 vs 41–46) that are arranged in two rows (vs single row); 

(iii) nine small ciliated papillae on the inner circle of the ventral sucker (vs six). 

Further marked differences include the chaetotaxy of the cephalic region: 

2CIIV2 vs 1CIIV2; (1+4)CIID2 vs (1+5)CIID; 1CIIIV2 vs 2CIIIV2; 4CIIIL1 vs 3CIIIL1; 

1CIIIL2 vs 2CIIIL2; and 1CIIID vs 3CIIID.  

 

 
Figure 3.4 Scanning electron micrographs of Renicola spp. A–B, Renicola sp. 1 Aus.: A, Oral sucker; B, 
Ventral sucker. C–D, Renicola sp. 2 Aus: C, Oral sucker; D. Ventral sucker. Scale-bars: A, C, 10 µm; B, 
D, 5 µm. 

!  
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Renicola sp. 2 Aus 

 

First intermediate host: Austrolittorina unifasciata Gray (Gastropoda: 

Littorinidae). 

Locality: Point Rylie and My Ponie Point, Adelaide, South Australia. 

Prevalence: 1.43% (Point Rylie; n = 70); 0.74% (My Ponie Point; n = 136). 

Voucher material: AHC 47092, AHC 35894. 

Representative sequences: KP903413 (28S rDNA); KP903423 (cox1).   

 

Description (Figs. 3.3C, D; 3.4C, D) 

 

Sporocyst 

[Measurements based on 10 live specimens.] Sporocyst (Fig. 3.3D) elongate-

oval, 432–867 × 228–326 (647 × 285), containing 0–13 (5) cercariae. 

 

Cercaria 

[Measurements based on 23 live specimens; not all specimens contributed a data 

point to all metrical variables.] Distome leptocercous xiphidiocercaria (Fig. 

3.3C). Body elongate-oval, 226–310 × 77–130 (263 × 107). Forebody long, 

100–157 (122) [40–51 (46) % of body length]. Tegument armed with simple 

pointed spines in alternating rows; spines on dorsal surface smaller than on 

ventral, especially at mid-level of body; mouth and ventral sucker surrounded 

by narrow area devoid of spines. Tail simple, with smooth tegument, 124–189 

(154) long, 16–19 (18) wide at base, shorter than body, [48–75 (60)% of body 

length].  

Oral sucker ventro-subterminal, muscular, slightly elongate-oval, 36–51 

× 33–43 (43 × 37), armed with single row of 22–23 spines on dorso-lateral 

margin (Fig. 3.4C). Stylet small, simple, 10–12 × 3 (12 × 3) (n = 3), dorsal to 

mouth opening. Ventral sucker spherical 29–47 × 32–45 (38 × 37), equatorial, 

armed with two alternating rows of spines; inner row incomplete, comprising 

24–27 spines on anterior and lateral margins; outer row complete (43–44 spines) 

(Fig. 3.4D). Two circles of papillae present on ventral sucker: outer circle of 6 

large non-ciliated papillae (2 anterior and 4 posterior) and inner circle of 8 small 
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dome-shaped ciliated papillae (5 anterior and 3 posterior) (Fig. 3.4D). Sucker 

length ratio 1:0.80–1.03 (1:0.90), width ratio1:0.77–1.36 (1:1.04). Prepharynx 

very short; pharynx very small, 15 × 9 (n = 1); oesophagus and caeca obscured 

by cystogenous gland-cells. 

Cystogenous gland-cells numerous throughout body, more abundant 

posteriorly, those on lateral edges stain intensely with Neutral Red. Penetration 

gland-cells antero-lateral to ventral sucker, obscured by cystogenous gland-

cells; with c.5 pairs of inconspicuous ducts opening in two groups on either side 

of stylet. Numerous small refractive granules scattered throughout body, with 

patchy aggregations. Anlagen of reproductive organs just anterior to ventral 

sucker. 

Excretory vesicle thick-walled, Y-shaped; stem undulating, longer than 

arms; arms extend to about mid-level of ventral sucker. Flame-cell formula not 

determined (flame-cells obscured by cystogenous gland-cells). 

Measurements based on material killed in hot seawater. Body 241–283 

(263) × 71–105 (93); tail 136–160 (145) long, 17–22 (19) wide at base; oral 

sucker 35–40 × 31–37 (37 × 34); ventral sucker 31–35 × 31–36 (33 × 34).  

Sensory receptors. Two types of sensory receptors, all lacking 

tegumentary collar or tegumentary sheath, were observed in the cephalic region 

under SEM: (i) large and medium-sized single papilla-like receptors with dome-

like base, each with single long cilium (Fig. 3.4C); (ii) small dome-like 

receptors each with single short cilium (Fig. 3.4C). Three cephalic (CI, CII and 

CIII), two ventral sucker (S), four anterior and three posterior body circles were 

identified from SEM reconstructions. The chaetotaxy is summarised as follows 

(missing data indicated by a question mark): 

Circle CI: 1CIV + 5CIL + 1CID 

Circle CII: 2CIIV1 + 2CIIV2 + 1CIIL1 + 3CIIL2 +  (1+7)CIID 

Circle CIII: 1CIIIV1 + 3CIIIV2 + 3CIIIL1 + 9CIIIL3 +1CIIID 

Circle AI: 1AIV + 1AIL + ?AID 

Circle AII: 1AIIV + 2AIIL + ?AIID 

Circle AIII: 1AIIIV + ?AIIIL + ?AIIID 

Circle AIV: 1AIVV + 1AIVL 

Circle S: 8SI + 6SII 
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Circle PI: 2PIL + ?PID 

Circle PII: 1PIIV 

Circle PIII: 5PIIIL 

 

Molecular analysis 

 

Representative 28S rDNA sequences (1,276 bp) obtained for Renicola sp. 1 

(three isolates had identical sequences) and Renicola sp. 2 (two isolates had 

identical sequences) were aligned with the few available sequences for 

renicolids from GenBank (Tkach et al. 2001; Olson et al. 2003; O’Dwyer et al. 

2014b); one very short sequence for Renicola roscovitus (GenBank AF023113; 

see Litvaitis and Rohde (1999)) was excluded. Analyses using the zoogonid 

Deretrema nahaense (GenBank AY222273; Olson et al. 2003) as an outgroup 

provided strong support for the genus Renicola (Fig. 3.5) which included the 

species of Renicola reported here and Renicola sp. NZ. The three Australasian 

species differed from each other at 6–43 nucleotide positions. 

 

 
Figure 3.5 Phylogenetic relationships for representatives of the family Renicolidae, inferred by Bayesian 
analysis of 28S rDNA sequence data. The newly-generated sequences are indicated by stars. Posterior 
probabilities > 0.95 are shown only; scale-bar indicates number of substitutions per site. 
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Five cox1 sequences (679 bp) were obtained (three for Renicola sp. 1 

Aus and two for Renicola sp. 2 Aus). Representative sequences of the two 

Renicola spp. were aligned with sequences for five Renicola spp. possessing 

stylets: isolates of Renicola sp. ex Z. subcarinatus described by Martorelli et al. 

(2008) and sequenced by Leung et al. (2009); Renicola sp. NZ described and 

sequenced in Chapter Two (O’Dwyer et al. 2014b), Renicola sp. “martini” and 

Renicola sp. “polychaetophila” described and sequenced by Hechinger and 

Miura (2014); and for two species lacking stylets, R. buchanani and R. 

cerithidicola sequenced by Hechinger and Miura (2014). Two microphallids 

sampled in New Zealand, were used as outgroups (Keeney et al. 2009; Leung et 

al. 2009). Neighbour-joining analysis of this alignment using the Kimura 2-

parameter model revealed four strongly supported clades (Fig. 3.6; see also 

pairwise divergence levels in Table 3.1). Isolates of Renicola spp. ex 

Austrolittorina spp. from Australia and New Zealand (p-distance 3.3–8.5%) 

clustered together with Renicola sp. “martini” and Renicola sp. 

“polychaetophila” ex C. californica (p-distance 15.6–18.0%) whereas the two 

species with cercariae lacking stylets formed a separate, divergent clade (p-

distance 20.5–25.2%). Interestingly, the sequences of Renicola spp. ex 

Austrolittorina spp. from Australia and New Zealand exhibited greater 

divergence overall, compared to Renicola sp. ex Z. subcarinatus from New 

Zealand than with the two Renicola spp. ex C. californica (Table 3.1; Fig. 3.6). 

 



Chapter Three – Australian Taxonomy 

!

72 

 
Figure 3.6 Phylogenetic relationships for representatives of the genus Renicola, inferred by Bayesian 
analysis of cox1 sequence data. The newly-generated sequences are indicated by stars. Posterior 
probabilities > 0.95 are shown only; scale-bar indicates number of substitutions per site. 

 

Remarks 

 

The cercaria of Renicola sp. 2 Aus differs from the cercaria of Renicola sp. 1 

Aus described above, in the presence of a single row of 22–23 spines on the oral 

sucker (vs two rows of 16 and 42–44 spines) and an incomplete inner row of 

24–27 spines on the ventral sucker (vs complete row of 53–58 spines), and eight 

(vs nine) small ciliated papillae in the inner circle of the ventral sucker. This 

form also has a wider body (mean 107 vs 82 µm) and shorter tail (mean 154 vs 

193 µm) that is also shorter in relation to body (tail length representing, on 

average, 60% to body length vs 70%) than the cercaria of Renicola sp. 1 Aus. 

The present cercaria further exhibits a different pattern of the distribution of the 

sensory papillae in the cephalic region as follows: 5CIL vs 4CIL; 2CIIV1 vs 

1CIIV1; 3CIIL2 vs 1CIIL2; (1+7)CIID vs (1+4)CIID2; 3CIIIV2 vs 1CIIIV2; 3CIIIL1 vs 

4CIIIL1; 9CIIIL3 vs 6CIIIL3, plus the presence of the group CIV and the lack of the 

groups CIID1 and CIIIL2. 

The cercaria of Renicola sp. 2 Aus resembles that of Renicola sp. NZ, 

described from A. antipodum in New Zealand in Chapter Two (O’Dwyer et al. 

2014b), in the general morphology and the presence of spines on the oral and 
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ventral suckers. However, Renicola sp. 2 Aus is a larger form (mean body 

length 263 vs 240 µm; mean body width 107 vs 86 µm), with shorter tail (mean 

length 154 vs 166 µm, representing 60 vs 70% of body length), and has a larger 

oral sucker (mean 43 × 37 vs 37 × 33 µm) armed with a single row of 22–23 

spines (vs 29–30) and a ventral sucker armed with two rows of spines (vs a 

single row) with a greater number of spines (67–71 vs 41–46). Furthermore, the 

cercaria of Renicola sp. 2 Aus has eight small ciliated papillae in the inner circle 

of the ventral sucker (vs six), lacks groups CIV, CIIL3 and CIIIL2 and exhibits 

additional differences in the chaetotaxy of the cephalic region as follows: 5CIL 

vs 4CIL; 2CIIV1 vs 1CIIV1; 2CIIV2 vs 1CIIV2; 3CIIL2 vs 1CIIL2; (1+7)CIID vs 

(1+5)CIID. 

The above differences support the distinct species status of the renicolid 

cercariae discovered from Austrolittorina spp. in Australia and New Zealand. 

This is one of the few examples (see e.g. Blasco-Costa et al. (2014); Faltýnková 

et al. (2014); Georgieva et al. (2014)) where low levels of genetic differentiation 

at the cox1 gene are in contrast with distinct morphological differences between 

sister digenean species. 

Although this study shows that the two cercariae of Renicola spp. 

sampled in Australia are morphologically and genetically distinct, linking them 

to an adult form is currently impossible. Only unidentified specimens of 

Renicola have been reported in a number of Australian fish-eating birds, 

Eudyptula minor Forster, Puffinus tenuirostris Temminck, P. gavia Forster, 

Pelecanus conspicillatus Temminck, Phalacrocorax fuscescens Vieillot, 

Phalacrocorax varius Gmelin and Ardea alba Linneaus (Mawson et al. 1986).  

!  
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Table 3.1 Genetic divergence (uncorrected p-distance in %) estimated for the cox1 sequences of Renicola 
spp. 

 Cercariae possessing stylets  Cercariae lacking stylets 

 Renicola 

sp. 1 Aus 

Renicola 

sp. 2 Aus 

Renicola 

sp.* 

Renicola     

sp. “martini” 

Renicola               

sp.“polychaetophila” 

Renicola 

buchanani 

Renicola 

cerithidicola 

Renicola sp. NZ 8.2 3.3 16.9–17.2 15.7 15.6 20.5 23.0 

Renicola sp. 1 Aus  8.5 18.4 –18.6 17.2 18.0 22.5 25.2 

Renicola sp. 2 Aus   17.9–18.0 16.0 16.3 21.0 23.3 

Renicola sp.*    15.1–15.4 16.2–16.6 17.8–18.3 20.7–21.0 

Renicola sp. “martini”     11.2 19.6 22.7 

Renicola sp. “polychaetophila”     20.8 23.3 

Renicola buchanani       15.9 

* Sequenced by Leung et al. (2009) 

 

 

Superfamily Lepocreadioidea Odhner, 1905 

Family Gorgocephalidae Manter, 1966 

Genus Gorgocephalus Manter, 1966 

 

Gorgocephalus sp. Aus 

 

First intermediate host: Austrolittorina unifasciata Gray (Gastropoda: 

Littorinidae). 

Localities: Gerringong, Shellharbour, Ulladulla, Dolphin Point and Green Point, 

Sydney, New South Wales. 

Prevalence: 11.90% (Gerringong; n = 210), 21.90% (Shellharbour; n = 210), 

3.81% (Ulladulla; n = 210), 6.67% (Dolphin Point; n = 210), 0.48% (Green 

Point; n = 210). 

Voucher material: AHC 47093, AHC 35895. 

Representative sequences: KP903414–KP903415 (28S rDNA); KP903424–

KP903431 (cox1).   

 

Description (Figs. 3.7A, B; 3.8A, B; 3.9A-C) 

 

Redia 

[Measurements based on 16 live specimens.] Redia bluntly-rounded anteriorly, 

pointed posteriorly (Fig. 3.7B), 297–1,146 × 108–228 (638 × 168), tightly 
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packed with immature (i.e. with undeveloped eye-spots and tails) cercariae in 

anterior portions [4–21 (10)] and germinal balls in posterior portions. Collar and 

locomotory appendages absent. Pharynx subglobular, 28–52 × 32–64 (40 × 45); 

intestine wide, short, extends to maximum 1/4 of body length. 

 

 
Figure 3.7 Gorgocephalus sp. Aus ex Austrolittorina unifasciata. A, Cercaria; B, Redia. Scale-bars: A, 
100 µm; B, 300 µm. 
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Cercaria 

[Measurements based on 34 live specimens; not all specimens contributed a data 

point to all metrical variables.] Oculate gymnocephalous cercaria with short 

pseudosetiferous tail (Figs. 3.7A; 3.8A, B). Body elongate-oval, 177–259 × 79–

130 (210 × 99). Forebody 99–167 (130) long, 51–64 (57)% body length. 

Tegument thick, probably with deeply embedded minute spines (observed by 

SEM on dorsal surface only). Eye-spots two, compact, large, 13–18 × 12–18 (15 

× 15), medio-lateral at level of prepharynx (Fig. 3.7A). Tail 87–187 (118) long, 

27–48 (34) wide at base, shorter than body [34–84 (56)% body length]; 

proximal part finely striated, 30–86 (49) long, lateral margins bear 15–18 long, 

flap-like projections, broad at base, tapering to a pointed tip; distal part 

contractile, 46–101 (68) long, with 18–22 annulations (Figs. 3.7A; 3.8A, B).  

 

 
Figure 3.8 Scanning electron micrographs of Gorgocephalus sp. Aus. A, Cercaria, entire body; B, Tail. 
Scale-bars: A, 100 µm; B, 50 µm. 
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Oral sucker terminal to slightly ventro-subterminal, elongate-oval, 35–

40 × 31–45 (43 × 36), with inner surface bearing 12–16 radial muscular ridges, 

encircled by area of filiform microtriches, followed by row of 12–16 embedded 

large, dome-shaped papillae and wide area with 12–13 alternating rows of bi- or 

tri-dentate spines (Fig. 3.9A, B). Two median pairs of double papillae, each 

with short collar and single cilium present in spined area. Ventral sucker 

subglobular, just postequatorial, 27–43 × 27–45 (36 × 38), with inner surface 

bearing 3 small sensory receptors each with single short cilium and outer 

margin bearing 8 larger dome-shaped papillae encircled by area of dense 

filiform microtriches (Fig. 3.9C). Sucker length ratio 1:0.68–0.85 (1:0.79); 

sucker width ratio 1:0.97–1.22 (1:1.07). Prepharynx distinct, as long as pharynx; 

pharynx muscular, spherical, 17–22 × 19 (19 × 19); oesophagus short. Caecum 

single, short, wide, terminating anterior to mid-level of ventral sucker.  

Cystogenous gland-cells large, nucleated, abundant throughout body 

posterior to eye-spots. Penetration gland-cells and genital primordia not 

discerned. 

Excretory vesicle thick-walled, Y-shaped, with short stem and wide 

arms longer than stem, extending to level of posterior margin of ventral sucker; 

main collecting ducts narrow, reflexing midway between ventral sucker and 

pharynx. Caudal excretory tubule visible to distal part of tail only (Fig. 3.7A). 

Flame-cell formula not determined (flame-cells obscured by cystogenous gland-

cells). 

Measurements based on material killed in hot seawater. Body 249–276 

(260) × 92–108 (100); tail 167–220 (200) long, 26–35 (29) wide at base; oral 

sucker 36–49 × 33–42 (42 × 38); ventral sucker 37–45 × 35–43 (40 × 39). 
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Figure 3.9 Detailed scanning electron micrographs of Gorgocephalus sp. Aus. A, Cephalic region, ventral 
view; B, Oral sucker, apical view; C, Ventral sucker. Scale-bars: 10 µm. 
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Molecular analysis 

 

Two of ten newly generated identical 28S rDNA sequences (1,590 bp) for 

Gorgocephalus sp. Aus formed a strongly supported clade with G. kyphosi 

Manter, 1966 (AY222234) (Figure 3.10) from the rocky shore fish Kyphosus 

vaigiensis Quoy & Gaimard!in Australia (Olson et al. 2003). The two sequences 

differed from G. kyphosi by 1.2% (15 bp), indicating the distinct species status 

of the newly sequenced isolates. The 28S alignment included 39 sequences for 

38 species of 35 genera from nine families, available on GenBank (Olson et al. 

2003; Bray et al. 2009), with the cryptogonimid Adlardia novaecaledoniae, the 

apocreadiid Callohelmis pichelinae and the opecoelid Pseudopycnadena tendu 

(Bray et al. 2009) (accession numbers provided in Fig. 3.10) as outgroup taxa. 

Support for family level classification was strong. Two main clades were 

formed albeit with low support. The first comprised the families 

Gorgocephalidae Manter, 1966, Aephnidiogenidae Yamaguti, 1934 and 

Lepocreadiidae Odhner, 1905. Structural support within the first clade, between 

those families was low. The second clade consisted of a further two well-

supported clades, the Lepidapedidae Yamaguti, 1958 on their own, and the 

Gyliauchenidae Fukui, 1929 and Enenteridae Yamaguti, 1958 clustering 

together. The relationships within the Lepocreadioidea reflect those shown in 

Bray et al. (2009) and the revised classification of the superfamily presented in 

Bray and Cribb (2012). The phylogenetic distinction between the 

Gorgocephalidae and Enenteridae remains interesting despite the fact that 

species of both families are associated with kyphosid fish.  
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Figure 3.10 Phylogenetic relationships for representatives of the superfamily Lepocreadioidea, inferred by 
Bayesian analysis of 28S rDNA sequence data. The newly-generated sequences are indicated by stars. 
Posterior probabilities > 0.95 are shown only; scale-bar indicates number of substitutions per site. 

 

The 28 newly-generated cox1 sequences (773 bp) for Gorgocephalus sp. 

Aus from samples collected at five sites around Sydney were collapsed into 

eight haplotypes which exhibited low intraspecific variation 1–4 bp (0.1–0.5%). 

The geographical distribution of the haplotypes is mapped on the maximum 

parsimony haplotype network shown in Fig. 3.11. Shellharbour sampling site 

appeared as the most haplotype diverse location, although it was also the site 

with the largest sample size, and all eight haplotypes were present. Two of the 

haplotypes (H1 and H4) were found in the majority of the sites studied; the 

former (H1) appeared with the highest ancestral probability (Fig. 3.11). 
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Figure 3.11 Haplotype network for Gorgocephalus sp. Aus based on cox1 sequence data from five sites in 
Sydney, Australia. Missing or unsampled haplotype is represented by black dot; each branch corresponds 
to a single mutational difference. Circle size is proportional to observed haplotype frequency; colours 
indicate different sampling sites. Abbreviations: H, haplotype; DP, Dolphin Point; G, Gerringong; PB, 
Pearl Beach; S, Shellharbour; U, Ulladulla. 

 

Remarks 

 

The unusual morphology of the present cercaria prevented its association even 

with a cercarial type and its familial affiliation was inferred from the analysis of 

the 28S rDNA sequences. This form resembles lepocreadioid 

ophthalmotrichocercous cercariae but the tail bears flap-like projections instead 

of setae and the oral sucker possesses radial muscular ridges on its inner 

surface. These ridges are reminiscent of the muscular lobes in the 

representatives of the Enenteridae but apparently represent the primordia of the 

ring of extensible tentacles in Gorgocephalus spp. The presence of eye-spots 
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and a single caecum are also consistent with the adult morphology in 

Gorgocephalus spp. It is worth noting that the cercariae within the snail showed 

large body size variation suggesting the possibility of final maturation taking 

place outside the rediae. Three species of the monotypic family 

Gorgocephalidae are known, all maturing in marine herbivorous kyphosid 

fishes: G. kyphosi Manter, 1966 ex Kyphosus sydneyanus Günther and K. 

vaigiensis Quoy & Gaimard and G. yaaji Bray & Cribb, 2005 ex K. vaigiensis 

from off Australia, and G. manteri Zhukov, 1983 ex K. sectatrix Linneaus from 

the Gulf of Mexico (Manter 1966; Zhukov 1983; Bray and Cribb 2005). Their 

life-cycle remains unknown but parasitism in herbivorous fish suggests that the 

cercariae might encyst on vegetation and await ingestion (Bray and Cribb 

2012). This is the first description of a cercaria of a species of Gorgocephalus. 

Although the present form is closely related to G. kyphosi, the large difference 

in 28S rDNA sequences (15 bp) suggests that Gorgocephalus sp. Aus represents 

a distinct species. Unfortunately the scarcity of molecular data for adult 

gorgocephalids prevents identification of the present material to the species 

level.  

!  
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Superfamily Echinostomatoidea Looss, 1902 

Family Philophthalmidae Looss, 1899 

Genus Parorchis Nicoll, 1907  

 

Parorchis sp. Aus 

 

First intermediate hosts: Austrolittorina unifasciata Gray (Gastropoda: 

Littorinidae).  

Localities: Dolphin Point, Sydney, New South Wales. 

Prevalence: 0.48% (n = 210). 

Representative sequences: KP903407 (28S rDNA); KP903416 (cox1).   

 

Remarks 

 

A single prepatent infection yielded a newly generated 28S rDNA sequence 

(1,608 bp) but the isolate could not be characterised morphologically. The 

sequence was aligned with 11 sequences for species of nine genera from four 

families (Philophthalmidae Looss, 1899, Echinostomatidae Looss, 1899, 

Fasciolidae Railliet, 1895 and Cyclocoelidae Stossich, 1902), available on 

GenBank and with the haplosplanchnid Hymenocotta mulli Manter, 1961 as the 

outgroup (Olson et al. 2003; Lotfy et al. 2008; Griffin et al. 2012; Church et al. 

2013; accession numbers provided in Fig. 3.12). The isolate Parorchis sp. Aus 

clustered with Parorchis sp. NZ described in Chapter Two (O’Dwyer et al. 

2014b). The difference between the two sequences was 0.1% (1 bp), suggesting 

that the two isolates represent the same or very closely related species. 

The genetic divergence between both isolates of Parorchis sp. and the 

remaining members of the Philophthalmidae was 4.6–4.8% (55–58 bp). These 

values are higher than the genetic divergence of 1.8–3.0% (22–36 bp) between 

the representatives of Philophthalmus and Cloacitrema. The analysis provided 

strong support at the familial level and indicated that the unidentified isolate 

AY222247 ex Batillaria australis Quoy & Gaimard from Moreton Bay, 

Queensland, Australia, belongs to Cloacitrema (Fig. 3.12). However, the 

relationships within the Philophthalmidae remained poorly resolved due to the 

insufficient molecular data avalable. 
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Figure 3.12 Phylogenetic relationships for representatives of the superfamily Echinostomatoidea, inferred 
by Bayesian analysis of 28S rDNA sequence data. The newly-generated sequence is indicated by a star. 
Posterior probabilities > 0.95 are shown only; scale-bar indicates number of substitutions per site. 

!

3.5 Discussion 

This primary investigation of the digenean fauna of Australian littorinids has 

resulted in recording of the cercariae and intramolluscan stages of five species 

of trematode in Austrolittorina unifasciata for the first time. Of these four are 

both morphologically and molecularly characterised. The newly-generated 

DNA sequences will enable comparisons, and contrasts, to be made in future 

studies of trematode diversity in the region.  

The notocotylid described here from Australia was previously found in a 

single individual of another congeneric littorinid, A. antipodum, at Kaikoura, 

New Zealand. This parasite likely has a bird definitive host, which may have 

resulted in this wide dispersal. In Australia this species also demonstrated a 

wide distribution, being found at sampling sites around both Adelaide and 

Sydney. 
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Two species of renicolid were found in A. unifasciata, one (Renicola sp. 

2 Aus) was found along the coasts of Adelaide only, while the other (Renicola 

sp. 1 Aus) was recovered from samples in sites off both Adelaide and Sydney, 

suggesting a wider geographical distribution for this species. Renicolids 

typically have a three host life-cycle involving bivalves or fish as second 

intermediate hosts before finally infecting the kidneys of birds (Gibson 2008). 

This group has a complex taxonomy and requires further investigation. By 

providing sequences for the isolates of the two species described here, 

additional data is available for further elucidating the relationships within this 

group; this will also assist in distinguishing renicolid cercariae in future surveys. 

Based on cercarial taxonomy, evidence from Hechinger and Miura (2014) and 

this study indicates that cercariae possessing stylets are more closely related to 

each other than to those without stylets.  

Perhaps the most interesting finding concerning the trematode diversity 

in A. unifasciata is the fact that this study provides the first life-cycle data for a 

representative of the monotypic family Gorgocephalidae. Adults of only three 

species have been reported to date, all from kyphosid fish inhabiting rocky 

shores (Manter 1966; Zhukov 1983; Bray and Cribb 2005). The samples for this 

study were collected off the Sydney coast, where kyphosid fish are abundant 

rocky shoreline inhabitants (Kingsford 2002). Previously, adult stages of G. 

kyphosi Manter, 1966 have been reported off South Australia, French Polynesia 

and Queensland (Manter 1966; Bray and Cribb 2005). This species was found in 

the pyloric caeca and intestine of K. sydneyanus Gunther (see Manter (1966)) 

and in the pyloric caeca of K. vaigiensis Quoy & Gaimard (Bray and Cribb 

2005). Another species, G. yaaji Bray & Cribb, 2005 was reported in fish host, 

K. vaigiensis, off Queensland (Bray and Cribb 2005). It is possible that K. 

sydneyanus is also the definitive host of Gorgocephalus sp. Aus, due to its 

distribution close to the sites sampled in this study (Kingsford 2002; Sakai and 

Nakabo 2006; Ferguson et al. 2015). It is also plausible that the material 

described here represents the larval stage of G. yaaji but further work would be 

required in establishing this. On Sydney’s rocky shores, the haplotype diversity 

observed in the samples varied greatly between sites, with the site supporting 

the highest recorded prevalence also demonstrating the highest haplotype 

diversity. This may be a true pattern but further molecular work is required. 
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Only a prepatent infection with Parorchis sp. NZ was found in one snail 

from a sample collected on the rocky shores of Adelaide, Australia. Based on 

the similarity of this species to that described in the two littorinids in New 

Zealand from Chapter Two (O’Dwyer et al. 2014b) it is possible that these 

closely related snail hosts share very similar parasites. This supports the 

observation of the same notocotylid species in different snail species from both 

Australia and New Zealand. Previous reports of relaxed specificity at the first 

intermediate host stage have been reported from other trematode species 

(Jousson et al. 1999; Born-Torrijos et al. 2012), although typically this stage of 

the life-cycle is highly host specific (Adema and Loker 1997; Sapp and Loker 

2000a; b).  

The diversity of parasites reported from a single intertidal snail species 

in limited areas along the rocky shores of Australia, suggests that more species 

are yet to be discovered. There is huge potential for the discovery of a high 

diversity of parasites from rocky shore inhabiting hosts, providing a fruitful 

avenue of research for future taxonomic and ecological studies. 



 

!
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4 Chapter Four 

Taken to the limit – Is desiccation stress causing 

precocious encystment of trematode parasites in 

snails? 
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4.1 Abstract 

When hosts experience environmental stress, the quantity and quality of 

resources they provide for parasites may be diminished, and host longevity may 

be decreased. Under stressful conditions, parasites may adopt alternative 

strategies to avoid fitness reductions, though this has received little attention. 

Trematode parasites typically have complex life cycles, usually involving a 

gastropod first intermediate host, in which the parasite asexually reproduces. A 

few published studies mention a rare phenomenon termed ‘precocious 

encystment’, whereby the next stage in the parasites’ life cycles (metacercarial 

cyst) form within the preceding stage (redia), while still inside the snail host. As 

the trematode Parorchis sp. NZ uses rocky shore snails exposed to long periods 

outside water, it was hypothesised that this encystment might be a strategy 

against desiccation, which prevents the parasites from emerging from the snail. 

To test this, firstly the effect of prolonged desiccation was investigated as a 

stressor on the survival of two species of high intertidal snails. Secondly, the 

reproductive output (cercarial production) of the parasite was measured under 

both wet and dry conditions. Finally, the influence of desiccation stress on the 

occurrence of precocious encystment was quantified within the snail host. Snail 

mortality was higher under dry conditions, indicative of stress, and this effect 

was somewhat exacerbated for infected snails. The reproductive output of the 

parasites differed greatly between wet and dry conditions, with parasites of 

snails kept in dry conditions producing many more cercariae when placed in 

water for short periods. Little variation was observed in the rate of precocious 

encystment, although some subtle patterns emerged. Given the stresses 

associated with living in the high intertidal zone, precocious encystment is 

discussed as a possible stress response in this trematode parasite. 
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4.2 Introduction 

Trematode parasites have maintained close relationships with gastropod hosts 

for millions of years (Cribb et al. 2003). This intimate association typically 

involves the gastropod playing first intermediate host to the trematodes, which 

reproduce asexually inside the snail tissue. The parasite reproduces by 

producing free-swimming stages known as cercariae, which develop within 

parasite stages called sporocysts or rediae, depending on the trematode species. 

Once fully developed, cercariae emerge into the environment to find their next 

host and continue the parasite’s life cycle (Galaktionov and Dobrovolskij 2003). 

Some degree of plasticity has been reported in trematode life cycles in response 

to varying environmental conditions. For example, some trematodes can skip 

their definitive host through progenesis when the latter host is rare in the local 

environment (Poulin and Cribb 2002; Lagrue and Poulin 2007). This enables the 

parasite to bypass a transmission event and complete two life stages within a 

single host, most likely enhancing transmission or survival to adulthood under 

difficult conditions. In my study system, another sort of abbreviated life cycle 

was observed, here termed ‘precocious encystment’. This might also be termed 

‘intraredial encystment’. While encystment within the asexually reproducing 

stage inside the snail first intermediate host has often been reported for 

trematodes with sporocyst stages, it has rarely been observed in species with 

rediae. The cercariae, instead of emerging from the snail, remain inside the 

rediae and form the next life stage, a metacercarial cyst. This is illustrated in 

Figure 4.1. The first record of precocious encystment found in the literature 

dates back almost one hundred years (Johnson 1919), with a few additional 

records published in the 1960’s (Nasir 1962; Lie and Umathevy 1965a; b; Lie 

and Basch 1966; Chernin 1967). However, there exists very little information on 

the causes or implications of this phenomenon. Precocious encystment in the 

studies listed above was only observed in trematodes of the superfamily 

Echinostomatoidea and, thus far, only from those infecting freshwater snails. It 

has been suggested that the conditions under which precocious encystment 

might occur include: development under some form of stress, in a heavy 

infection, or in an unsuitable host (Ganapathi and Hanumantha Rao 1968). 
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Figure 4.1 Precocious or intraredial encystment. a = Normal redia, scale bar 200µm; b = Redia with 
precociously encysted cercariae; c = Encysted cercaria; scale bar 50µm. 

 

A wide range of trematode species, including echinostomatoids, utilise 

periwinkle snails as their first intermediate host (James 1968a; b; Granovitch et 

al. 2000; Granovitch and Mikhailova 2004; Thieltges et al. 2006). These 

gastropods achieve high abundances in the intertidal environment, and have a 

global distribution on rocky shores worldwide (Davies and Williams 1998). The 

intertidal environment is inhospitable with its inhabitants often facing stress 

from wave action and air exposure, as well as huge variation in salinity and 

temperature. The majority of studies investigating these factors have focused on 

conspicuous organisms, such as the pervasive littorinids. In this chapter, the 

effect of desiccation stress on trematode infections within these snails is 

explored in detail. 

Prior research has focused mostly on the combined effects of stress due 

to parasite infection and other types of environmental stress on the host, in the 
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context of multiple stressors having cumulative effects on hosts (see review by  

Marcogliese and Pietrock (2011)). For example, desiccation stress, in 

combination with trematode infection, results in higher mortality for some 

gastropods (Jensen et al. 1996). Fewer studies have focused on the effects of 

environmental stress on the parasites themselves. For instance, temperatures and 

salinities outside the normal range negatively affect the survival, development 

and transmission of trematodes, by reducing cercarial output, encystment or 

survival of the encysted stage (Pietrock and Marcogliese 2003; Studer et al. 

2010; Lei and Poulin 2011). In trematode species using snails that are not 

permanently submerged, the presence of water triggers cercarial emission 

(Galaktionov and Dobrovolskij 2003). Therefore, although the outcome of 

environmental stress is often reduced cercarial output, the effect of desiccation 

is more likely to concentrate cercarial emergence during periods of immersion. 

This is because trematodes in snails kept in dry conditions are unable to release 

their cercariae until water is present. While earlier studies have investigated 

cercarial output as the response of the parasite to varying conditions, it remains 

unclear how external stresses can induce parasites within hosts to alter their 

developmental strategies and life cycles, in ways that may enhance their 

transmission success under difficult conditions (Herrmann and Poulin 2011). 

Here, the effect of stress associated with desiccation in the intertidal 

zone was the main focus. Firstly, the effect of desiccation on host survival was 

investigated, in combination with parasite infection, and secondly, the effects of 

desiccation stress experienced by the host on the parasites it harboured were 

quantified. The high intertidal zone provides an ideal system for studying 

prolonged desiccation on trematode parasites and their hosts, as it is likely to be 

a common risk for organisms living there. It was hypothesised that (i) under 

desiccation stress, infected snails would incur higher mortality rates than 

uninfected ones; (ii) more cercariae would be released from snails when placed 

in water if they were previously in dry conditions; and (iii) cercariae would be 

more likely to encyst within snails. The study system consisted of the two 

species of New Zealand periwinkle, the blue-banded Austrolittorina antipodum 

and the brown A. cincta, which host the same parasite, Parorchis sp. NZ, 

described in Chapter Two (O’Dwyer et al. 2014b). This investigation sheds light 
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on the little known phenomenon of precocious encystment, a possible 

alternative life cycle in trematode parasites. 

4.3 Materials and Methods 

4.3.1 Collection and maintenance 

Large numbers of snails of both Austrolittorina antipodum and A. cincta were 

collected from Lower Portobello Bay, Otago Harbour, South Island, New 

Zealand (45°520 S, 170°420 E) on 28 October 2012. The snails were 

transported to the laboratory and allowed to acclimate for 48 hr in shallow 

seawater. They were then put in individual wells of 12-well tissue culture plates, 

with 3 ml filtered seawater. To induce cercarial release, they were placed on an 

orbital shaker, at 80 rpm, for 7 hr. The plates were screened using a 

stereomicroscope to identify those wells in which cercariae of the 

philophthalmid parasite Parorchis sp. NZ (O’Dwyer et al. 2014b; Chapter Two) 

had emerged from snails. As one-off screening often misses infected snails, this 

was repeated three times, with approximately 10 days between successive 

screenings. Between screenings, the snails were kept in containers with rocks 

from the collection site and filtered seawater. The experiment was started on 24 

November 2012 with infected and uninfected snails divided into separate groups 

and assigned to plastic containers (17 cm x 12 cm x 7 cm), with either ‘dry’ or 

‘wet’ conditions. Three replicate containers were used for each snail species and 

for infected and uninfected individuals, resulting in 24 containers in total, each 

containing approximately 20 similarily sized, individual snails. Overall, A. 

antipodum individuals used in the experiment had shell lengths ranging from 

6.34 to 14.04 mm (mean ± SD: 9.71 ± 1.52 mm), and A. cincta individuals had 

shell lengths ranging from 6.24 to 19.98 mm (14.55 ± 2.62 mm). 

Seawater (2 cm deep, adequate for full immersion of littorinid snails) 

was added to all containers in the ‘wet’ conditions; the water was changed at 

weekly intervals, while the snails in ‘dry’ conditions (without water) were 

disturbed at the same time and to a similar extent, to control for disturbance of 

the ‘wet’ snails. For both treatments, a slanted ceramic tile was added to each 

container to provide a more natural grainy substrate for the snails, also allowing 

them to exit the water at will. The containers were arranged in a randomised 
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fashion on a bench top, and maintained at ~17°C and in a naturally lit area of 

the laboratory. Snails were kept in these conditions for 12 wk; they were 

checked every week and any dead snails were recorded and removed. 

4.3.2 Cercarial release and encystment 

At 6, 9 and 12 wk from the start of the experiment, approximately five 

infected snails per container were assigned again to individual wells in 12-well 

plates with 3 ml seawater and left overnight. This allowed the snails to 

acclimatise to the presence of seawater and for cercariae to begin to emerge. In 

the morning they were put in new 12-well plates and placed on an orbital shaker 

at 80 rpm to induce full cercarial emergence. Every hour for the first three 

hours, and later at 5 and 7 hr, the plates were screened and cercariae were 

counted under a stereomicroscope. The snails were not returned to their 

container of origin but were dissected for further data acquisition (see below). 

4.3.3 ‘Precocious encystment’ within rediae 

At each of the 6, 9 and 12 wk intervals, following the cercarial release 

observations (details above), snails were dissected and the rediae inside were 

counted. This was done by first dissecting each snail in a petri dish and 

removing the upper portion of body tissue, containing the gonad and digestive 

gland, for closer inspection. The snail tissue was then dissected thoroughly to 

separate the parasite tissue. This was compressed gently between two glass 

plates, with the addition of Neutral Red dye. The rediae were counted, the 

presence or absence of encysted cercariae within rediae was recorded and, when 

present, the number of rediae containing cysts was noted. 

4.3.4 Data analysis 

All analyses were carried out in R version 3.1.0 (R Core Team 2014). Data were 

analysed separately for each snail species and for datasets from 6, 9 and 12 wk 

measurements. The variable ‘snail length’ was centred before inclusion in the 

models. 

Snail mortality data were analysed using binomial bias-reduced 

generalised linear models. Bias reduction was required due to snail groups 

which did not experience mortality, and so the same value (alive) was recorded 
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for all snails in those categories. This was done using the function brglm from 

the package brglm (Kosmidis 2013). Due to the use of bias reduced models, the 

random effect of tub identity could not be included. The main effects used in the 

models were treatment, infection status and snail length. The interaction 

treatment x infection status was also included. 

Data for cercarial release (numbers of cercariae released per snail during 

the full period on the orbital shaker) were overdispersed, as confirmed by the 

observation of the residual deviance being much larger than the residual degrees 

of freedom. Zero inflation was not observed, however, and the data were log-

transformed. Analysis of these data was carried out using negative binomial 

generalised linear mixed models. The random effect of tub identity was 

included in the model to control for snails coming from three different 

containers per treatment, and the main effects were treatment, snail length and 

the interaction of both. The analysis was done using the function glmmadmb in 

the R package glmmADMB (Skaug et al. 2006). 

The proportion of infections which contained cysts (i.e., proportions of 

infected snails in which encysted cercariae were found in at least some rediae) 

were analysed using binomial generalised linear mixed models using the 

function glmer in the R package lme4 (Bates et al. 2014). The random effect of 

tub identity was included, and the main effects were: treatment and snail length. 

4.4 Results 

4.4.1 Snail mortality 

Both snail species suffered greater mortality when exposed to prolonged dry 

conditions (Tables 4.1 and 4.2; Fig. 4.2). This difference between treatments 

was only significant for A. antipodum after 12 weeks of desiccation stress, 

although a similar trend was observed for A. cincta whereby mortality increased 

with time spent under stress by desiccation (Tables 4.1 and 4.2; Fig. 4.2). The 

effect of infection status did not significantly affect the mortality of snails 

(Table 4.1 and 4.2), although infected snails tended to succumb more, especially 

in dry conditions (Fig. 4.2). Due to small sample sizes, the model results are less 

clear than the trends apparent in Figure 4.2. 
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Table 4.1 Snail mortality for infected and uninfected Austrolittorina antipodum snails under wet and dry 
conditions after 6, 9, 12 wk. The intercept contained uninfected snails in dry conditions. P-values below 
0.05 are indicated in bold. 

 Estimate SE z p 

Six weeks     

Intercept -2.940 1.607 -1.829 0.067 

Treatment -0.028 2.180 -0.013 0.990 

Infection status 0.787 1.702 0.463 0.644 

Snail length 0.622 0.401 1.549 0.121 

Treatment x Infection status -0.518 2.431 -0.213 0.831 

Nine weeks 
 

Intercept -1.993 0.863 -2.308 0.021 

Treatment -1.753 1.781 -0.984 0.325 

Infection status 1.907 1.038 1.837 0.066 

Snail length -0.637 0.337 -1.891 0.059 

Treatment x Infection status -1.584 2.368 -0.669 0.504 

Twelve weeks  

Intercept 0.917 0.543 1.689 0.091 

Treatment -4.651 1.538 -3.024 0.003 

Infection status 0.694 0.782 0.887 0.375 

Snail length -0.039 0.203 -0.192 0.848 

Treatment x Infection status 0.735 1.739 0.423 0.672 
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Table 4.2 Snail mortality for infected and uninfected Austrolittorina cincta snails under wet and dry 
conditions after 6, 9, 12 wk. The intercept contained uninfected snails in dry conditions. P-values below 
0.05 are indicated in bold. 

 
Estimate SE z p 

Six weeks     

Intercept -2.561 1.524 -1.681 0.093 

Treatment -0.120 2.154 -0.056 0.956 

Infection status 0.422 1.710 0.247 0.805 

Snail length 0.363 0.266 1.362 0.173 

Treatment x Infection status -0.589 2.398 -0.246 0.806 

Nine weeks 
    

Intercept -2.706 1.518 -1.783 0.075 

Treatment 0.115 2.132 0.054 0.957 

Infection status 1.369 1.642 0.834 0.404 

Snail length 0.047 0.192 0.246 0.806 

Treatment x Infection status -2.419 2.614 -0.925 0.355 

Twelve weeks 
    

Intercept -1.030 0.624 -1.651 0.099 

Treatment -2.213 1.665 -1.330 0.184 

Infection status 1.411 0.724 1.948 0.051 

Snail length -0.143 0.104 -1.367 0.172 

Treatment x Infection status -1.261 1.880 -0.671 0.503 

 

!  
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Figure 4.2 Snail mortality, expressed as a proportion of the initial number, for infected [black] and 
uninfected [grey] a) Austrolittorina antipodum [total N = 211] and b) A. cincta [total N = 211], in dry 
conditions and wet conditions at 6, 9 and 12 wk. 

 

4.4.2 Cercarial release and encystment 

After exposure to dry conditions, more cercariae were released from snails 

when these were returned to water compared to snails kept in wet conditions 

throughout the 12 weeks (Tables 4.3 and 4.4; Fig. 4.3). Cercarial output from 

snails in wet conditions was much less variable than that from snails kept in dry 

conditions. However, this was less apparent for A. cincta (Fig. 4.3). For both 

species, the effect of treatment was significant for all weeks (Tables 4.3 and 

4.4), except after 12 weeks for A. cincta when no significant difference was 

observed (Table 4.4).  
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Table 4.3 Results of negative binomial generalised linear mixed models for cercarial release of infected 
Austrolittorina antipodum snails under wet and dry conditions after 6, 9, 12 wk. The intercept contained 
snails in dry conditions. P-values below 0.05 are indicated in bold. 

 
Estimate SE z p 

Six weeks     

Intercept 4.160 0.568 7.320 <0.001 

Treatment -4.631 0.853 -5.430 <0.001 

Snail length 0.761 0.483 1.580 0.115 

Treatment x Snail length -1.721 0.657 -2.620 0.009 

Nine weeks 
    

Intercept 3.339 0.784 4.260 <0.001 

Treatment -3.553 1.175 -3.020 0.003 

Snail length 0.583 0.432 1.350 0.177 

Treatment x Snail length -2.253 1.334 -1.690 0.091 

Twelve weeks 
    

Intercept 5.103 1.175 4.340 <0.001 

Treatment -2.890 1.249 -2.310 0.021 

Snail length 0.206 0.524 0.390 0.694 

Treatment x Snail length -0.129 0.656 -0.200 0.845 

 

Table 4.4 Results of negative binomial generalised linear mixed models for cercarial release of infected 
Austrolittorina cincta snails under wet and dry conditions after 6, 9, 12 wk. The intercept contained snails 
in dry conditions. P-values below 0.05 are indicated in bold. 

 
Estimate SE z p 

Six weeks     

Intercept 5.735 0.324 17.700 <0.001 

Treatment -3.015 0.517 -5.830 <0.001 

Snail length 0.086 0.305 0.280 0.780 

Treatment x Snail length 0.236 0.348 0.680 0.500 

Nine weeks 
    

Intercept 5.507 0.402 13.700 <0.001 

Treatment -3.146 0.553 -5.690 <0.001 

Snail length 0.175 0.311 0.560 0.570 

Treatment x Snail length -0.081 0.353 -0.230 0.820 

Twelve weeks 
    

Intercept 4.473 0.552 8.110 <0.001 

Treatment 0.083 0.646 0.130 0.900 

Snail length 0.758 0.610 1.240 0.210 

Treatment x Snail length -0.799 0.630 -1.270 0.200 
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Figure 4.3 Mean cercarial release, i.e. mean number of cercariae emerged per snail during the full period 
on the orbital shaker, for a) Austrolittorina antipodum [total N = 84] and b) A. cincta [total N = 105], in 
both wet and dry conditions at 6, 9 and 12 wk. Open and solid circles correspond to dry and wet 
conditions, respectively. Error bars represent standard error (SE). 

 

4.4.3 Precocious encystment in rediae 

The occurrence of precocious encystment in trematode infections was not found 

to vary with desiccation, i.e. it did not differ between wet and dry treatments 

(Tables 4.5 and 4.6; Fig. 4.4). Snail length was found to be a significant 

predictor of precocious encystment in A. cincta after six weeks (z=2.692; Table 

4.6) but this effect was not found after nine and 12 weeks. In general, in wet 

conditions the occurrence of cysts in rediae within both snail species decreased 

over the 12 weeks (Fig. 4.4), while in dry conditions, although non-significant, 

~30% more infections contained cysts at 12 weeks for A. antipodum (Fig. 4.4a). 

The occurrence of cysts in infections of A. cincta remained relatively unchanged 

over the 12 weeks, whether in wet or dry conditions (Fig. 4.4b).  
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Table 4.5 Results of binomial generalised linear mixed models for the proportion of infections containing 
cysts in Austrolittorina antipodum snails under wet and dry conditions after 6, 9, 12 wk. The intercept 
contained snails in dry conditions. P-values below 0.05 are indicated in bold. 

 Estimate SE z p 

Six weeks     

Intercept -0.825 0.549 -1.502 0.133 

Treatment 0.061 0.777 0.079 0.937 

Snail length 0.168 0.380 0.441 0.659 

Nine weeks 
    

Intercept -1.218 0.667 -1.828 0.068 

Treatment -0.047 0.874 -0.054 0.957 

Snail length -0.242 0.479 -0.505 0.614 

Twelve weeks 
    

Intercept -0.208 0.913 -0.228 0.820 

Treatment -1.243 1.085 -1.146 0.252 

Snail length 0.222 0.300 0.743 0.458 

 

 

 

 
Table 4.6 Results of binomial generalised linear mixed models for the proportion of infections containing 
cysts in Austrolittorina cincta snails under wet and dry conditions after 6, 9, 12 wk. The intercept 
contained snails in dry conditions. P-values below 0.05 are indicated in bold. 

 Estimate SE z p 

Six weeks     

Intercept -1.489 0.640 -2.325 0.020 

Treatment 1.214 0.847 1.433 0.152 

Snail length 0.768 0.285 2.692 0.007 

Nine weeks 
    

Intercept -1.038 0.579 -1.794 0.073 

Treatment -0.088 0.773 -0.114 0.909 

Snail length 0.266 0.182 1.462 0.144 

Twelve weeks 
    

Intercept -1.154 0.579 -1.994 0.046 

Treatment -0.569 0.730 -0.780 0.436 

Snail length 0.43 0.237 1.816 0.069 

 



Chapter Four – Desiccation Stress 

!

101 

 
Figure 4.4 The proportion of infections with rediae containing cysts, for a) Austrolittorina antipodum 
[total N = 95] and b) A. cincta [total N = 124], in both wet and dry conditions at 6, 9 and 12 wk. Open 
circles correspond to dry conditions and solid circles to wet conditions, and circle size is proportional to 
sample size. 
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4.5 Discussion 

Due to large fluctuations in the tidal cycle, organisms in the high intertidal zone 

may possibly be out of water for substantial periods of time (e.g. months) 

(Sokolova et al. 2000; Marshall et al. 2011). Several species of periwinkle, 

including the two New Zealand species studied here, inhabit the extreme high 

shoreline and, hence, are more likely to experience stress due to desiccation 

than species inhabiting the lower levels of the shore.  

In this study, desiccation was found to be stressful for both snail species, 

as evidenced by the higher mortality rate recorded for snails kept in dry 

conditions, in comparison to those housed in wet conditions. Snails kept in dry 

conditions were also found to release much greater numbers of cercariae than 

those in wet conditions. The stress due to desiccation did not result in higher 

rates of within-snail cyst formation by the parasite; there was little difference in 

the frequency of cyst formation inside trematode rediae between snails from dry 

or wet conditions. However, a trend for increased cyst formation under dry 

conditions after twelve weeks was observed, while the rate of cyst formation in 

snails in wet conditions appeared to subtly decrease over the twelve week 

period. The difference in mortality between the two snail species, as well as the 

difference between them in the extent to which precocious parasite encystment 

increased over time, may be related to their natural distribution on rocky shores. 

The snails are thought to have slightly different distributions on the shore, with 

Austrolittorina antipodum favouring the upper levels of the high intertidal zone 

compared to A. cincta (Reid and Williams 2004). This could perhaps explain 

differences in the occurrence or rate of precocious encystment between the two 

species, with the two Austrolittorina having different tolerances to desiccation. 

Furthermore, the parasites could behave differently in the two snail species. For 

example, varying degrees of pathogenicity of the same parasite species in 

different snail host species have been reported (Galaktionov 1990), suggesting 

that the same parasite could also follow different developmental routes in 

different snail hosts.  

Periods of prolonged desiccation may have selected for an adaptive and 

facultative abbreviation of the life cycle by the parasite when it is without 

access to water for cercarial release. This strategy could allow eventual 
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transmission to a bird final host via direct predation on snails, without the need 

for emergence by cercariae under difficult conditions. Many periwinkle species, 

including those from the high intertidal zone, have been well-studied for their 

trematode parasites but encystment in rediae has never been observed (K. 

Galaktionov, pers. comm.). Although precocious encystment was first reported 

in the literature almost one hundred years ago (Johnson 1919), no studies have 

thus far attempted to elucidate the reasons for this behaviour in the parasite. 

The trematode investigated in this study, commonly found infecting 

New Zealand high shore littorinids, is a member of the family Philophthalmidae 

which belongs to the superfamily Echinostomatoidea. It is interesting to note 

that, following extensive observations of another trematode (Notocotylidae sp. 1 

NZ), also infecting New Zealand littorinids and using redial stages, no cysts 

were ever recorded inside the rediae of that other parasite (K O’Dwyer, pers. 

obs.). This report of cercariae encysting within rediae by the parasite Parorchis 

sp. NZ is in agreement with the few previous reports found, which only 

recorded this phenomenon from trematodes in the Echinostomatoidea (Nasir 

1962; Lie and Umathevy 1965a; b; Lie and Basch 1966; Chernin 1967). 

However, all earlier records were from freshwater snail hosts, and to my 

knowledge, this is the first report of precocious encystment from an 

echinostomatoid trematode infecting a marine snail.  

As mentioned earlier, it has been suggested that precocious encystment 

is observed when the infection appears somehow compromised or in poor health 

(Ganapathi and Hanumantha Rao 1968). No significant effect of desiccation 

stress on the occurrence of precocious encystment was found in this study. 

Throughout my observations, I recorded precocious encystment in rediae from 

both seemingly ‘healthy’ and ‘not so healthy’ infections, based on the numbers, 

size and appearance of rediae, although this was not directly measured. It is also 

worth noting that snails in both wet and dry conditions equally experienced 

starvation in this experiment, however snail mortality was greater, albeit non-

significantly so, under dry than wet conditions, indicating higher stress 

experienced by these snails. The slight decrease in the frequency of precocious 

encystment in snails kept in wet conditions, along with a subtle increase under 

dry conditions, suggests that there exists a baseline level of precocious 
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encystment in infections of this parasite in nature, which may respond to some 

degree to external conditions.  

The context-dependent nature of host-parasite interactions has been 

highlighted in many recent studies (Hall et al. 2013; Dibble et al. 2014; Raffel et 

al. 2015). It may be that the slight but noticeable increase in precocious 

encystment in parasites of snails from dry conditions is indeed a response to the 

absence of water. This could enable parasites of snails that remain out of water 

for extended periods of time, to remain viable for longer. Furthermore, the local 

abundance of predators or definitive hosts in the environment, which may 

directly prey on the snail hosts of trematodes, might affect the level of 

precocious encystment in the population. The diversity of trematode 

developmental strategies has long been assumed to be due to changes in 

transmission opportunities (Poulin 1996; Combes 2001). This is clearly 

supported by the existence of progenesis or other types of life cycle truncation 

in multiple trematode species from 20 different families, and the fact that the 

adoption of these alternative life cycle routes is often cued by external factors 

(Lefebvre and Poulin 2005). In the present study, the reasons behind the 

occurrence of intra-redial cysts, whether adaptive or not, remain unclear as yet, 

but certainly deserve further study. An interesting avenue for future research 

would be to use comparisons among geographically distinct populations to 

assess the influence of the local intensity of direct predation on snails by 

definitive hosts on the occurrence of within-snail precocious encystment. 
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5 Chapter Five 

Altered microhabitat use and movement of littorinid 

gastropods: the effects of parasites 
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5.1 Abstract 

The distribution of organisms at small spatial scales and their use of 

microhabitats are important determinants of species-level interactions. In many 

ubiquitous rocky shore invertebrates the use of intertidal microhabitats has 

previously been studied with relation to thermal and desiccation stress, 

ontogenetic changes and predation. Here, the effects of parasitism on the 

microhabitat use and movement of two New Zealand littorinid, or periwinkle, 

hosts, Austrolittorina antipodum and A. cincta, were investigated by examining 

the effect of infection by a philophthalmid trematode parasite. Alterations in 

microhabitat use and movement of infected versus uninfected individuals were 

found during both field mark-recapture and laboratory experiments, carried out 

from August 2012 to March 2013 in Otago Harbour, New Zealand (45.83°S, 

170.64°E). Specifically, a trend towards increased use of rock surface habitats 

and a reduction in the distance moved by infected snails was observed. In 

addition decreased downward movement was observed for some infected 

individuals. This alteration in individual distribution is likely to increase the 

availability of infected individuals to predators, hence aiding the successful 

transmission of the trematode parasite. These results highlight the importance of 

including parasitism as a biotic factor in studies of gastropod movement and 

spatial distribution. 
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5.2 Introduction 

The intertidal zone has provided an ideal study system for investigating the 

interactions among species within ecological communities, or between species 

and the abiotic environment. For example, studies of competition among 

barnacles (Connell 1961), grazing by littorinid snails (Lubchenco 1978), 

facilitation between algae species (Dayton 1975) and predation by sea stars 

(Paine 1966) provide classic examples of species interactions, both direct and 

indirect. These examples illustrate the importance of biotic factors among the 

suite of mechanisms influencing species distributions. Parasitism is one such 

biotic factor, and it has received less attention than other factors despite the 

ubiquity of parasites in the intertidal environment (Mouritsen and Poulin 2002; 

Torchin et al. 2002; Marcogliese 2005) There is now increasing evidence that 

parasites have considerable community-wide impacts (Curtis 1990; Wood et al. 

2007; Clausen et al. 2008).  

For many organisms with a restricted distribution and reduced range, 

like several in the intertidal zone, small spatial scales and the availability of 

microhabitats can greatly influence population structure. Microhabitat use has 

been the focus of several recent studies of the avoidance of predation risk 

(Trussell et al. 2003; Orrock et al. 2013; Vaudo and Heithaus 2013). 

Microhabitats are a vital component of an organism’s niche and can impact life 

history characteristics such as survival (Norton et al. 1990; Kovach and Tallmon 

2010) and growth (Orrock et al. 2013). Furthermore, microhabitat use may be 

influenced by various biological factors, such as an organism’s size, or how it is 

affected by predation or competition (Kemppainen et al. 2005; Perez et al. 

2009). In field settings, the influence of parasites has recently been studied, in 

terms of alterations in phenotypic appearance (Lagrue et al. 2007; Minguez et 

al. 2012), host movement and behaviour (Dunn et al. 2011; Fredensborg and 

Longoria 2012), host feeding (Wood et al. 2007) and in wider ecological 

studies, such as in food web analyses (Lafferty et al. 2008; Britton 2013). 

Infection by parasites can also influence microhabitat choice and risk-taking 

behaviour of a variety of hosts, including crustaceans and fish (Poulin 1994; 

Lafferty and Shaw 2013). Although the underlying mechanisms causing such 
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changes remain unclear, it seems likely that parasites can either directly alter 

microhabitat choice or indirectly affect it by modifying host size, affecting the 

fit of the host to its microhabitat (McCarthy et al. 2004; Chapuis 2009). 

Gastropods serve as first intermediate hosts to trematode parasites, 

common in marine intertidal environments (Torchin et al. 2002). Trematodes 

are flatworms with a complex life cycle: their juvenile stages (eggs/miracidia) 

infect gastropods from which they release cercariae that infect a second 

intermediate host, or encyst on a hard substrate, before eventually infecting 

either fish or bird definitive hosts, depending on the species (Galaktionov and 

Dobrovolskij 2003). Examples of the behavioural effects of trematodes on their 

intertidal gastropod hosts include reduced displacement (Williams and Ellis 

1975; Miller and Poulin 2001), and greater upshore movement (Curtis 1987; 

McCarthy et al. 2000). Although these effects may be due to pathological side-

effects, they may in some cases represent manipulation by the parasite driving 

the host into a zone with greater probability of successful transmission to the 

next host (Curtis 1987; Curtis 1993; McCarthy et al. 2000; McCurdy et al. 

2000). Such disrupted movement can contribute to the distribution and size 

structure of a species’ population, for example if infected individuals are larger 

(McCarthy et al. 2004) and move upshore (McCarthy et al. 2000). While many 

studies have focused on the effects of parasites on host behaviour, to my 

knowledge, the study outlined in this chapter is one of the rare investigations of 

an alteration in the use of microhabitats by the gastropod first intermediate host 

of a trematode parasite. The present study focused on quantifying the effect of 

trematode parasites on microhabitat use by their periwinkle hosts on a rocky 

shore. 

Littorinids are dominant gastropods on rocky shores worldwide (Davies 

and Williams 1998) and are host to many trematode species (Thieltges et al. 

2009b). As these gastropods are typically found in very high numbers and 

utilise a variety of microhabitats on the shore, such as crevices and rock pools 

(Saier 2000; Granovitch and Mikhailova 2004), they make for ideal study 

organisms. Previously, periwinkles have been used as model organisms in the 

study of microhabitat use in relation to thermal and desiccation stress (Jones and 

Boulding 1999; Chapperon and Seuront 2011a), although results of such studies 

are equivocal (Stafford and Davies 2004). Additional factors which may 
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influence microhabitat use of littorinids are discussed by Chapperon and 

Seuront (2011a) but parasitism has never been considered. 

In a field mark-recapture study and a parallel laboratory study, I 

investigated whether infection by a castrating philophthalmid trematode, 

Parorchis sp. NZ (Chapter Two), would alter microhabitat use and movement 

by littorinid individuals, which may be due to either adaptive manipulation or 

underlying pathological effects. Littorinids are abundant gastropods on New 

Zealand rocky shores (Saies 1973). The focal philophthalmid trematode, 

Parorchis sp. NZ, uses littorinids as first intermediate hosts. The parasite 

produces free-swimming stages, or cercariae, which are then released from the 

snails and soon encyst on rocky intertidal hard surfaces where they may be 

ingested by a bird definitive host (Weekes 1982; Kanev et al. 2005). This is the 

first study to investigate the influence of trematode parasitism on the ecology of 

these littorinid hosts. Specifically, I tested whether (1) infected snails show 

reduced movement compared to uninfected ones, (2) infected snails occur more 

often in exposed microhabitats where they have increased susceptibility to 

predators, through reduced use of crevices for instance, and (3) infected snails 

have a lower recapture success than uninfected ones, due to parasite-induced 

mortality. Where possible, I tested these predictions in both the field and the 

laboratory, and conducted this study on two different littorinid species as I 

sought to determine the generality of the findings.   

5.3 Methods 

5.3.1 Study system and density measures 

The study was carried out on a rocky shore at Portobello, Otago Harbour, 

Dunedin, New Zealand (45.83°S, 170.64°E), where the tidal range is 

approximately 1.8 m. The dominant organisms on the high rocky shore are the 

two species of New Zealand littorinid, Austrolittorina antipodum and A. cincta. 

The ‘littorinid zone’ is that part of the intertidal zone which littorinids inhabit, a 

term developed from the global distribution of these gastropods, with those in 

New Zealand also defined as ‘zone-forming’ (Saies 1973). These two sympatric 

species host the same philophthalmid trematode species, Parorchis sp. NZ, 

described formally in Chapter Two (O’Dwyer et al. 2014b). In August 2012, 
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using a 0.25-m2 quadrat (0.5 x 0.5 m) placed in grid fashion, i.e. six quadrats 

along each of three adjacent transects at the upper, mid and lower part of the 

littorinid zone, photographs were taken of each quadrat. Microhabitat 

availability was calculated using ImageJ 1.46r (Schneider et al. 2012) by 

determining the proportions of the surface area covered by rock surface, 

crevices, and rock pools. A crevice is defined as a crack in the rock in which 

any portion of the snail’s shell could be concealed (see also Judge et al [2009]; 

Chapperon and Seuront [2011a] for interpretations of ‘crevice’). To determine 

the density of littorinid snails on the shore, a 0.0625-m2 quadrat (0.25 x 0.25 m) 

was haphazardly placed within each of the larger 0.25-m2 quadrats used for the 

study of microhabitat availability, and individuals of the two species were 

counted. These data served to quantify the vertical zonation and density of each 

species. 

5.3.2 Assessment of infection status 

In September 2012, a total of 1545 individual littorinids of both snail species 

(796 A. antipodum, 749 A. cincta) were collected from the Portobello site where 

snail densities were measured. For identification of infected littorinids, 

immersion in seawater combined with shaking has previously been shown to 

induce parasite shedding (McCarthy et al. 2002). Therefore to induce parasite 

shedding snails were placed individually in compartments of 12-well plates and 

3 ml seawater were added to each. The plates were then put on an orbital shaker 

plate at 80 rpm for ~ 8 h. Due to variation in the shedding frequency of the 

parasites and in order to increase the likelihood of correctly identifying 

uninfected individuals, screening was carried out three times, with 7–10 d 

intervals between screenings. The prevalence of the philophthalmid parasite 

across all littorinids was 3.4%. Higher prevalence was found for A. antipodum 

(n=35, 4.7% infected) than for A. cincta (n=15, 2.0% infected). 

5.3.3 Mark-recapture experiment 

Infected snails, along with the same number of uninfected snails (35 uninfected 

A. antipodum and 15 uninfected A. cincta) were individually labelled with bee 

tags (Bee Works) applied with glue. The shell length (SL) of each snail was 

recorded to the nearest 0.1 mm using digital callipers. Uninfected littorinids 
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(mean ± standard deviation [SD] SL = 8.2 ± 1.4 mm A. antipodum; 11.6 ± 1.7 

mm A. cincta) were chosen of similar sizes to those infected snails (mean ± SD 

SL = 8.4 ± 1.5 mm A. antipodum; 11.7 ± 1.9 mm A. cincta) so that there was no 

significant size difference between the two groups (Welch Two Sample t test: T 

= 0.489, P = 0.626 for A. antipodum; T = 0.225, P = 0.823 for A. cincta). There 

was a clear size difference between the two littorinid species, hence they were 

treated separately. The littorinids were released during the evening low tide, on 

23 September 2012, within a 0.0625-m2 quadrat on a wetted rock surface in the 

middle of the study site. Littorinids were observed for 2 h following release to 

ensure they had attached to the substrate. 

The position of each individual was next recorded at the evening low 

tide the following day. The distance moved by each snail was measured by 

recording its vertical and horizontal distance from the perimeter of the 0.0625-

m2 release quadrat; these values were later converted into a measure of the most 

direct linear route to the current position. The microhabitat in which each 

individual was found was also recorded as rock surface, crevice or rock pool. 

The position and location of all re-sighted littorinids were recorded 

weekly for a total of 9 weeks and, subsequently, monthly for 2 months. At each 

weekly and, later, monthly shore visit, the recordings were the same as those 

above, i.e. distance moved and microhabitat used. In January (17 weeks after 

the start of the experiment), the number of marked snails on the shore dropped 

dramatically, prompting collection of all individuals to confirm their infection 

status via dissection.  

5.3.4 Laboratory experiment 

Four replicate tanks (each 45 x 42 x 37 cm) were prepared by lining the inside 

of each plastic tank with plaster to ensure equal substrate type within the tank. 

Before the plaster hardened, crevices were made using a trowel, and at the same 

locations for all four tanks. To ensure the removal of any powdery residue, each 

tank was soaked in seawater and rinsed several times before use in the 

experiment. The tanks were set down on a slant (~ 30° slope) and seawater 

(salinity 35) was added to create a rock pool (~ 3 cm maximum depth) at one 

end. The remaining surface area consisted of open ‘rock’ surface either on a 

slant, or more or less vertical along the four sides of the tank. A different set of 
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snails from those of the field study were collected on 10 March 2012 and 

screened three times for assessment of infection status. The 80 snails used in 

this experiment were also marked with numbered bee tags. Before the 

experiment, they were kept in 1l tanks in the laboratory with rocks, collected at 

the same site, provided as a food source (encrusting algae) and natural substrate. 

At the start of the experiment, 20 tagged snails were added to each of the four 

tanks, within an 8-cm2 quadrat, so that each tank contained 5 infected A. 

antipodum, 5 uninfected A. antipodum, 5 infected A. cincta and 5 uninfected A. 

cincta. The experiment was carried out under natural daylight conditions and at 

~ 18°C. Shell lengths differed between infected and uninfected snails, which 

could not be avoided in the sample collected, but the difference was controlled 

for in later statistical analysis. Following a 30-min acclimation period, 

recordings were made every hour, of each snail’s location within the tank, in 

terms of the microhabitat occupied, and their distance vertically and 

horizontally from the release quadrat. While the experiment lasted for several 

hours, the littorinids virtually ceased movement after a few hours, hence only 

the first three hours of data were used. Following experiments, all individuals 

were measured and dissected to re-assess their infection status. Of those initially 

classed as uninfected, 11 were infected with the philophthalmid trematode 

parasite under investigation and so were included in analyses as infected 

individuals. A further two littorinids were found to contain another parasite 

species and these were excluded from the study. Thus, 22 infected and 17 

uninfected A. antipodum along with 29 infected and 10 uninfected A. cincta 

contributed to the final data set for the laboratory study. 

5.3.5 Statistical analysis 

Due to the nature of the mark-recapture data, many missing values were 

recorded when a snail was not observed during one of the shore visits. It is 

important to account for missing data in analyses to avoid losing any 

information and to prevent biased results (Nakagawa and Freckleton 2008; 

2011). The extent of missing data points for each study is reported in Table S5.1 

(Supplementary Information, at end of chapter). The distribution of the missing 

data was random with respect to infection status (MCMCglmm: posterior mean 

= -0.004, credible interval [CI] = -0.34 to 0.33).  
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All statistical analyses were carried out in R version 3.0.0 (R Core Team 

2014) using Bayesian generalised linear mixed models in the MCMCglmm 

function from the package MCMCglmm, which allows the inclusion of missing 

data (Hadfield 2010). Using this package, generalised linear mixed models are 

fitted using a Markov chain Monte Carlo (MCMC) algorithm with inverse 

Wishart priors (Hadfield 2010). This method samples from a posterior 

distribution and provides the mean and credible intervals of that distribution. In 

any case where the credible interval does not cross zero the difference is 

considered significant.   

Separate models were run for each species of littorinid, and the number 

of iterations, thinning interval and burnin were specified in order to ensure that 

> 1000 samples were obtained from the posterior distribution (Tables S5.2, 

S5.3, S5.4). The default inverse Wishart prior was used for the movement data 

and a modified prior assuming variance of 1 was used for the binomial 

microhabitat and recovery data, followed by c2 correction (Hadfield 2010).  

For the microhabitat choice models in the laboratory study, the data 

were one-sided (i.e. larger sample size in one group), and therefore a prior 

utilising the gelman.prior function was specified (Gelman et al. 2008). It was 

observed that almost every chain had mixed thoroughly as autocorrelation 

between subsequent lags was consistently low (<0.1) (Tables S5.2, S5.3, S5.4). 

Data for the overall distance moved by individual littorinids, as well as for the 

distance moved vertically, were square-root transformed. Microhabitat use data 

were analysed by comparing the use of rock surface and crevice only, because 

too few snails were found in rock pools to allow analysis of these data. For all 

models, the fixed-effect predictor variables were infection status and snail SL 

while the random-effect variables changed according to the specific model; see 

Tables S5.2, S5.3 and S5.4 for more details. 

5.4 Results 

5.4.1 Littorinid densities and microhabitat availability 

There was a difference in the mean overall density of each species, with 

Austrolittorina antipodum averaging 694 m-2 and A. cincta 572 m-2. The two 

species differed in their patterns of density on the shore, with substantially more 
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A. antipodum found in the lower part of the littorinid zone (Fig. 5.1). For the 

upper zone, and among microhabitats, there were smaller differences in density 

between littorinid species, except that A. antipodum was found at higher density 

in pools than A. cincta (Fig. 5.1). For both species, more individuals were found 

in crevices than on the rock surface or in rock pools (Fig. 5.1). Microhabitat 

availability was measured as surface area across the shore at each of the upper, 

mid and lower parts of the littorinid zone. The only differences found were for 

rock pools which were more abundant towards the lower shore (0.181) 

compared to the upper and mid parts of the littorinid zone (0.005 and 0.029, 

respectively). The proportional surface area for each microhabitat was: rock 

surface = 0.880, crevice = 0.048, rock pool: 0.072.  

 

 
Figure 5.1 Barplots of mean snail density (per m2) for each species, Austrolittorina antipodum and A. 
cincta, at differing heights within the littorinid zone and in each of three microhabitats (rock surface, 
crevice, rock pool). Standard error bars shown. 
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5.4.2 Microhabitat use 

In all studies, few littorinids were observed in pools (e.g. 30/630, 4/270 number 

of records for pools in the weekly data of A. antipodum and A. cincta, 

respectively). Due to their scarcity, these data could not be analysed, instead all 

analyses of microhabitat use compare the occupancy of crevices versus rock 

surface only. Overall, infected littorinids were found more on the rock surface 

than in crevices relative to uninfected snails, although the credible interval 

crossed zero in all comparisons, except in the weekly study for A. antipodum 

where it did not cross zero, indicating a significant difference (Figs. 5.2 and 5.3; 

Table S5.2). Larger individuals were also found more on the rock surface in 

comparison with crevices (Table S5.2). The results differed between species 

with typically stronger effects of infection for A. antipodum than for A. cincta, 

although there was a considerable difference in sample size between the two 

species (Figs. 5.2 and 5.3; Table S5.2). In the laboratory study, the mean 

estimate for both littorinid species indicated greater use of the rock surface 

microhabitat by infected than uninfected snails, however the credible intervals 

crossed zero so these differences were not significant (Figs. 5.2 and 5.3; Table 

S5.2). 
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Figure 5.2 The proportional use of each microhabitat studied by a) uninfected Austrolittorina antipodum, 
b) infected A. antipodum, c) uninfected Austrolittorina cincta, d) infected A. cincta. Dark grey represents 
the rock surface, light grey the crevices and white the rock pools. For the 24 hour study, results indicate the 
relative number of snails per microhabitat, while for all other studies results indicate the mean microhabitat 
use of the average infected or uninfected individual snail. Sample sizes (N) shown are the total number of 
possible datapoints for A. antipodum and A. cincta, respectively. 
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Figure 5.3 Forest plot showing the MCMC posterior mean estimates for the difference in crevice and rock 
surface microhabitat use between infected and uninfected littorinids, with 95% credible intervals (CIs). 
Results for Austrolittorina antipodum are shown by the black line, and those for A. cincta by the grey line. 
Differences where CIs do not cross zero are considered significant. A negative value indicates greater use 
of crevices by infected snails, while a positive value indicates greater use of the rock surface by infected 
snails. Sample sizes (N) shown are the total number of possible datapoints for A. antipodum and A. cincta, 
respectively. 

 

5.4.3 Movement 

During the weekly and monthly field studies, infected A. antipodum moved a 

shorter distance from their previous position, on average, than their uninfected 

conspecifics, with a credible interval not including zero, while for A. cincta no 

difference in movement between infected and uninfected individuals was 

observed (Figs. 5.4 and 5.5; Table S5.3). Larger individuals in both species, on 

average, moved further than smaller individuals (Table S5.3). 
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Figure 5.4 The mean total distance moved during each study period, with 95% confidence intervals (CIs), 
for a) Austrolittorina antipodum and b) Austrolittorina cincta. Results for uninfected snails are shown by 
the black line, and those for infected snails by the grey line. Sample sizes (N) shown are the total number 
of possible datapoints for infected and uninfected combined. 
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Figure 5.5 Forest plot showing the MCMC posterior mean estimates for the difference in distance from the 
original release site between infected and uninfected littorinids, with 95% credible intervals (CIs). Results 
for Austrolittorina antipodum are shown by the black line, and those for A. cincta by the grey line. 
Differences where CIs do not cross zero are considered significant. A negative value indicates a shorter 
distance travelled by infected snails, while a positive value indicates greater distance travelled by infected 
snails. Sample sizes (N) shown are the total number of possible datapoints for A. antipodum and A. cincta, 
respectively. 

 

 In terms of vertical movement, infected individuals moved downwards 

less than uninfected individuals during the 24-h study for A. cincta. This trend 

was also observed in the weekly study for A. antipodum but the credible interval 

just included zero (Figs. 5.6 and 5.7; Table S5.4). In the laboratory no clear 

differences were found between infected and uninfected littorinids with respect 

to either total distance moved or vertical movement (Figs. 5.4, 5.5, 5.6, 5.7; 

Tables S5.3 and S5.4), with the credible interval for both analyses overlapping 

zero. It is noteworthy that the general trend was similar in terms of reduced 

overall movement by infected snails, at least for A. antipodum (Figs. 5.4 and 
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5.5; Table S5.3), while in the laboratory infected individuals of both species 

tended to move downward more (Figs. 5.6 and 5.7; Table S5.4). 

 

 
Figure 5.6 The mean vertical distance moved during each study period, with 95% confidence intervals 
(CIs), for a) Austrolittorina antipodum and b) Austrolittorina cincta. Results for uninfected snails are 
shown by the black line, and those for infected snails by the grey line. Negative values indicate movement 
downshore and positive values indicate upshore movement. Sample sizes (N) shown are the total number 
of possible datapoints for infected and uninfected combined. 
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Figure 5.7 Forest plot showing the MCMC posterior mean estimates for the difference in vertical distance 
travelled between infected and uninfected littorinids, with 95% credible intervals (CIs). Results for 
Austrolittorina antipodum are shown by the black line, and those for A. cincta by the grey line. Differences 
where CIs do not cross zero are considered significant. A negative value indicates greater downward 
movement by infected snails, while a positive value indicates greater upwards movement by infected 
snails. Sample sizes (N) shown are the total number of possible datapoints for A. antipodum and A. cincta, 
respectively. 

!
5.4.4 Littorinid recovery success 

Overall, on collection of the snails at the final shore visit, 57% of the combined 

littorinid species were recovered after five months of the field mark-recapture 

study. For A. antipodum 62.9% of the uninfected and 48.6% of the infected 

individuals were recovered, while these numbers were, respectively, 66.7% and 

53.3% for A. cincta. Although proportionally fewer infected snails were 

recovered in both littorinid species, the differences were not significant, with a 

credible interval overlapping zero (MCMCglmm: A. antipodum posterior mean 

= -0.65, credible interval [CI] = -1.72 to 0.41, A. cincta posterior mean = -0.81, 

CI = -2.59 to 0.91). 
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5.5 Discussion 

Evidence from this study suggests that philophthalmid trematode parasites 

affect the ecology of their hosts in a number of ways, by altering their use of 

microhabitat, typically increasing occupancy of rock surfaces, by reducing their 

overall movement in terms of distance travelled and in some instances by 

decreasing their downward movement on the rocky shore, while having no 

apparent effect on snail survival. I observed some discrepancy between the field 

and laboratory experimental results, which may in part be due to the somewhat 

unnatural environment provided in the laboratory and the other biotic and 

abiotic processes acting on the littorinids in the field but not in the laboratory. 

Overall, the implications of these results are numerous, with possible influences 

on the distribution of littorinid populations on the shore, their use of algal food 

sources, and their interactions with predators and various sympatric organisms. 

 Microhabitat use has been studied in terms of predation risk for many 

organisms and a meta-analysis on the topic has found that the selection of 

microhabitats to avoid predation can result in an increase in non-consumptive 

effects, at least in aquatic habitats (Orrock et al. 2013). The influence of 

microhabitats on the thermal biology of intertidal organisms is also well 

documented (Jones and Boulding 1999; Chapperon and Seuront 2011b).  In this 

context, the influence of parasitism on host microhabitat use is worthy of further 

investigation, since parasites are known to affect the thermal biology (McDaniel 

1969; Bates et al. 2011) and predation risk of hosts (Lafferty and Shaw 2013). 

Furthermore, the fine scale distribution of gastropods has been investigated 

using observations of trail following behaviour (Chapman 1998), though this 

too is affected by parasitism (Davies and Knowles 2001). To my knowledge, the 

effect of parasitism on microhabitat use by gastropod first intermediate hosts on 

the rocky shore has not previously been examined, and in previous meta-

analyses of behavioural alteration by parasites there were no data from 

gastropod-trematode systems (Poulin 1994; Lafferty and Shaw 2013).  

 In this study while the availability of rock surfaces as a microhabitat was 

greatest, higher snail density, in general, was found in crevices. However, on 

closer inspection I found relatively more infected littorinids occupying the rock 

surface rather than the safety of crevices which suggests they may be more 
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vulnerable to predation than uninfected conspecifics. Gulls, including the New 

Zealand southern black-backed gull, Larus dominicanus (Fordham and 

Cormack 1970), are known to prey on molluscs (Bertellotti and Yorio 1999; 

Forero et al. 2004). Furthermore, philophthalmid parasites use birds, including 

gulls, as definitive hosts (Weekes 1982), usually following encystment on hard 

substrata (Kanev et al. 2005). A previous New Zealand study examining the 

encystment of another philophthalmid species found preferential encystment on 

gastropod shells, including the first intermediate host (Neal and Poulin 2012). 

Hence, trematode parasites may alter host microhabitat choice and thereby 

increase the chance of successful transmission to the avian host. Interestingly, 

‘precocious encystment’, within the the two Austrolittorina species in this 

study, has been observed (K O’Dwyer, pers obs; Chapter Four). Briefly, this 

involves the trematode sometimes developing into its next life cycle stage 

within the littorinid, thus, littorinid snails may serve as both first and second 

intermediate host. This may be an additional adaptation for transmission in a  

zone where littorinids are the dominant invertebrates. In light of this unusual life 

cycle, any alteration in host microhabitat use might increase parasite 

transmission to birds. 

 Low rates of predation on littorinids have previously been reported 

(Chapman and Johnson 1990) although many trematode species infect these 

gastropods (Thieltges et al. 2009b). Nevertheless, a sufficient level of predation 

must exist to allow the maintenance of the parasite population; a high local 

abundance of gulls (Fredensborg et al. 2006) may compensate for low predation 

rates, and allow the persistence of the parasite population in the littorinids 

(Bustnes and Galaktionov 1999; Byers et al. 2008; Herrmann and Sorensen 

2009). 

 In addition to increasing exposure of their host to predation (Lafferty 

and Shaw 2013) parasites of invertebrates, including those of gastropods, often 

alter the activity level of hosts (Lambert and Farley 1968; Poulin 1994; Miller 

and Poulin 2001). In this study, the reduced movement of infected hosts is likely 

a result of pathological side-effects and/or energetic drain from infection. In the 

case of this philophthalmid parasite, perhaps reduced host movement combined 

with its position on the rock surface together increase transmission to gulls via 

predation. As a result of pathological side-effects of infection and increased 
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predation it is not surprising that mortality of infected hosts, including 

littorinids, is generally higher than for uninfected individuals (Huxham et al. 

1993; Tétreault et al. 2000; Herrmann and Sorensen 2009). In this study, while 

no direct measure of mortality was obtained, the recovery success of individuals 

did suggest a slightly higher loss of infected individuals. However the causal 

mechanisms are unknown, and could include both higher predation and greater 

susceptibility to physical stress such as wave exposure. 

 Finally, parasites can have significant indirect effects through trait-

mediated indirect interactions (Hatcher et al. 2006; Raffel et al. 2010). For 

instance, in marine systems, parasitism can cause reduced anti-predator 

responses in gastropods (Kamiya and Poulin 2012) and parasites in littorinids 

impact community structure via increased algal growth as a result of reduced 

grazing by infected hosts (Wood et al. 2007; Clausen et al. 2008). Parasites also 

mediate interspecific competition in mussels (Calvo-Ugarteburu and McQuaid 

1998). From these few examples, it is clear that parasitism likely generates 

confounding effects on various processes relating to the structure of rocky shore 

communities. Along with the nature of context dependency of species 

interactions in the intertidal (e.g. developmental stages [Kordas and Dudgeon 

2011], habitat structure [Wilson and Weissburg 2013] and wave exposure [Zardi 

et al 2006] alter facilitation, predation and competition respectively), parasitism 

adds yet another noteworthy layer towards a holistic understanding of such 

interactions. Overall, due to the multitude of demonstrated effects of parasites 

on their hosts and the diversity of parasites in the marine environment I extend 

Sousa's (1991) call for inclusion of parasites in studies of soft-sediment 

community structure to investigations of community structure on rocky shores.  

! !
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Supplementary Information 

 Table S5.1. The percentage of missing data for each dataset used in each model. 

Model Percentage missing data 
Austrolittorina antipodum  
24hour study 14.29 
Weekly study 24.29 
Monthly study 37.14 
Lab study 0 
  
Austrolittorina cincta  
24hour study 3.33 
Weekly study 23.70 
Monthly study 46.67 
Lab study 0 
! !



Chapter Five – Microhabitat Choice 
!

!

126 

Table S5.2.  MCMCglmm models for the difference in the use of the rock surface or crevices, between infected and uninfected littorinid species, (a) Austrolittorina antipodum and (b) 
Austrolittorina cincta.  Separate models were employed for the 24 hour, weekly, monthly and lab studies. Repeated measures of individuals over time were accounted for by including snail 
identity as a random effect. Tag colour refers to the colour of the tag attached to the snail, snail identity is denoted as SnailID and tank identity as TankID, Origin is the original microhabitat the 
littorinid was collected from; all these were included as random effects. Any case where the credible interval (CI) does not cross zero indicates a significant result and can be seen in bold. All 
values have been c2 corrected. 

!
Model Variable Posterior 

mean 
Posterior 

mode CI - L CI - H Variance posterior 
means Iterations, thinning, burnin 

(a)        
24 hour study        

 Intercept -1.7859 -1.8838 -8.4453 3.8738 Tag colour=4.0298 15000000, 1000, 10000000 
 Status 0.3104 0.1553 -1.0353 1.6953 Origin=59.4171  
 Length 0.7891 0.7411 0.1841 1.4103   
        

Weekly study        
 Intercept -1.2089 -1.0850 -2.4161 0.4710 Tag colour=0.1602 15000000, 1000, 10000000 
 Status 0.5516 0.5574 0.0309 1.0942 SnailID=0.4544  
 Length 0.4667 0.5022 0.2622 0.6986 Origin=10.7921  

        
Monthly study        

 Intercept -0.3821 -0.2896 -6.8821 5.2463 Tag colour=1.9395 15000000, 3000, 10000000 
 Status 1.5119 1.0981 -0.2526 3.9170 SnailID=7.5364  
 Length 0.3488 0.2352 -0.4007 1.3079 Origin=39.3154  
        

     Lab study        
 Intercept 6.4287 5.6892 2.4067 10.9792 Nested SnailID in  20000000, 6000, 500000* 
 Status 1.3783 0.9869 -2.5618 5.8400 TankID=19.8603  
 Length -1.3473 -1.4940 -3.5592 0.9232   
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(b) 
24 hour study        

 Intercept -2.0739 -1.3914 -10.1302 4.5898 Tag colour=32.7298 50000000, 5000, 10000000 
 Status 0.2360 0.3051 -1.6467 2.1823 Origin=42.7203  
 Length -0.0642 -0.0617 -0.8491 0.7062   

        
        
Weekly study        

 Intercept -0.4831 -0.6283 -3.8468 3.8777 Tag colour=5.6391 15000000, 1000, 10000000 
 Status 0.3280 0.2229 -0.3807 1.0102 SnailID=0.3205  
 Length 0.0945 0.1154 -0.2520 0.3811 Origin=25.5063  

        
Monthly study        

 Intercept -3.4158 -1.6628 -19.7584 9.5750 Tag colour=25.5322 50000000, 5000, 10000000 
 Status 4.7539 3.1034 -0.0087 12.3398 SnailID=17.3519  
 Length 0.6387 0.5122 -1.4614 3.3331 Origin=171.1052  

        
Lab study        

 Intercept 2.8965 1.6709 -1.8783 8.1281 Nested SnailID in  20000000, 6000, 500000* 
 Status 4.3096 5.0075 -0.9185 8.9441 TankID=73.0538  
 Length -0.8394 -0.7064 -2.5777 0.8562   

        
* indicates a model which still contained slight autocorrelation between lags in the MCMC chains for one random effect (<0.41). 
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Table S5.3.  MCMCglmm models for the difference in total distance travelled between infected and uninfected littorinid snails, (a) Austrolittorina antipodum and (b) Austrolittorina cincta. 
Separate models were employed for the 24 hour, weekly, monthly and lab studies. Repeated measures of individuals over time were accounted for by including snail identity as a random effect. 
Units refers to the residual variance of fixed effects. Tag colour refers to the colour of the tag attached to the snail, snail identity is denoted as SnailID and tank identity as TankID; all these were 
included as random effects. Any case where the credible interval (CI) does not cross zero indicates a significant result and can be seen in bold. 

Model Variable Posterior 
mean 

Posterior 
mode CI - L CI - H Variance posterior means Specifications 

(a)        
24 hour study        
 Intercept 3.1679 3.0986 2.3548 3.9487 Units=4.6140 All models 
 Status -0.6115 -0.8268 -1.6562 0.5098 Tag colour=0.0399 4000000, 2000, 400000 
 Length 0.5004 0.4742 0.1349 0.8692   
        
Weekly study        

 Intercept 5.0497 5.1024 4.5183 5.5442 Units=6.0040  
 Status -1.5520 -1.6206 -2.2803 -0.7959 Tag colour=0.0129  
 Length 0.6188 0.5780 0.3679 0.8808 SnailID=1.5000  

        
Monthly study        

 Intercept 6.8310 6.8278 6.0415 7.7595 Units=8.0050  
 Status -1.9145 -1.8802 -3.2005 -0.8307 Tag colour=0.0302  
 Length 0.7206 0.7851 0.2796 1.1091 SnailID=0.0732  
        

Lab study        
 Intercept 1.8663 1.78243 1.4509 2.3339 Units=2.4660  
 Status -0.2904 -0.2262 -0.8580 0.3596 Nested SnailID in   
 Length 0.1402 0.1494 -0.1746 0.4728 TankID =0.0023  
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(b) 
24 hour study        

 Intercept 5.94869 5.9842 4.3580 7.7200 Units=7.919  
 Status -1.42597 -1.5712 -3.3974 0.5888 Tag colour=2.272  
 Length 0.54612 0.4869 -0.0947 1.2280   
        

Weekly study        
 Intercept 6.5874 6.5198 5.5330 7.6213 Units=9.4880  
 Status -0.4863 -0.5691 -1.9973 0.9954 Tag colour=0.0287  
 Length 0.1570 0.1619 -0.2904 0.6239 SnailID=2.7980  

        
Monthly study        

 Intercept 8.0863 8.0045 6.2663 9.8725 Units=11.4200  
 Status 0.5313 0.9233 -1.7043 3.1834 Tag colour=0.3475  
 Length 0.7545 0.6354 -0.2334 1.7803 SnailID=0.2892  

        
Lab study        

 Intercept 1.75760 1.7167 1.0551 2.4011 Units=3.4990  
 Status 0.09676 0.1608 -0.6741 0.9101 Nested SnailID in   
 Length -0.03842 -0.0699 -0.2447 0.1591 TankID =0.0035  
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Table S5.4.  MCMCglmm models for the difference in vertical distance travelled between infected and uninfected littorinid snails, (a) Austrolittorina antipodum and (b) Austrolittorina cincta. 
Separate models were employed for the 24 hour, weekly, monthly and lab studies. Repeated measures of individuals over time were accounted for by including snail identity as a random effect. 
Units refers to the residual variance of fixed effects. Tag colour refers to the colour of the tag attached to the snail, snail identity is denoted as SnailID and tank identity as TankID; all these were 
included as random effects. Any case where the credible interval (CI) does not cross zero indicates a significant result and can be seen in bold.  

!
Model Variable Posterior 

mean 
Posterior 

mode CI - L CI - H Variance posterior means Specifications 

(a)        
24 hour study        
 Intercept -3.7656 -4.4114 -7.9970 0.4972 Units= 142.2000 4000000, 2000, 400000 
 Status 1.1075 2.0643 -5.2051 6.6967 Tag colour=0.4209  
 Length -1.9650 -1.9745 -3.9921 0.1690   
        
Weekly study        

 Intercept -11.7894 -11.4171 -16.3355 -7.2755 Units=244.9000 4000000, 2000, 400000 
 Status 6.1990 4.9976 -0.0054 11.6888 Tag colour=0.4174  
 Length -4.9278 -5.2174 -6.9526 -2.9136 SnailID=120.0000  

        
Monthly study        

 Intercept -7.6030 -6.9452 -15.8677 0.0451 Units=251.6000 50000000, 5000, 1000000* 
 Status -2.1836 -2.2917 -12.0713 8.5225 Tag colour=11.8800  
 Length -5.7174 -5.7994 -9.2317 -2.2040 SnailID=211.5000  
        

Lab study        
 Intercept 1.5873 1.5213 0.4765 2.6288 Units=14.9700 4000000, 2000, 400000 
 Status -0.3329 -0.1566 -1.8036 1.1623 Nested SnailID in   
 Length -0.2126 -0.4030 -1.0252 0.5355 TankID=0.0267  
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(b)        
24 hour study        

 Intercept -33.4936 -33.1645 -48.5892 -18.2194 Units=571.2000 4000000, 2000, 400000 
 Status 19.4025 18.4133 1.2593 35.9130 Tag colour=126.7000  
 Length -6.2185 -5.2679 -11.8971 -0.2528   
        

Weekly study        
 Intercept -3.5487 -4.0596 -11.7248 4.8483 Units=452.5000 4000000, 2000, 400000 
 Status 0.5179 0.0776 -11.8407 12.2419 Tag colour=9.4810  
 Length -0.5317 -0.5090 -4.2403 3.1477 SnailID=200.3000  

        
Monthly study        

 Intercept 23.163 22.9466 10.693 34.570 Units=446.4000 10000000, 5000, 400000 
 Status -8.333 -9.7830 -24.145 7.612 Tag colour=13.7400  
 Length 1.030 1.3489 -5.427 6.918 SnailID=45.9000  

        
Lab study        

 Intercept 1.0164 1.0672 0.0076 1.9760 Units=8.0390 8000000, 3000, 400000 
 Status -0.4945 -0.4235 -1.6425 0.7248 Nested SnailID in   
 Length 0.0049 -0.04783 -0.3020 0.3142 TankID=0.0112  

        
* indicates a model which still contained slight autocorrelation between lags in the MCMC chains for one random effect (<0.31). 
!
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Disentangling phylogenetic constraints from 

ecological drivers of trematode richness in gastropod 

hosts 
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6.1 Abstract 

The assemblage of parasite species infecting a particular host is determined by a 

wide range of factors. Increasingly, as data become available, the focus of 

researchers is turning toward determining the general drivers of parasite species 

richness among different host species. This is crucial if we are to predict which 

hosts incur greater effects from parasitism, and predict the broader impacts on 

communities and ecosystems. For first intermediate hosts of parasites with 

complex life cycles, few comparative studies have attempted to identify the 

main determinants of interspecific variation in parasite species richness. In this 

study, I aimed to uncover some of the factors influencing the suite of trematode 

parasites found in periwinkle snail species (family Littorinidae) using a formal 

phylogenetically controlled comparative analysis. These snails have been well 

studied in the past and a great number of parasite records are available for them. 

Furthermore, species within the family differ in size and geographical 

distribution, allowing both body size and latitude to be studied as predictors of 

parasite species richness. The other factors considered were sampling effort and 

phylogeny, both known to influence parasite species richness. Latitude was 

found to be a strong predictor of parasite species richness, with more trematode 

species reported from hosts at higher latitudes. Host sample size correlated 

positively with the recorded species richness of parasites. A variance 

partitioning method was used to disentangle the effects of phylogeny and 

ecology. While phylogeny accounted for between 12.7–20.7% of the variance, 

its contribution dropped when the ecological variables (body size, latitude and 

season sampled) were added to the model. Factors such as host body size, not 

found here to have a significant effect on parasite richness, are likely linked to 

host evolutionary history, hence the effect of phylogeny and body size may be 

somewhat confounded. The results of this study open new possibilities for 

future comparative studies of parasite species richness in first intermediate hosts 

of parasites with complex life cycles.  
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6.2 Introduction 

The ultimate goal of research into the evolution and ecology of parasite species 

richness is to understand the distribution of this diversity at different spatial 

scales (Poulin, 2007). 

 

Host-parasite interactions play important roles in community dynamics and 

ecosystem processes, and there is growing interest in finding the general 

processes driving these relationships. Of particular interest is parasite species 

richness, or the number of parasite species exploiting a host species in a given 

locality. Parasite species richness varies among different hosts, and the source 

of this variation has been the topic of recent meta-analyses searching for the 

main drivers of parasite species richness across a taxonomically wide range of 

hosts, as well as for a variety of parasite groups (Kamiya et al. 2014a; b). 

Several variables were found to significantly influence the suite of parasites 

found in a host, namely host body size, host geographical range size and host 

density, with latitude also important but only for certain taxa of hosts and 

parasites (Kamiya et al. 2014a). However, only a single comparative analysis on 

first intermediate hosts contributed to this synthesis (Poulin and Mouritsen 

2003). Therefore, as yet we know little of the main factors determining the 

parasite species richness observed in intermediate hosts of parasites with 

complex life cycles, making them a good focus for comparative analyses. 

The first intermediate host in the trematode life cycle is where asexual 

reproduction of the parasite takes place, resulting in large quantities of clones to 

infect the next host in the life cycle. This asexual amplification stage benefits 

the parasite by producing a large number of larval propagules to boost 

transmission rates to second intermediate hosts (Choisy et al. 2003; Parker et al. 

2015). Typically, the first intermediate host is a gastropod, but can sometimes 

be a bivalve, with very few trematode species using instead scaphopod molluscs 

or annelids (Cribb et al. 2003). The first intermediate host is possibly the one 

with the greatest impact on trematode population dynamics. Indeed, prevalence 

of infection generally increases, and host specificity usually decreases, through 

the life cycle, with the trematode stage using the first intermediate host typically 

characterised by relatively low prevalence and strict host specificity (Adema 
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and Loker 1997; Sapp and Loker 2000a; b; Lockyer et al. 2004; Byers et al. 

2008). 

Perhaps due to low prevalence and high host specificity for the first 

intermediate host, very few gastropod species have been examined for their 

parasites, hence there is little information available to answer fundamental 

questions about trematode diversity in these hosts. What are the general drivers 

of parasites species richness in the first intermediate host? Why are certain 

gastropods used by many trematode species whereas others serve as first 

intermediate host for only one or two trematodes? Answering these questions 

will allow more focused and informed study designs, which can address spatial 

variation in trematode diversity in other hosts of the life cycle, such as fish and 

birds. Furthermore, a major gap in our knowledge of these parasites is 

elucidation of their full life cycles (Poulin et al. 2014). Most trematode species 

are known only from their adult stage in a vertebrate definitive host. Being able 

to predict the factors influencing high parasite species richness would greatly 

help narrow the search for possible first intermediate hosts, when faced with the 

aforementioned low prevalence and high specificity. 

There are various evolutionary factors that may influence parasite 

species richness. For instance, phylogenetically related hosts are thought to 

harbour more similar parasites through shared inheritance of parasites from their 

common ancestor; they may also be similar in terms of parasite species richness. 

The evolutionary history of a host species is, therefore, important to consider 

when looking for general interspecific patterns in parasite species richness 

(Harvey and Pagel 1991; Nunn et al. 2003). Many studies have indeed 

acknowledged the importance of phylogeny, but rather than asking what the 

contribution of phylogenetic relatedness is to the patterns observed, most earlier 

studies simply controlled for the effect of phylogeny while focusing on some 

other variables (e.g. by using phylogenetically independent contrasts; Bordes et 

al. 2011; Krasnov et al. 2011; Koprivnikar and Randhawa 2013; Lootvoet et al. 

2013). The universal importance of host phylogeny in shaping variation in 

parasite species richness was further corroborated by a recent meta-analysis 

(Kamiya et al. 2014a).  

What ecological factors may influence the parasite species richness of a 

host? These are many and varied and can include variables associated with the 
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hosts themselves or with the characteristics of their habitat. For example, host 

body size (Lindenfors et al. 2007; Bordes et al. 2008) and latitude (Poulin and 

Mouritsen 2003; Lindenfors et al. 2007; Thieltges et al. 2009b) are two often 

tested predictors of parasite species richness across host species. Other 

potentially important factors include host geographical range size (Mitchell et 

al. 2010), host density (Morand and Poulin 1998), host diversity (Krasnov et al. 

2004), and habitat substrate (Poulin and Mouritsen 2003). These are only a few 

of the possible ecological factors impacting the suite of parasites infecting a 

host, with other factors being restricted to particular host-parasite combinations. 

The only previous comparative study of trematode species richness in 

gastropods was that of Poulin and Mouritsen (2003). They investigated variation 

in parasite species richness across 54 marine intertidal snails. Both sample size 

and latitude were found to be strong predictors of species richness in 

gastropods, with some weak effects reported for higher parasite species richness 

on soft sediment substrate compared to rocky shores, and at higher shore levels 

compared to lower levels. When the authors included the effect of phylogeny, 

using phylogenetically independent contrasts, they found only sample size, and 

neither latitude nor host body size, correlated with parasite species richness. 

Methodologically, and as evidenced by Poulin and Mouritsen (2003), 

another major influence on records of parasite species richness is that of 

sampling effort. Sampling only a small subset of the host community will 

always limit the number of parasites that might be encountered. The more host 

individuals that are sampled from a locality, the more parasite species are found. 

Therefore, sampling effort has to be controlled for in comparative studies, and 

most earlier studies have done this (Altizer et al. 2007; Bordes et al. 2009; 

Randhawa and Poulin 2010; Vas et al. 2011; Garrido-Olvera et al. 2012).  

Disentangling the effects of phylogeny and ecology, while taking into 

account sampling effort, can be difficult but is necessary to assess the relative 

contribution of different factors to variation among host species in parasite 

richness. With this in mind, I sought to investigate the factors influencing the 

variation in trematode species richness among first intermediate hosts. This 

comparative analysis is restricted to rocky shore periwinkles (family 

Littorinidae) due to: 1. the availability of a large number of studies examining 

parasite species richness in these snails; 2. the focus of this thesis being on 
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periwinkles and their parasites; and 3. the availability of a relatively well-

resolved phylogeny for this group.  

I carried out a comparative analysis to investigate the effect of host 

phylogeny, and that of various ecological variables, namely host body size, 

latitude and sampling season, while at the same time controlling for the effect of 

sampling effort. The main aims were: a) To quantify the contribution of host 

evolutionary history to interspecific patterns in parasite species richness; b) To 

identify ecological traits which may help explain observed differences in 

parasite species richness among periwinkle snails. 

6.3 Materials and Methods 

6.3.1 Data compilation 

Data were compiled from published studies reporting parasite species richness 

for periwinkle snail species, and which included the number of snails examined. 

A keyword search was carried out across all years, up to the end of 2014, in ISI 

Web of Knowledge specifying topic search [TS] OR subject category [SU] OR 

web of science category [WC] with the following keywords: (communit* or 

load or richness or species or fauna or prevalence or key or distribution) AND 

(littorin*) AND (digenea* or trematod* or helminth). The dataset was expanded 

by using the personal library of Dr. David Thieltges (Royal Netherlands 

Institute of Sea Research), which includes reports not covered by the ISI Web of 

Knowledge, in order to assemble a dataset as exhaustive as possible. The results 

from Chapter Three were also included. 

In total, the dataset comprised of 48 studies, each of which reported a 

measure of parasite species richness per snail species, and the sample size of 

each host species. I excluded studies that were not censuses of the whole 

trematode fauna in a snail population, but that just focused on the local biology 

of a single parasite species. For a datapoint to be included, ≥40 snails had to 

have been examined. Although arbitrary, this lower limit was set to exclude 

poorly-censused snail populations due to the influence of sample size on 

estimates of parasite species richness (Walther et al. 1995). More than one 

datapoint was available from several studies. If different snail species were 

included in the same study, they were treated as independent datapoints. 
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Further, if different sites were sampled in the same study, then they were also 

treated as independent datapoints. However, samples from the same site were 

combined if taken only a few metres apart. In order to control for having several 

datapoints from the same study, the variable ‘study identity’ was used in the 

analysis. 

For each datapoint, as well as the sample size and parasite species 

richness, additional variables were also obtained: (i) the season during which 

samples were collected was recorded from the individual studies; (ii) latitude of 

sampling was recorded from original studies, where provided, or from Google 

maps (Google 2015) by using the approximate location of the site sampled; and 

(iii) the size of each snail species, taken as maximum shell length, was acquired 

from Reid (1996; 2007; pers. comm.), and Reid and Williams (2004). 

Species names and the phylogenetic relationships among periwinkle 

species were updated and determined, respectively, using information provided 

in Reid (1989; 1996), Reid and Williams (2004) and Reid et al. (2012). A 

topological phylogenetic tree of snail species was prepared using the ape 

package (Paradis et al. 2004), in R 3.1.0 (R Core Team 2014).  

6.3.2 Data analysis 

All analyses were carried out in R 3.1.0 (R Core Team 2014) using the 

MCMCglmm package (Hadfield 2010). The MCMCglmm package enables 

generalised linear mixed models to be fitted using a Markov chain Monte Carlo 

(MCMC) algorithm (Hadfield 2010). This method samples from a posterior 

distribution and provides the posterior mean estimate and credible intervals of 

that distribution. When the credible interval for a given factor does not cross 

zero, the effect of this factor is considered significant. The following were the 

specifications: 1.3×106 iterations, thinning interval of 50, and burnin of 30,000. 

These values were stipulated in order to ensure that > 1000 samples were 

obtained from the posterior distribution. A non-informative improper prior was 

employed (Hadfield 2010). It was observed that almost every chain had mixed 

thoroughly as autocorrelation between subsequent lags was consistently low 

(<0.1). 

A total of three models were used with parasite species richness as the response 

variable, and study identity and the periwinkle snail phylogenetic tree as 
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random variables. These were (i) the intercept-only model (i.e. no fixed effect 

model), (ii) a model with sample size as the only fixed effect (sample size 

model), and (iii) a model with all of the variables of interest (full model – 

sample size, season, latitude and maximum snail size). The variables sample 

size, latitude and mean snail size were log-transformed due to large variation in 

the data. Latitude was also centred. 

To determine the relative contribution of the different variables to the 

patterns in parasite species richness, variance partitioning was employed. This 

allowed for the separation of the variance accounted for by the different 

parameters in the model: predictor variables, random variables and model 

residuals. This was carried out for all three models. 

6.4 Results 

Overall, 337 measures of parasites species richness were included in the 

analysis. These came from 48 studies, published from 1936–2015, and provided 

74 study-level records for various periwinkle species, as shown in Table 6.1. In 

total 13 species of periwinkle were included in this study. Varying numbers of 

records exist for each snail species, from one to 146. The minimum number of 

parasites recorded, per study site, from a single species of periwinkle was one 

and the maximum was 13. The median host sample size across all studies was 

173 (range 43–22,766). 
 

Table 6.1 Summary table showing the studies included in the comparative analysis. Details include the 
snail species, snail maximum length, number of localities sampled for each species in the study, range in 
species richness recorded from those sites and the reference. 

Snail species 

Max 

length 

(mm) 

No. 

localities 

Species 

richness 

range 

Reference 

 

Littorina littorea 52.8 66 1 to 7 Blakeslee & Byers 2008 

Littorina obtusata 19.8 22 1 to 7 Blakeslee & Byers 2008 

Littorina saxatilis 25.8 17 1 to 9 Blakeslee & Byers 2008 

Littorina obtusata 19.8 1 6 Bustnes & Galaktionov 1999 

Littorina saxatilis 25.8 1 5 Bustnes & Galaktionov 1999 

Littorina littorea 52.8 28 1 to 5 Byers et al. 2008 

Littorina scutulata 18 5 2 to 4 Ching 1962 

Littorina saxatilis 25.8 1 11 Combescot-Lang 1976 

Melaraphe neritoides 11.7 1 7 Davey 1983 

Littorina scutulata 18 1 3 Duerr 1965 

Littorina compressa 22.9 1 1 Elner & Raffaelli 1980 
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Littorina saxatilis 25.8 2 1 Elner & Raffaelli 1980 

Littorina littorea 52.8 2 3 Eschweiler et al. 2009 

Littorina saxatilis 25.8 21 1 to 7 Galaktionov 1987 

Littorina obtusata 19.8 2 2 to 6 Galaktionov & Bustnes 1995 

Littorina saxatilis 25.8 2 7 Galaktionov & Bustnes 1995 

Littorina obtusata 19.8 4 5 to 7 Galaktionov & Bustnes 1999 

Lacuna vincta 15.8 1 1 Galaktionov & Skirnisson 2000 

Littorina fabalis 14.9 1 5 Galaktionov & Skirnisson 2000 

Littorina obtusata 19.8 2 7 to 13 Galaktionov & Skirnisson 2000 

Littorina saxatilis 25.8 2 8 to 9 Galaktionov & Skirnisson 2000 

Littorina fabalis 14.9 2 1 to 4 Granovitch & Johannesson 2000 

Littorina littorea 52.8 2 3 to 5 Granovitch & Johannesson 2000 

Littorina obtusata 19.8 1 3 Granovitch & Johannesson 2000 

Littorina saxatilis 25.8 6 2 to 7 Granovitch & Johannesson 2000 

Littorina littorea 52.8 2 2 Granovitch & Mikhailova 2004 

Littorina saxatilis 25.8 2 4 to 5 Granovitch & Mikhailova 2004 

Littorina obtusata 19.8 18 1 to 10 Granovitch et al. 2000 

Littorina saxatilis 25.8 15 1 to 10 Granovitch et al. 2000 

Littorina littorea 52.8 1 4 Hughes & Answer 1982 

Littorina littorea 52.8 4 1 to 4 Huxham et al. 1993 

Littorina saxatilis 25.8 1 5 Irwin 1983 

Littorina littorea 52.8 1 6 James 1968a 

Littorina littorea 52.8 1 6 James 1968b 

Littorina obtusata 19.8 1 3 James 1968b 

Melaraphe neritoides 11.7 1 3 James 1968b 

Littorina saxatilis 25.8 2 6 to 7 James 1969 

Littorina saxatilis 25.8 1 5 Josten et al. 2008 

Littorina saxatilis 25.8 1 6 Kuklin et al. 2009 

Littorina littorea 52.8 16 1 to 2 Lambert et al. 2012 

Littorina obtusata 19.8 1 9 Levakin et al. 2013 

Littorina saxatilis 25.8 1 9 Levakin et al. 2013 

Melaraphe neritoides 11.7 1 3 Lysaght 1941 

Littorina littorea 52.8 1 4 Matthews et al. 1985 

Littorina obtusata 19.8 1 2 Matthews et al. 1985 

Littorina saxatilis 25.8 1 5 Matthews et al. 1985 

Littorina littorea 52.8 3 4 Mouritsen et al. 1999 

Littorina saxatilis 25.8 1 6 Newell 1986 

Austrolittorina antipodum 13.7 6 1 to 2 O’Dwyer et al. 2014b (Chapter 2) 

Austrolittorina cincta 20.2 4 1 to 2 O'Dwyer et al. 2014b (Chapter 2) 

Austrolittorina unifasciata 24.9 8 1 to 4 O’Dwyer et al. 2015 (Chapter 3) 

Littorina littorea 52.8 2 2 Pechenik et al. 2001 

Littorina littorea 52.8 2 1 to 2 Pechenik et al. 2011 

Littorina littorea 52.8 3 1 to 3 Pohley 1976 

Littorina obtusata 19.8 2 8 Pohley 1976 

Littorina saxatilis 25.8 2 6 to 7 Pohley 1976 

Littorina littorea 52.8 2 2 Rees 1936 

Littorina littorea 52.8 1 4 Robson & Williams 1970 

Littorina obtusata 19.8 1 1 Sannia & James 1977 

Littorina saxatilis 25.8 1 3 Sannia & James 1977 

Littorina fabalis 14.9 2 1 to 4 Skirnisson & Galaktionov 2002 
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Littorina obtusata 19.8 2 6 to 12 Skirnisson & Galaktionov 2002 

Littorina saxatilis 25.8 2 7 to 8 Skirnisson & Galaktionov 2002 

Littorina saxatilis 25.8 5 10 Sokolova 1995 

Echinolittorina pascua 15.3 2 1 to 3 Tang 1995 

Echinolittorina radiata 12.8 2 1 to 2 Tang 1995 

Littorina littorea 52.8 1 5 Thieltges & Buschbaum 2007 

Littorina saxatilis 25.8 1 2 Threlfall & Goudie 1977 

Littorina littorea 52.8 6 3 to 6 Werding 1969 

Littorina fabalis 14.9 1 5 Williams & Brailsford 1990 

Littorina obtusata 19.8 1 6 Williams & Brailsford 1990 

Littorina fabalis 14.9 2 3 to 6 Williams & Brailsford 1998 

Littorina obtusata 19.8 2 4 to 5 Williams & Brailsford 1998 

Littorina saxatilis 25.8 1 3 Zander et al. 2000 

 

The frequency distribution of trematode species richness was left-

skewed, with two or fewer trematode species recorded from many of the 

samples (Fig. 6.1). 

 

 
Figure 6.1 Frequency distribution of trematode parasite species richness across 337 periwinkle samples. 

 

To account for the phylogenetic relationships between the 13 periwinkle species 

a topological phylogenetic tree was constructed and used in analyses. This is 

shown in Figure 6.2 and provides, visually, the classification of the 13 species.  
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Figure 6.2 Topological phylogenetic tree of periwinkle species included in the comparative analysis. 

!
 The individual studies, which were compiled for this comparative 

analysis, covered a wide range of geographical locations (Fig. 6.3). However, it 

is clear that the majority of samples reported in the literature have come from 

the Northern Hemisphere. 

 

 
Figure 6.3 World map showing the geographical locations of sampling sites from the 48 studies included 
in this comparative analysis. The shade of red reflects the number of datapoints from that location; the 
darker the colour the more datapoints present. 
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Parasite species richness covaried positively with host sample size (Fig. 

6.4). The scatter suggests that estimated parasite species richness levels off 

beyond sample sizes around 300–400 snails, suggesting that this is the 

minimum sample size needed to detect the majority of parasite species (Fig. 

6.4).  

 

 
Figure 6.4 Plot of the relationship between log-transformed parasite species richness and sample size. 

!
In the statistical analysis the main predictors included were sample size, 

sample latitude, maximum snail size and the season in which sampling took 

place. Both sample size and latitude were found to be strong predictors of 

parasite species richness. Sample size influenced parasite species richness 

strongly with the obvious result of larger sample sizes reporting a greater 

number of parasite species. Latitude was found to be an important predictor of 

parasite species richness for periwinkles, with greater parasite species richness 

recorded for snails at higher latitudes (Fig. 6.5).  The remaining two predictors, 

i.e. snail size and the season in which the sample was collected, did not affect 

the parasite species richness of periwinkles in this analysis (Figs. 6.5 and 6.6). 
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Figure 6.5 Posterior mean estimates and 95% credible intervals from the full model for the effects of 
sample size, snail size and latitude on trematode species richness among littorinid species. 

!

 
Figure 6.6 Posterior mean estimates and 95% credible intervals from the full model for the fixed effect of 
season on trematode species richness among littorinid species. Autumn is included in the intercept. 

 

 After specifying three models (an intercept model, a model with sample 

size as the only fixed effect, and the full model with the four predictors), 

variance partitioning was carried out. This involved partitioning the variance 

into its variance components, i.e. those of the random effects and fixed effects 

separately. Here, the comparison was between the variance accounted for by 

phylogeny and that accounted for by the fixed effects, which included three 
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ecological variables and sample size. By then comparing, separately, the model 

with sample size as the only fixed effect (sample size model) and the full model, 

with the intercept model, the differences in the variance accounted for by the 

different effects could be calculated. 

 These results are shown in Table 6.2. When the sample size model was 

compared to the intercept model, the fixed effect of sample size accounted for 

22.2% of the variance. When comparing the full model to the intercept model, 

25.1% of the variance was accounted for by the fixed effects, which included 

sample size. This shows only a small increase, almost 3%, in the variance 

accounted for by the fixed effects when the three ecological variables (snail 

size, latitude and season sampled) are included. The variance accounted for by 

the periwinkle phylogeny was slightly greater for the sample size model than for 

the full model, when both were compared to the intercept model (Table 6.2). In 

the full model, the fixed effects accounted for a greater proportion of the 

variance than did phylogeny, while the opposite was true for the sample size 

model. Both study identity and the residuals of the model accounted for a 

similar amount of variance in both the sample size and full models.  These 

results indicate that both phylogeny and ecology are important predictors of 

parasite species richness while also emphasising the importance of controlling 

for sampling effort. Furthermore, the high proportion of variance unaccounted 

for in this model (i.e. that of the model residuals) suggests several additional 

factors, which have not been addressed here, are important influences on the 

assemblage of parasites infecting these hosts. 

 
Table 6.2 Variance partitioning for the model with sample size as the only fixed effect and for the full 
model including all of the variables of interest. Here the two models are compared to the intercept model 
which included only the random variables, phylogeny and study identity (ID). 

Variable 
Sample Size 

Model  
Full Model 

Fixed effects (Sample size & Ecological) 22.16 25.06 

Phylogeny 23.79 23.62 

Study ID 10.80 11.49 

Residuals 32.21 30.02 
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6.5 Discussion 

The search for general patterns in ecology enables us to better understand the 

processes underlying certain relationships. In the context of host-parasite 

associations, we are now reaching the stage where we have enough data to 

robustly search for general patterns in these ecological interactions. A deeper 

understanding of such patterns will allow for more informed and directed 

research in the future. This includes the ability to carefully choose model 

systems, design sophisticated experiments and carry out useful field surveys.  

 This study, investigating the general drivers of parasite species richness 

of first intermediate host snails, specifically periwinkles, yielded some new 

insights. Both phylogeny and ecology proved to be important influences on the 

parasite species richness of snail hosts. The two main predictors of parasite 

species richness in the full model were found to be the host sample size and 

latitude, with larger sample sizes and higher latitudes being associated with 

higher parasite species richness. However, when looking at the variance 

accounted for by phylogeny, this was much greater than that for the ecological 

variables when sample size was excluded. When the ecological variables were 

added to the model, they led to an increase of only 3% in the variance accounted 

for by the fixed effects, which also included sample size. This highlights the 

well-known importance of accounting for sample size in such studies. It is 

necessary also to point out that the model residuals in this study accounted for a 

large proportion of the variance, ~30%, suggesting that there are important 

factors unaccounted for in the present study and yet to be identified that shape 

the trematode fauna of snail hosts. These could include factors such as host 

population size or density, host range size, and/or the abundance of final hosts 

for the parasite, among various others. 

Interestingly, when the ecological variables were added to the full model 

and the variance accounted for by the fixed effects increased, this was 

accompanied by little change in the variance accounted for by the snail 

phylogeny. It appears that a host’s phylogenetic position represents an overall 

constraint on its parasite species richness. The importance of phylogeny for 

studies of parasite species richness has been very well recognised in the 

literature, and of the several methods developed to control for its effect (e.g. 
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Pagel (1999); Blomberg et al. (2003)), several have been used in comparative 

studies of parasite richness (e.g. Lindenfors et al. 2007; Mitchell et al. 2010; 

Bordes et al. 2011; Krasnov et al. 2011; Miller 2012; Benesh et al. 2013; 

Lootvoet et al. 2013). However, these methods serve only to eliminate the 

statistical effect of phylogeny; quantifying the contribution of phylogeny to 

observed patterns of parasite species richness has not been attempted before. It 

is believed that when parasites acquire new hosts, they typically adapt to infect 

host species more closely related to their original host (Blair et al. 2001), hence 

the influence of host phylogeny on parasite species richness has a biological 

basis. Host phylogeny was an important factor influencing patterns of trematode 

species richness among periwinkles in the present study, although a greater 

number of studies quantifying phylogenetic effects on other host and parasite 

taxa are required in order to compare with the present results. 

Keeping in mind the evolutionary history of a host, it may indeed be a 

real challenge to disentangle the effects of phylogeny and ecology. For instance, 

while two hosts may not be phylogenetically closely related, they may have 

convergently evolved similar traits and be considered ecological equivalents 

(Hubbell 1979), making them close relatives in ecological terms. It may be 

difficult to determine clear differences between phylogenetically inherited and 

independently evolved traits because closely related species often tend to be 

similar ecologically. For example, periwinkles throughout the world are grazing 

snails that occupy the intertidal zone: they are ecologically similar by descent, 

such that their ecology and phylogeny cannot be uncoupled. Also, somewhat 

surprisingly host body size was not found to strongly influence parasite species 

richness among periwinkles, although this trait is an important predictor of 

parasite species richness in a number of previous studies (Bell and Burt 1991; 

Lindenfors et al. 2007; Bordes et al. 2008), including in a more general context 

across many host and parasite taxa (Kamiya et al. 2014a). Interestingly, in a 

comparative study on parasites of primates, Nunn et al. (2003) found that the 

effect of body size was no longer significant when phylogeny was controlled 

for. This further emphasises the issue of correlation between phylogeny and 

host traits. In addition, the body size variation among the 13 periwinkle species 

considered here was only 4.5-fold, perhaps not sufficient to relate with parasite 

species richness. 
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Regardless of any coupling between phylogeny and ecology, it is 

assumed that ecology will still play an important role in patterns of parasite 

species richness. Among the ecological variables found to influence the parasite 

species richness of snail hosts in this study was latitude. The influence of 

latitude on the parasite species richness of hosts has been dealt with to some 

degree in the literature already (Poulin and Mouritsen 2003; Lindenfors et al. 

2007; Thieltges et al. 2009b; Bordes et al. 2011). However, conflicting patterns 

have been found. In some cases, parasite species richness increases towards the 

equator or towards lower latitudes (Nunn et al. 2005; Bordes et al. 2011), while 

in other studies the result has been an increase with further distance from the 

equator towards higher latitudes (Poulin and Mouritsen 2003; Lindenfors et al. 

2007). Others still have found little evidence for any influence of latitude 

(Thieltges et al. 2009b; Studer et al. 2013). Overall, it seems that the effect of 

latitude is very context-dependent, and applies only to certain taxa of hosts or 

parasites (positive relationship with increasing latitude for metazoan parasites in 

Kamiya et al. (2014a), negative relationship for primates in Nunn et al. (2005)). 

It should be noted that in the present study, the great majority of studies came 

from the Northern Hemisphere with many located in Russia and Northern 

Europe. It is possible that the apparent increase in parasite species richness 

away from the equator is an artefact of this uneven distribution of sampled 

localities, though this can only be resolved by greater studies carried out close 

to the equator. This geographical effect of spatially biased sampling was also 

mentioned by Lindenfors et al. (2007). Furthermore, sampling in particular 

geographical locations will influence the host species examined, for example, 

Austrolittorina spp. are only found in the Southern Hemisphere, while Littorina 

spp. are only found in the Northern Hemisphere. Therefore, the geographical 

location will also influence the host phylogenetic effect. 

The importance of sample size, as demonstrated in this study, has also 

been highlighted elsewhere (Walther et al. 1995). It is obvious that with greater 

sampling effort a greater number of parasite species will eventually be found. 

What would be of interest, however, would be to determine the sampling effort 

required to discover most, if not all, parasite species in a given host population. 

When looking at the relationship between parasite species richness and sample 

size for the dataset investigated here, it seems that a sample size of 
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approximately 300–400 snails allows detection of the greatest number of 

parasite species. It should be noted that the parasites present in a population are 

always changing, for example, due to host switching events after a host 

colonises a new area, or intra-host speciation (Blair et al. 2001). Thus both the 

composition and the richness of a snail’s trematode fauna are dynamic and not 

static over time. 

In summary, while in this study I looked for the amount of variance 

accounted for by phylogeny and/or ecology, it is important to keep in mind the 

possible association between certain aspects of these two processes. Expanding 

this study to include snail species encompassing a wider range of taxa and 

broader variation of ecological attributes will help to shed further light on this 

topic. 

Finally, this study highlighted a number of key factors that appear to be 

drivers of parasite species richness of periwinkle snails, namely host sample 

size, latitude and host phylogeny. Further broadening this research, by 

increasing the number and variety of snail host species studied, will allow 

greater understanding of the contribution of phylogeny and ecology to the 

patterns of parasite species richness of first intermediate hosts.  
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With the current decline in biodiversity described as a major global extinction, it 

is vital that we record current biodiversity worldwide. Estimates of biodiversity 

are greatly enhanced by the inclusion of parasites, and trematodes in particular 

greatly contribute to the diversity and biomass of the environments in which 

they are found (Hechinger and Lafferty 2005; Kuris et al. 2008). Furthermore, 

through their intimate interactions with their hosts they have been suspected, 

and often observed, as the perpetrators of a wide variety of effects on host 

physiology, ecology, behaviour, and evolution. One outcome of such 

observations is the growing interest in the study of this intimate association 

between trematodes and their snail hosts. 

This thesis is the culmination of a number of studies with the overall 

goal of gaining greater insight into host-parasite interactions, specifically in the 

context of snail-trematode associations. Several new parasites found infecting 

Australasian periwinkles of the genus Austrolittorina were described in great 

detail (Chapters Two and Three). A total of eight new trematode species were 

discovered from five different families. These taxonomical studies were carried 

out using an integrative approach. This included morphometric measurements 

and line drawings supplemented with scanning electron micrographs for 

studying the morphology of the parasites, in combination with molecular data 

and phylogenetic analyses to provide details on the classification and 

phylogenetic position of each species. Globally, the field of taxonomy is faced 

with a real challenge. Highly skilled taxonomists are in short supply and their 

numbers are declining rapidly with the added problem of retiring individuals not 

often replaced by younger taxonomists. This worrying trend has been 

acknowledged previously (Godfray 2002; Pearson et al. 2011), and more 

specifically, in parasite taxonomy (Brooks and Hoberg 2000; Brooks and 

Hoberg 2001; Poulin 2014). The work required for the taxonomical studies in 

this thesis was carried out in collaboration with several trematode parasite 

taxonomists at the Institute of Parasitology in the Czech Republic. This enabled 

a transfer of these skills, and dissemination of taxonomical skills to additional 

researchers back in New Zealand where trematode taxonomy is almost non-

existent. The discovery of several parasite species from the three snail species 

studied in this thesis highlights the unknown or unseen biodiversity associated 

with endoparasites in particular. Parasites in general are a neglected aspect of 
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biodiversity studies (Poulin and Morand 2004), but one which must be 

considered, if we are to improve the accuracy of estimates of biodiversity. 

Following the discovery of these new parasite species, I sought to 

understand better the life history and ecology of Parorchis sp. NZ, the most 

abundant parasite of periwinkles in New Zealand. Accordingly, a large portion 

of this thesis was dedicated to this species and its interactions with the two New 

Zealand periwinkles (Chapters Four and Five, and Appendix). Firstly, I reported 

the unusual finding of precocious encystment in this parasite, and investigated 

this further by examining the effect of host stress, in the form of desiccation, on 

the parasite. Precocious encystment within the snail host eliminates one 

transmission step involving exiting the snail, and may be advantageous when 

external environmental conditions are not suitable for transmission. However, 

while desiccation was found to be stressful for the snails, and more so for 

infected snails, it was not found to affect the parasite’s development (Chapter 

Four). Next I studied the effect of the parasite on the ecology of its host. The 

microhabitat choice and movement of infected and uninfected snails were 

examined, with reduced movement and altered microhabitat choice observed for 

infected snails (Chapter Five). Knowledge of parasites in temperate marine 

systems is lagging behind that of other environments, such as freshwater 

habitats (Poulin 2004). Therefore, a greater number of marine parasite 

investigations is often advocated (Poulin and Morand 2004). This includes both 

parasite surveys and research on the ecology of these parasites. 

Finally, I carried out a comparative analysis to examine the contribution 

of host evolutionary history and ecology to the patterns of parasite species 

richness for a wide range of periwinkle species (Chapter Six). This study 

highlighted the importance of host phylogeny in observed patterns of parasite 

species richness. In addition, latitude was found to strongly influence parasite 

species richness of periwinkle hosts. As new data become available, interest 

grows in deciphering the general patterns in host-parasite relationships at large 

spatial scales. Important factors, such as phylogeny and latitude, have been 

discussed in previous studies of host-parasite interactions (Harvey and Pagel 

1991; Nunn et al. 2003; Lindenfors et al. 2007). However, further research is 

still required for snail-trematode associations, with only a single comparative 

analysis available previously (Poulin and Mouritsen 2003). Furthermore, future 
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studies should also aim to quantify the influence of phylogeny as was done here, 

instead of simply controlling for its possible effect (Chapter Six).  

Overall, in this thesis I discovered new species of trematode parasites 

and quantified aspects of their influence on the host and wider ecological 

communities, while also identifying large-scale determinants of trematode 

parasite distribution in periwinkle snail hosts. 

Moving beyond this thesis 

The findings presented in this thesis answer some questions, but raise new ones 

at the same time. Here, I offer some suggestions for further research that would 

extend the work in promising directions. 

 

1. In order to fully understand host-parasite relationships, we require a multitude 

of investigations encompassing a wide variety of systems. Only in such a way 

can greater insight into the general properties of these intimate interactions be 

gained, while concurrently shedding light on new aspects of each specific 

association. The experimental work outlined in this thesis involved only three 

snail species, and covered only limited regions of their geographical range. 

Throughout the Otago region of New Zealand mainly, and parts of the southeast 

coastline of Australia, I recorded from one to four parasite species per host 

snail. From these results it is likely that studies of the same snail species in other 

parts of their geographical range (provided in Reid and Williams (2004)), would 

yield even higher measures of total parasite diversity. Furthermore, these three 

snail species belong to the genus Austrolittorina, which has a Gondwanan 

distribution. Two additional species, A. araucana and A. fernandezensis, are 

found in South America. These two species have yet to be studied for the 

trematode species they host. A larger study examining the cophylogeny of 

Gondwanan host-parasite interactions could provide a valuable glimpse into the 

evolutionary history of Gondwana. Overall, parasite surveys of Southern 

Hemisphere snail species are underrepresented in the literature. Therefore, there 

exists ample opportunity for gaining novel data by focusing attention on the 

trematode parasites of these easily-sampled snails. 
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2. The life stage of a trematode infecting a snail is only one portion of their 

more complex full life cycle, and hence further information is required for those 

other stages to fully comprehend the life history of these parasites. Elucidating 

the full life cycle of a trematode parasite is challenging, and the result is that 

very few full life cycles are known currently. In order to study the effects of 

parasites, in food webs for instance, such missing information could prove 

valuable. Ample information can be gained from the description of trematode 

larval stages in snails and knowledge of their phylogenetic position. These, 

along with previous knowledge based on other closely related species, allow for 

informed conjectures of the identity of the second intermediate and definitive 

hosts of the parasite. Subsequent research should be focused on sampling the 

likely next hosts in the life cycle of these newly described parasites. One 

obstacle to this line of investigation is that of sampling vertebrates and the 

ethical requirements involved. However, to leave out this part of the life cycle 

hinders our progress in truly understanding the biology and ecology of 

trematode species, and prevents the description of the adult stage and therefore 

the naming of the new species. 

 

3. In this thesis I reported precocious encystment, or premature development, in 

Parorchis sp. NZ, a philophthalmid parasite. Whether this trait is adaptive or 

not is yet to be determined, as the study outlined in this thesis (Chapter Four) 

did not provide clear evidence that it could serve as a strategy to achieve 

transmission under adverse environmental conditions. One specific avenue of 

research, which would help answer this question, would be the study of 

predation on these snails and the impact of the rate of predation on the 

occurrence of precocious encystment. I also demonstrated altered microhabitat 

choice of infected snails, which were found to spend more time on open rock 

surfaces, and the reduced attachment strength of infected snails. These factors 

were discussed in relation to the effect of predation and parasite transmission. A 

study combining these effects could provide further information on trait-

mediated indirect effects. For example, the reaction of a snail to predators or 

competitors, when infected or uninfected, could affect microhabitat choice. 

However, predation on the snail species examined in this thesis in particular, 

and on periwinkles in general, especially those in the high intertidal zone, is 
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insufficiently understood (Chapman and Johnson 1990). Greater knowledge of 

the interaction between periwinkles and their predators will provide a better 

understanding of the complexities of their interactions with parasites. Such data 

will also shed light on trematode life cycles, another knowledge gap mentioned 

earlier.  

 

4. In veterinary parasitology, a large number of investigations have been carried 

out to determine the effect of desiccation on parasite propagules, mainly eggs 

(Ernst et al. 2005; Sutherst and Bourne 2006; Langrova et al. 2008; van Dijk 

and Morgan 2012). This is of interest because it is an important aspect of the 

transmission window of the parasite, which many commercial and veterinary 

practices aim to control. However, in ecological parasitology we understand 

relatively little about the effects of desiccation on intertidal trematode parasites, 

despite the importance of parasite transmission in nature. This can be 

considered from two different viewpoints, that of the parasite inside its host and 

that of the free-living stage of trematode parasites. In the study outlined in 

Chapter Four, I focused on the effect of desiccation on parasites within their 

host, and found a change in the release of parasites from hosts, but not on the 

development of the parasite inside the host. The ability of a parasite to 

withstand adverse conditions will determine its persistence in the environment, 

and hence, affect factors such as the rate of infection, pathogenicity and 

prevalence of parasites in host populations. In the context of climate change, 

some studies have focused on the effect of increasing temperatures, declining 

pH and altered salinity, with all three of these factors found to influence various 

aspects of trematode life cycles (Koprivnikar et al. 2010; Studer et al. 2010; Lei 

and Poulin 2011; Studer et al. 2012; Studer and Poulin 2012; Shim et al. 2013). 

One limitation of these studies is that they have been conducted on only a few 

model systems, and hence further studies are required to better understand the 

persistence of parasites under varying environmental conditions.  

 

5. The reduced distance moved by infected periwinkles, reported in Chapter 

Five, suggests (among other possible mechanisms) energy drain due to infection 

by the parasite. The question remains: What is the exact mechanism by which 

the parasite reduces available energy for the host? While the notion of ‘energy 
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drain’ has been discussed previously (see review Lafferty and Shaw (2013)), 

few studies have focused on the mechanisms responsible for the drain on hosts 

energy reserves. The effects of trematode parasites on host physiology, for 

example on the defence system and neuroendocrine system of the host, are 

important to consider in this context (de Jong-Brink et al. 2001; Thomas et al. 

2005; Lefevre et al. 2009; Adamo 2013). It has also been hypothesised that 

selection should favour parasites which cause an increase in a host’s energy 

uptake (Thomas et al. 2005). However, much remains to be understood 

concerning the pathogenic effect of trematode parasites on their snail hosts. 

Further investigations of these effects will also provide valuable information on 

the mechanisms behind parasite manipulation of hosts.  

 

6. The association between snails and their trematode parasites has previously 

been thought to depend on tight host specificity. However, conflicting results 

are found in the literature (Adema and Loker 1997; Jousson et al. 1999; Sapp 

and Loker 2000a; b; Born-Torrijos et al. 2012). It is also known that the same 

parasite in different snail species can display differing levels of pathogenicity 

(Galaktionov 1990; Gorbushin and Levakin 1999). In the model system 

described in this thesis, the same parasite species were found to infect more than 

one snail species; thus this system could lend itself well to studies of loose host 

specificity and the associated pathogenicity. Understanding how the same 

parasite species impacts two sympatric host species could allow tests of 

parasite-mediated competition, and possibly explain some observed patterns in 

small- and medium-scale spatial overlap between the two snail species. 

Therefore, greater knowledge of the prevalence, specificity and pathogenicity of 

each parasite species in each host population is required. 

 

7. Interest in the geographical distribution of parasites and their hosts has gained 

considerable attention in the literature (Thieltges et al. 2009b; Morand and 

Krasnov 2010; Blakeslee et al. 2012); however, many questions remain. In 

Australia and New Zealand, previous molecular work has found varying levels 

of genetic structure for two of the species of periwinkle included in this thesis 

(Waters et al. 2007). These snails develop via a veliger larva which is water-

borne, but only for one month, thus likely preventing large-scale dispersal 
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(Williams et al. 2003). However, several of the parasites found in these snails 

during my research likely have bird definitive hosts. Bird hosts can be 

extremely vagile, some even capable of long-distance migration. Therefore, it is 

plausible that the genetic structure of parasite populations will differ vastly from 

that of their snail host populations (see Keeney et al. (2009)). Further 

investigations of this pattern could provide a finer level of detail on the 

distribution of these trematode species, and on the possibility of local 

adaptation. 

 

8. The final chapter in this thesis was a comparative study of trematode species 

richness across periwinkle hosts. While the information compiled and analysed 

in this way provides valuable insights, it is clear that, in general, data on 

gastropod hosts are still limited. With the growing availability of empirical 

studies examining snail-trematode associations, the time will become ripe for 

more comparative studies investigating the general drivers of parasite species 

richness in first intermediate hosts. Especially, quantifying the effect of host 

phylogeny remains an important consideration in comparative studies overall. 

Further knowledge of these interactions could also be gained from the inclusion 

of additional ecological variables and detailed spatial information. For instance, 

factors such as host range size, host population density and whether the host 

was sampled in its native or invasive range, among a variety of others, likely 

affect the parasite species richness of a host.  

 

 Information concerning marine snail-trematode relationships remains 

relatively scarce. For instance, specific gaps in our knowledge include, as 

mentioned, most Southern Hemisphere intertidal systems and the parasites they 

contain. The complex effects of trematodes on their snail hosts will continue to 

provide vital information on heretofore unknown aspects of this tight-knit 

relationship. However, it is also important to remember that as this information 

becomes available, there is enormous value in synthesising and providing 

explanations for the patterns observed in parasite species richness across the 

globe. 
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Appendix 

Reduced attachment strength of rocky shore 

gastropods caused by trematode infection 
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Abstract 

For rocky shore gastropods, attachment strength is a key determinant of 

survival, as getting dislodged by wave action or predators has negative 

consequences. Yet little is known of the factors that cause inter-individual 

variation in attachment strength among conspecifics. Here, I tested the influence 

of trematode infection on the suction-mediated attachment strength of 

periwinkles from two New Zealand species, Austrolittorina cincta and A. 

antipodum. Using a standardised experimental protocol, I measured both the 

attachment strength of individual snails to the substrate, and its repeatability, i.e. 

the consistency of measurements taken on different occasions on the same 

individuals. I then compared the attachment of snails infected with a 

philophthalmid trematode with that of their uninfected conspecifics. First, it was 

found that for a given snail mass, infected snails were easier to detach from the 

substrate than uninfected ones, although this pattern was only significant for A. 

cincta, the larger of the two snail species. Second, the repeatability of 

attachment strength measurements per individual snail did not differ between 

infected and uninfected conspecifics, for either of the two periwinkle species. 

These findings show that parasitism can weaken snail attachment, and indirectly 

increase snail mortality, on exposed rocky shores, suggesting a new way in 

which parasites can affect host population dynamics. 
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Introduction 

Invertebrates living on exposed rocky shores must withstand the substantial 

forces generated by wave action to avoid dislodgement. Tight attachment to the 

substrate is also a key defence mechanism against predation. To adhere to the 

substrate, most rocky shore gastropods, such as limpets and periwinkles, use a 

combination of suction and the secretion of adhesive mucus (Smith 1991; 1992; 

Davies and Case 1997). Suction can be achieved by raising the centre of the foot 

away from the substrate, thus creating a negative pressure (relative to ambient) 

under the foot (Smith 1991). It is generally a mechanism used during 

locomotion or immediately after the gastropod settles in one spot. In contrast, 

the production of adhesive mucus is a mechanism that gastropods normally use 

to glue themselves to the substrate during long periods of inactivity (Smith 

1992; Davies and Case 1997; Smith and Morin 2002). In ecological studies of 

periwinkles (Littorinidae), such as mark-recapture studies, snails that fail to 

remain attached to the rocky substrate are generally assumed to have died 

because the consequences of being dislodged can only be negative (Boulding 

and Van Alstyne 1993; Rolan-Alvarez et al. 1997; O’Dwyer et al. 2014a; 

Chapter Five). Yet, little is known of the factors that affect attachment strength, 

and thus determine which snails remain attached and which become detached. 

 Parasitism could be one such factor though this has rarely been 

investigated to date (but see Zardi et al. 2009). In intertidal habitats, trematodes 

(Phylum Platyhelminthes) are very common parasites of gastropods (Mouritsen 

and Poulin 2002). These flatworms use gastropods as their first intermediate 

hosts, in which they multiply asexually before their infective stages (cercariae) 

leave the snail to seek the next host in the life cycle (Galaktionov and 

Dobrovolskij 2003). Trematodes are known to impact all key aspects of snail 

biology, including behaviour (Curtis 1987; Miller and Poulin 2001), fecundity 

(Mouritsen and Jensen 1994; Fredensborg et al. 2005) and survival (Lafferty 

1993; Mouritsen and Poulin 2002). In particular, with regard to periwinkles, 

trematode parasitism has strong effects on their behaviour, fecundity, growth 

and survival (e.g., McDaniel 1969; Huxham et al. 1993; Mouritsen et al. 1999; 

McCarthy et al. 2000; O’Dwyer et al. 2014a; Chapter Five). Although these 
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documented impacts represent direct effects of infection on periwinkle biology, 

trematodes can also indirectly affect their snail host; for example, a subtle 

reduction in attachment strength caused by trematode infection could indirectly 

cause greater dislodgement and higher mortality in parasitised snails. 

 Here, I investigated the influence of trematode infection on the short-

term, suction-mediated attachment strength of periwinkles from two New 

Zealand species, Austrolittorina cincta and A. antipodum. In both these species, 

the disappearance of infected snails was slightly higher than that of uninfected 

snails during a five-month mark-recapture study, outlined in Chapter Five 

(O’Dwyer et al. 2014a). There are two ways in which trematode infection could 

affect attachment strength. Firstly, infection may weaken a snail and lead to a 

decrease in its average attachment strength. Secondly, infection may cause 

temporal variation in a snail’s ability to generate strong suction, and increase the 

variance in its attachment strength. For example, consider two snails with the 

same average attachment strength measured across several trials, but with one 

snail showing extremely consistent values every time while the other snail 

shows huge differences in how strongly it is attached to the substrate from one 

trial to the next. The snail showing variable attachment strength should be more 

likely to become dislodged under natural conditions, because the strength of the 

suction it generates is likely to frequently fall below the minimum threshold 

necessary to remain attached to the substrate. 

 The specific objectives in this study were to test the hypotheses that (i) 

trematode infection reduces the attachment strength of periwinkles, and (ii) 

trematode infection reduces the repeatability (i.e. increases the variance) of 

measurements of periwinkle attachment strength over time. By investigating the 

effect of the same parasite on two different snail host species with different 

body sizes, I aimed to examine the generality of any observed effect of 

infection. 

Methods 

Study organisms and maintenance 

A total of 384 periwinkles were collected by hand at Portobello, Otago Harbour, 

Dunedin, New Zealand (45.83°S, 170.64°E) on 24 November 2013, consisting 
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of 199 Austrolittorina cincta and 185 A. antipodum. These two sympatric 

littorinid species are the dominant organisms on the high rocky shores of New 

Zealand, with A. cincta having generally much larger body sizes  (mean mass 

+/- SD 0.497 g +/- 0.246 g) than A. antipodum (mean mass +/- SD 0.181 g +/- 

0.059 g). Both species are host to the same philophthalmid trematode species, 

which has been studied both morphologically and genetically and is formally 

described in Chapter Two (O’Dwyer, et al. 2014b).  These parasites infect the 

gonad and digestive tissue using the snail as the first intermediate host, before 

leaving the snail and encysting on hard substrates in the environment and 

awaiting ingestion by an avian definitive host. The collection site was chosen 

because earlier sampling revealed a high trematode prevalence in that locality, 

approximately 70%. Snails were kept in the lab in 1 l containers with 1 cm deep 

seawater and rocks from the collection site. The shell length and aperture width 

of each snail were recorded to the nearest 0.1 mm using digital callipers, and the 

snails were weighed to the nearest 0.001 g. Each individual was labelled with a 

numbered bee tag (Bee Works, Orillia, Canada) and fitted with a loop of braided 

fishing line, approximately 20 mm in length, both applied with glue. The fishing 

line was used to minimise any effect of strain during the measurement of 

attachment strength (see below). Snails were then allowed acclimatise in tanks 

containing rocks from the collection site, seawater and Ulva sp. for 48 hours 

before the experiment was carried out. Prior to the experiment, snails were kept 

in dry conditions for approximately 12 hours, to promote movement when 

wetted. 

Attachment strength assessment 

The experimental arena consisted of a 120 x 170 mm sheet of perfectly smooth 

perspex. The perspex platform was placed on a balance (precision: 0.0001g) that 

was then positioned under a custom-made crane. The crane consisted of an 

electrical motor powering the crane arm, with a hook attached to the end of the 

arm. One at a time, snails were wetted in seawater, attached by the braid loop to 

the hook, and placed on the perspex plate. The time required for the snail to 

begin moving was recorded; at this point, the snail was considered to be 

attached to the platform as its foot was flush with the platform surface. The 

crane arm was then raised, pulling the snail upward from the plate at a constant 
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speed of 3 mm/s. The balance readout was recorded throughout the whole 

process on a handheld compact camera. From the digital videos, the attachment 

strength of the snail, or the maximum force required to detach it from the 

perspex platform, was calculated as the maximum difference in mass relative to 

the initial reading on the balance. This initial reading included the mass of the 

perspex sheet and the snail, therefore the mass of the snail was subtracted from 

this result. At the precise time the snail was detached, the only acceleration was 

due to gravity, therefore the force required to detach the snail could be 

calculated as the mass difference (described above) in kilograms multiplied by 

gravity, giving the resulting force in Newtons. Three measurements were 

obtained for each individual snail, at intervals of 4 days, though only two 

measurements could be made for a small number of snails. All measurements 

were recorded ‘blind’ to the infection status of the snails, which were only 

dissected at the end of the experiment to determine whether or not they were 

infected by trematodes. The very few snails that died during the experiment, and 

those that harboured a trematode parasite other than the common 

philophthalmid species, were discarded. The total number of snails used in the 

final analysis was: 125 infected A. cincta, 65 uninfected A. cincta, 120 infected 

A. antipodum and 50 uninfected A. antipodum. 

Statistical analysis 

All statistical analyses were carried out in R version 3.0.0 (R Core Team 2014) 

using generalised linear mixed models with Gaussian errors with the lmer 

function from the package lme4 (Bates et al. 2014). Separate models were run 

for each species of snail. The response variable, attachment force measured in 

Newtons, was log transformed. As snail mass was correlated with shell length 

and aperture width only mass was included in the analysis. The fixed-effect 

predictor variables were infection status, snail mass (after centering) and their 

interaction. The random-effect variables were snail identity, the identity of the 

container in which the snail was housed, and the dates of each measurement. To 

obtain an ‘effect size’ of the effect of trematode infection on attachment 

strength Cohen’s d effect sizes were calculated (Nakagawa and Cuthill 2007). 

 In addition, to assess the repeatability of the estimated attachment 

strength across the three measurements taken for each snail (13 snails 
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contributed only 2 measurements to analysis; 1 snail was excluded because it 

had only a single measurement), Bayesian posterior modes and 95% credibility 

intervals were calculated, as outlined in Dingemanse and Dochtermann (2013). 

Univariate mixed models, using a weakly informative prior (R=list(V=1, 

nu=0.002), G=list(V=1, nu=0.002)), were run for infected and uninfected snails 

in the R package MCMCglmm (Hadfield 2010), ensuring that autocorrelation 

between successive samplings was <0.1. The posterior mode and 95% 

credibility interval for the random effect, snail identity, was compared between 

infected and uninfected individuals in order to detect any difference between the 

two categories of snail. Here the variance components were partitioned so that 

the variation accounted for by individual snails (i.e. repeatability) could be 

calculated for both infected and uninfected snails. Where a credibility interval 

crosses zero no significant difference is indicated. 

Results 

Snail attachment strength 

In both snail species, I observed a trend toward lower attachment force in 

individuals infected by the philophthalmid trematode parasite relative to 

uninfected conspecifics. However, this result was only significant for 

Austrolittorina cincta (t = -2.796, p = 0.005; Table A1) and not for A. 

antipodum (t = -1.379, p = 0.168; Table A2). Still, for a given snail mass, 

infected snails tend to be easier to detach from the substrate than uninfected 

ones (Figs. A1 and A2). I obtained Cohen’s d effect sizes for these models and 

found that there was a small to medium negative effect of trematode infection 

on the attachment strength in both snail species (A. cincta, d = -0.428; A. 

antipodum, d = -0.232).  
!  
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Table A1 GLMM model results for attachment strength in Austrolittorina cincta showing the effects of the 
main predictors, and the proportion of variance accounted for by the random-effect variables. Uninfected 
snails were incorporated in the intercept. 

Fixed-effect 
variables Estimate Standard 

error t value Random-effect 
variables % variance 

Intercept -3.381 0.250 -13.533 Snail identity 22.98 

Infected -0.489 0.175 -2.796 Container 
identity 18.34 

Mass (centered) 2.302 0.645 3.571 Date of 
measurement 1.90 

Infected X Mass 
(centered) -0.748 0.734 -1.020   

 

 
Table A2 GLMM model results for attachment strength in Austrolittorina antipodum showing the effects 
of the main predictors, and the proportion of variance accounted for by the random-effect variables. 
Uninfected snails were incorporated in the intercept. 

Fixed-effect 
variables Estimate Standard 

error t value Random-effect 
variables % variance 

Intercept -5.142 0.273 -18.831 Snail identity 13.09 

Infected -0.255 0.185 -1.379 Container 
identity 22.88 

Mass (centered) 3.078 3.142 0.980 Date of 
measurement 1.57 

Infected X Mass 
(centered) -1.607 3.436 -0.468   

 

 

Austrolittorina cincta had stronger attachment forces than the smaller 

species A. antipodum. For A. cincta, the average sized (mass) snail had an 

attachment force of 34 mN (milliNewtons) for uninfected individuals (mean 

mass +/- SD = 0.346 g +/- 0.183 g), and 20.9 mN for infected ones (mean mass 

+/- SD = 0.575 g +/- 0.237 g), giving a 63% difference in attachment force. The 

same values for A. antipodum were: average sized snail attachment force 5.8 

mN for uninfected individuals (mean mass +/- SD = 0.147 g +/- 0.040 g), 4.5 

mN for infected ones (mean mass +/- SD = 0.196 g +/- 0.059 g), and a 29% 

difference in attachment force. 

The analysis also revealed a significant positive relationship between 

snail mass and attachment force in A. cincta only (t = 3.571, p = 0.001), and no 

significant interaction between infection status and snail mass in either snail 

species (Tables A1 and A2). The variance accounted for by random-effect 

variables was relatively small. The date on which measurements were taken 

accounted for less than 2% of the variance in measurements, whereas the 
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identity of the snails and of the containers housing them accounted for between 

13 and 23% of the variance (Tables A1 and A2). 

 

 
Figure A1 Log-transformed attachment force (in Newtons) plotted against snail mass for the snail 
Austrolittorina cincta. Data are shown separately for uninfected snails and for snails infected by a 
philophthalmid trematode. 
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Figure A2 Log-transformed attachment force (in Newtons) plotted against snail mass for the snail 
Austrolittorina antipodum. Data are shown separately for uninfected snails and for snails infected by a 
philophthalmid trematode. 

!
Repeatability of attachment strength 

With snail identity accounting for about 23% and 13% of the variance in 

measured attachment strength in A. cincta and A. antipodum, respectively, I 

sought to quantify the repeatability in these measurements in both infected and 

uninfected individuals. I found that for both species, there was no difference 

between infected and uninfected individuals in terms of the repeatability of 

measurements, with a Bayesian posterior mode of -0.028 and a credibility 

interval of -0.198 to 1.161 for A. cincta, while for A. antipodum the Bayesian 

posterior mode was -0.014 with a credibility interval of -0.182 to 0.171. As both 

credibility intervals cross zero they are considered non-significant.  

Discussion 

In the turbulent environment of exposed rocky shores, attachment to the 

substrate is essential for survival in gastropods and other sessile invertebrates. 

Yet the commonness of trematode infections among intertidal gastropods 

suggests that parasitism may be an important factor modulating attachment 
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strength. In this study, I found that for a given snail mass, infected snails tended 

to be easier to detach from the substrate than uninfected ones, but only 

significantly so in Austrolittorina cincta, the larger of the two snail species 

tested. Also, the repeatability of attachment strength measurements taken on the 

same individual snails over time did not differ between infected and uninfected 

conspecifics, for either of the two periwinkle species. By reducing average 

attachment strength in at least one of the two periwinkle species, trematode 

infections may therefore indirectly affect snail survival. 

 Rocky shores are among the harshest environments in nature, hence 

organisms inhabiting the rocky intertidal zone require specific adaptations 

(Tomanek and Helmuth 2002). Organisms specialised for these habitats include 

periwinkles of the speciose littorinid family, which have a global distribution on 

rocky shores (Davies and Williams 1998) often occurring at high densities. Key 

behavioural adaptations of these snails include retreating into crevices and the 

ability to attach to the substrate; both of which likely assist in avoiding 

dislodgement due, for example, to wave forces.  

Following the measurement of wave forces in the field, Helmuth and 

Denny (2003) predicted average wave forces of 21.9–66.8 N for wave heights 

of 50–350 cm in the rocky intertidal zone. Exposure to such forces would be 

enough to dislodge periwinkles, based on the estimates of attachment strength 

that I observed. However the exposure and topography of the shore as well as 

behavioural adaptations of the organisms themselves are also important 

considerations. The snails used in this study were collected from a boulder shore 

where they occur underneath the boulders among smaller stones, therefore it is 

unlikely that they are exposed to strong wave forces. This difference in 

exposure, as well as variation in snail sizes, may explain the difference between 

the attachment strengths I recorded and the higher ones reported for littorinids 

from a more exposed shore (Davies and Case 1997). Furthermore gastropods on 

the shore often retreat into crevices, which reduces the forces they are exposed 

to. Davies and Case (1997) suggested this behavioural adaptation as the main 

mechanism to avoid the force of waves on exposed shores. It is already known, 

however, that parasites can affect the movement of intertidal snails (Williams 

and Ellis 1975; Curtis 1987; McCarthy et al. 2000; Miller and Poulin 2001) and 
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their choice of habitat (O’Dwyer et al. 2014a; Chapter Five) often as a means to 

improving transmission of the parasite to the next host in its life cycle. 

 It is extremely unlikely that the parasite-induced reduction in attachment 

strength of periwinkles observed here is in any way beneficial to the trematode. 

After multiplying within the snail host, the infective stages (cercariae) thus 

produced leave the snail to encyst on external surfaces, possibly other gastropod 

shells or crustacean exoskeletons like other members of the family 

Philophthalmidae (Neal and Poulin 2012); there, they await accidental ingestion 

by their definitive avian host. Therefore, the snail host is used as a ‘factory’ to 

produce cercariae, and it would be in the parasite’s interests to leave the host’s 

attachment mechanisms fully functional. The effect I observed is most likely a 

pathological side-effect of infection. The fact that the weakening of attachment 

strength observed here was only significant in the larger of the two snail 

species, even though the same parasite species infects both snail species tested, 

remains unexplained, but may have something to do with host size-related rates 

of parasite multiplication within the snail. 

 I found no effect of infection on the repeatability of measures of 

attachment strength of snails. It appears that infection by the parasite has a 

similar negative effect on attachment strength across all snails, rather than 

affecting the variation in attachment strength for an individual snail. 

Repeatability analysis enables investigation of the accuracy of measurements 

and the consistency of a particular phenotype (Nakagawa and Schielzeth 2010). 

Recently the effects of parasites have been found to alter the repeatability in 

measurements of host behaviour (Coats et al. 2010; Kekäläinen et al. 2014). 

However this was not the case in the present study. 

 This study suffered some limitations which included that I only tested 

the force needed to detach a snail from the substrate by pulling it straight 

upward, and not by applying a sideways force to its shell. Also, the 

measurement of attachment used focused on adhesion generated by suction, and 

not by the mucus used by periwinkles as a glue for long-term attachment 

(Davies and Case 1997; Smith and Morin 2002). Nevertheless, the effect 

demonstrated here is likely to have consequences in the field, regardless of other 

influences not tested in the present study. 
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The main conclusions from this study are that: (a) infection by trematode 

parasites has an effect on the attachment strength, and hence dislodgement risk, 

of their gastropod hosts; (b) the repeatability of attachment strength does not 

vary between infected and uninfected individuals; and (c) parasite infections are 

an additional biotic variable to be considered when studying the survival of 

organisms in turbulent habitats, such as that experienced in the rocky intertidal 

zone. 
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