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Abstract 
 

 

Numerous parasite species have evolved complex life cycles with multiple, subsequent hosts.  

For trematodes, life cycles have evolved from exploiting a single vertebrate host to 

incorporating intermediate hosts, with most trematodes now utilising three consecutive hosts.  

Each transmission event in multi-host life cycles creates obstacles selecting for various 

adaptations, one of which is facultative life cycle abbreviation. 

 

In trematodes, facultative life cycle abbreviation occurs through progenesis, i.e. precocious 

maturity and reproduction via self-fertilisation within the second intermediate host.  

Progenesis eliminates the need for the definitive host and facilitates life cycle completion.  

Adopting a progenetic cycle may be a conditional strategy in response to environmental cues 

related to low probability of transmission to the definitive host.  In this study, the effects of 

environmental factors on the reproductive strategy of the progenetic trematode, 

Stegodexamene anguillae, were investigated using laboratory and field studies.  In the three-

host life cycle, S. anguillae sexually reproduces within definitive hosts, two eel species, 

whereas in the progenetic life cycle, S. anguillae reproduces by selfing within the 

metacercarial cyst in tissues of the second intermediate fish host. 

 

Environmental factors that affect the probability of transmission to a definitive eel host, such 

as longevity of the current host and abundance of eels, should strongly influence the 

reproductive strategy of S. anguillae.  The results suggest that cues from hosts under stressful 

conditions and encystment site within the host may signal transmission opportunities to the 

parasite so that it may adjust its developmental strategy accordingly.  However, presence or 

abundance of the definitive eel host does not seem to affect the frequency of progenesis in S. 

anguillae. 

 

Progenetic individuals face egg dispersal challenges associated with reproducing within 

metacercarial cysts inside a second intermediate host.  Most progenetic species await host 

death for their eggs to be released into the environment.  The present study investigated 

natural temporal variation of progenesis in S. anguillae in its second intermediate fish host 

and the effect of the fish’s reproductive cycle on progenesis.  A greater proportion of 

individuals became progenetic in the gonads of female fish hosts than in other tissues.  

Additionally, progenesis of worms in the gonads was correlated with seasonal day length and 
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temperature changes, major factors controlling fish reproduction.  Host spawning events are 

likely to be an avenue of egg dispersal for the parasite, with the adoption of progenesis being 

conditional on whether or not the parasite can benefit from fish spawning. 

 

This is the first study investigating variation in the frequency of progenesis among 

populations.  Geographic variation was found in S. anguillae, independently of eel abundance 

or parasite population structure.  Although not associated with geography, strong genetic 

differentiation existed between two clades of S. anguillae. 

 

Altogether, this thesis provides evidence that life cycle abbreviation in S. anguillae is 

affected by various factors.  This study is the first to compare life cycle strategies among 

parasite populations and provide insight into the real plasticity of life cycle abbreviation in 

nature.  These findings highlight the often unrecognised plasticity in parasite developmental 

and transmission strategies.
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The complex life cycles of parasites 
!

!

Parasites are convenient model organisms for studying ecological processes and 

evolutionary biology because their immediate environment has distinct boundaries and 

properties (Poulin, 2007).  The relationship between parasites and their hosts are complex and 

intimate, resulting in coevolution of both organisms in the interaction (Price, 1980; 

Thompson, 2005).  Further, parasites have multiple life stages resulting in ontogenetic 

partitioning of interactions with multiple hosts. As a consequence, they must have traits that 

have evolved for different interactions with different hosts and that are expressed at different 

times during their development (Thompson, 2005).  Usually, digenetic trematodes, or flukes, 

have multiple, morphologically different stages and require three hosts during the life cycle, 

though many lineages depart from this typical pattern (Schell, 1970). Currently, the complex 

life cycles of trematodes are thought to have evolved from a single-host life cycle with a 

vertebrate host to a multi-host life cycle through the addition of intermediate hosts (Choisy et 

al., 2003; Cribb et al., 2003).  Advantages of complex life cycles include easier access to 

genetically different sexual partners, greater body size, longer life span, greater fecundity and 

increased probability of transmission (Brown et al., 2001; Choisy et al., 2003; Parker et al., 

2003a; Rauch et al., 2005). 

 

In the typical three-host life cycle of trematodes, the definitive hosts, where sexual 

reproduction occurs, are vertebrate animals.  The first intermediate hosts are invertebrates, 

almost invariably molluscs, and the second intermediate hosts can be invertebrates, such as a 

mollusc or arthropod, or vertebrates, such as fish (Kearn, 1998).  Because hosts are patchily 

distributed temporally and spatially, transmission to each subsequent host presents an obstacle 

for the parasite completing its life cycle (Kearn, 1998; Poulin, 2001; Choisy et al., 2003). 

 

The requirement for three sequential hosts in a life cycle creates three transmission 

challenges.  First, ciliated miracidia hatch from eggs and need to find and penetrate the first 

intermediate host (Schell, 1970; Poulin, 2001).  Miracidia usually develop into asexual 

reproductive structures (rediae and/or sporocysts) resulting in production of numerous, 

genetically identical cercariae, the next trematode larval stage (Schell, 1970; Dailey, 1996).  

The second transmission challenge occurs when the cercariae leave this first host and need to 

locate and penetrate a second intermediate host (Poulin, 2001).  Within this second host, 

cercariae encyst by dropping their tails and secreting a protective cyst around their body, thus 
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developing as metacercariae.  Third, infection of the definitive host normally occurs via 

trophic transmission, i.e. ingestion of metacercariae through predation upon the second 

intermediate host, after which development into adult trematodes and sexual reproduction 

occur within the definitive host (Poulin, 2001). 

 

The selective pressures exerted by these improbable transmission challenges have 

resulted in various adaptations by trematodes to increase the probability of transmission to 

subsequent hosts (Poulin, 2007).  As sexually reproducing adults, trematodes have extremely 

high fecundity (Parker et al., 2003a).  In the first intermediate host, asexual reproduction 

results in huge numbers of cercariae, which have efficient host-finding mechanisms in 

response to various stimuli (Combes, 1991).  Once in the second intermediate host, 

metacercariae are usually long-lived, thereby awaiting predation by the definitive host.  Since 

this transmission event is dependent on exploitation of a predator-prey relationship, food 

chain stability often means life cycle stability (Parker et al., 2003a).  However, many species 

further exploit the predator-prey relationship by altering the morphology or behaviour of the 

current host (prey species) making it more vulnerable to predation by the subsequent host, and 

thus increasing the probability of transmission (Moore, 1983; Poulin, 1995; Parker et al., 

2003a; Poulin, 2007). 

 

Another adaptation to the selective pressures of an improbable series of transmission 

events is to shorten the life cycle by eliminating one of those events (Poulin, 2001).  

Truncation of the life cycle will be favoured when the probability of transmission is low or 

extremely variable; these conditions must be common because truncated life cycles have 

independently evolved in many parasite lineages, in particular among trematodes (Poulin and 

Cribb, 2002; Lefebvre and Poulin, 2005a).  Abbreviated life cycles are a derived feature, 

evolved from the more complex three-host cycle (Lefebvre and Poulin, 2005a).  Studying 

species with facultatively shortened life cycles provides the opportunity to elucidate which 

factors shape the evolution of complex life cycles. 

!

Abbreviated life cycles 
!

!

Some trematode species have shortened their life cycle to the extreme with only one 

host left (Uglem et al., 1990; Barker and Cribb, 1993; Barger and Esch, 2000; Poulin and 

Cribb, 2002).  Blood flukes (Sanguinicolidae, Schistosomatidae and Spirorchidae) illustrate 

an intermediate abbreviation with, based on phylogenetic evidence, an obligate two-host life 
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cycle derived from an ancestral three-host cycle (Poulin and Cribb, 2002).  In other 

trematodes, truncation of the life cycle most commonly occurs via progenesis, i.e. precocious 

development and maturity, usually in the second intermediate host.  Trematodes are typically 

hermaphroditic, and those that are progenetic produce eggs via self-fertilisation, often within 

the metacercarial cyst where physical contact and cross-fertilisation with other individuals are 

impossible (Poulin, 2001; Poulin and Cribb, 2002).  Through progenesis, the unlikely 

transmission event of ingestion by the definitive host is eliminated.  Progenesis is prevalent in 

trematodes, with 79 species, belonging to 50 genera and 24 families, having been documented 

as progenetic thus far (Lefebvre and Poulin, 2005a). Although truncation of life cycles is 

obligatory for some species, it is facultative in most cases, with both life cycle strategies, i.e. 

the ‘normal’ three-host cycle and the truncated two-host one, occurring in the same 

population (Lefebvre and Poulin, 2005a).  For reasons that are currently unclear, most 

facultative progenetic species have fish as definitive hosts (Lefebvre and Poulin, 2005a). 

!

Fitness tradeoffs of abbreviated life cycles 
!

!

The fact that truncation of the life cycle is often facultative suggests that the net fitness 

of this strategy may be no greater than that of the normal three host life cycle (Poulin, 2001; 

Poulin and Cribb, 2002).  Fitness tradeoffs between the two strategies are based on 

reproductive success and offspring quality (Poulin, 2001).  For reproductive success, the 

tradeoff is between the quantity of eggs produced and the probability of reproducing.  Under 

the progenetic life cycle, reproduction is ensured but egg number may be limited because of 

space and nutrient limitations inside the metacercarial cyst (Poulin, 2001; Wang and Thomas, 

2002; Lefebvre and Poulin, 2005b).  Alternatively, greater fecundity is expected in the 

definitive host, but the probability of reaching that host is low. 

 

Further, offspring quality may be reduced under the progenetic strategy (Poulin, 

2001).  Progenesis within the metacercarial cyst occurs by self-fertilisation, the most severe 

type of inbreeding.  Thus offspring will have reduced genetic variability compared to 

offspring of adults outcrossing with other individuals in the definitive host (Charlesworth and 

Charlesworth, 1987; Christen et al., 2002).  Offspring produced by progenesis may have 

reduced viability, smaller size or lower infection success (Font, 1980; Christen et al., 2002, 

Christen and Milinski, 2003; Lefebvre and Poulin, 2005c), although the magnitude of these 

effects may only become detectable after a few generations (Lagrue and Poulin 2009a).  In 



Chapter One: General Introduction 
(!

fact, Lefebvre and Poulin (2005a) proposed that these deleterious effects might explain why 

progenesis is not more widespread across taxa. 

 

Despite these potential costs, the great benefit of reducing the number of transmission 

events is that it makes completing the life cycle easier.  Overall, both strategies may have 

equal net fitness, slightly fluctuating in relative frequencies over time within a population.  

Alternatively, each reproductive strategy may be favoured under particular environmental 

conditions (Poulin and Cribb, 2002).  Progenesis is expected to be favoured when rates of 

transmission to the definitive host are low or highly variable (Poulin, 2001; Lefebvre and 

Poulin, 2005b).  It can thus be viewed as a form of reproductive insurance since eggs will still 

be released if the progenetic worm is ingested by a definitive host or even a non-host predator 

(Holton, 1984; Wang and Thomas, 2002). 

!

Factors influencing the frequency of progenesis 
!

!

It has been suggested that the plasticity of the two life cycle strategies is an adaptive 

phenotypic response to variable environmental conditions (Cribb and Poulin, 2002; Thomas et 

al., 2002; Poulin, 2003), similar to phenotypic variation found in free-living species (Gotthard 

and Nylin, 1995; Van Buskirk and Schmidt, 2000; Seigel and Ford, 2001).  For instance, Van 

Buskirk and McCollum (1999) observed that phenotypic variation in morphological traits of 

tadpoles was associated with levels of predation.  As well, some trematodes display plasticity 

in development or reproductive traits (Davies and McKerrow, 2003; Loot et al., 2008). 

 

Parasites are capable of perceiving a wide variety of environmental cues, both 

internally and externally to the host, such as host age, reproductive cycle of the host, host 

condition, other parasites residing in the host (including whether those parasites are 

conspecifics), predation risk of the current host by the subsequent host and population density 

of the current host (Hine, 1978; Thomas et al., 2002; Escobedo et al., 2005; Lefebvre and 

Poulin, 2005a; Lagrue and Poulin, 2008a, 2009b; Lagrue et al., 2009).  Thus, the adoption of 

the progenetic life cycle may be a conditional strategy in response to different environmental 

cues associated with high or low probabilities of transmission by predation to the definitive 

host (Poulin and Cribb, 2002). 

 

The truncated life cycle would be favoured in locations where rates of transmission to 

the definitive host are low or highly variable (Fenton and Hudson, 2002; Poulin, 2003; 
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Lefebvre and Poulin, 2005a; Lagrue and Poulin, 2007).  In fact, progenesis is common in 

unpredictable environments, particularly in areas with varying water levels where floods and 

droughts are common, causing periodic unavailability or highly variable abundance of 

definitive hosts (Hine, 1978; Holton 1984).  However, it is highly unlikely that host 

availability is the only factor affecting the frequency of progenesis.  In addition, adoption of 

progenesis may be influenced by the immediate environment within the intermediate host, 

such as the level of host resources available (Thomas et al., 2002), which varies depending on 

host size, condition, age, sex, diet, and/or environmental temperature. 

 

Lastly, there may exist a genetic basis for progenesis (Poulin and Cribb, 2002).  The 

presence of both strategies in a population could indeed reflect two parasite strains of 

different genotypes (Crossan et al., 2007).  However, in Coitocaecum parvum (Opecoelidae), 

similar frequencies of progenesis were found in offspring from progenetic individuals and 

those from adults in the definitive host, suggesting that the reproductive strategy of 

progenesis is not entirely heritable (Lagrue and Poulin, 2009a). Nevertheless, the genetic 

determinism of progenesis has so far not been investigated in any other trematode species. 

!

Stegodexamene anguillae 
!

!

For this research, the study species is the progenetic trematode, Stegodexamene 

anguillae (Lepocreadiidae; MacFarlane, 1951).  In the typical three-host life cycle of S. 

anguillae, ciliated miracidia hatch from eggs and infect snails of the species Potamopyrgus 

antipodarum as the first intermediate host (Fig. 1.1).  Within a snail, miracidia develop into 

rediae, which produce numerous cercariae (0.22x0.13 mm in size) through asexual 

reproduction (Macfarlane, 1951).  After the pre-patent period, cercariae are released from this 

first host and search for the second intermediate host, small freshwater fish like 

Gobiomorphus and Galaxias spp. (Macfarlane, 1952).  After penetrating the fish host from 

below or from the side (Macfarlane, 1952), cercariae migrate and encyst as metacercariae in 

various tissues from muscle to gonads (Macfarlane, 1951).  Transmission to definitive hosts, 

Anguilla dieffenbachii (New Zealand longfin eel) or A. australis (short-finned eel), occurs 

when eels feed on a fish infected with metacercariae.  Development into the adult stage (up to 

4.1x0.85 mm in size), and sexual reproduction occur in the duodenum of the eels (Macfarlane, 

1951, 1952).  Trematode eggs are shed into the water with the eel host’s faeces. 
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Alternatively, at the metacercarial stage inside the second intermediate fish host, the 

trematode can continue to grow, develop into a precocious adult stage (similar in size to 

adults found in the intestine of eels; up to 3.5 mm in length) and reproduce by self-

fertilisation (Fig. 1.1).  Eggs (typically 140-160 per individual) are produced and released 

inside the metacercarial cyst within the tissue of the second intermediate host where 

encystment occurred (Macfarlane, 1951).  The ability to produce eggs while in the second 

intermediate fish host allows the trematode to bypass transmission to the eel definitive host.  

Eggs from progenetic S. anguillae are released into the environment when the fish host dies, 

either through predation or naturally.  Additionally, eggs produced by progenetic worms in 

the gonads of the fish host are thought to be released from the fish host during spawning 

(Lefebvre and Poulin, 2005a; Poulin and Lefebvre, 2006). 

!

!

!

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Life cycle diagram showing the two alternative life history strategies of Stegodexamene 

anguillae (Lepocreadiidae). 
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Hosts of Stegodexamene anguillae  
!

!

Snail first intermediate host 

!

!

Potamopyrgus antipodarum (Hydrobiidae; Gray, 1843), the New Zealand mudsnail, is 

the only first intermediate host for S. anguillae.  This prosobranch snail is found throughout 

New Zealand in a variety of habitats, including estuaries and lagoons, streams and rivers, 

ponds and both coastal and alpine lakes. Potamopyrgus antipodarum is ovoviviparous, and 

populations can be completely parthenogenetic or consist of some proportion of males.  Shell 

shape is variable and ranges between 3-12 mm in length (average is 4-6 mm; Winterbourn, 

1970).  Population densities are highly variable and can reach 10-15 thousand per m
2
 

(Schreiber et al., 1998) or even up to 800 thousand per m
2
 around macrophytes (Lucas, 1959; 

Michaelis, 1977). 

 

Potamopyrgus antipodarum is host to at least 14 trematode species with prevalence 

usually less than 5% for any particular species, though both the occurrence and prevalence of 

given species vary greatly geographically (MacFarlane, 1937, 1951; Winterbourn, 1973; 

McArthur and Featherston, 1976; Jokela and Lively, 1995).  Infections occur in the digestive 

gland and gonads, typically leading to castration (McArthur and Featherston, 1976), a 

selective pressure often resulting in early reproduction and maintenance of sexual mating in 

partially parthenogenetic populations (Lively, 1987, 1992; Jokela and Lively, 1995; Jokela et 

al., 1999). 

!

Fish second intermediate hosts 

!

!

Stegodexamene anguillae metacercariae have been found in several species of 

freshwater fish of the genera Gobiomorphus (Eleotridae) and Galaxias (Galaxiidae) 

(Macfarlane, 1951, 1952).  Of these, the common bully, Gobiomorphus cotidianus 

(McDowall, 1975), is the most abundant and widely distributed Gobiomorphus species in 

New Zealand (Stephens, 1982; McDowall, 1990).  It is the most abundant second 

intermediate host, and hereafter the only species considered.  The common bully is endemic 

to New Zealand, naturally occurring in coastal lakes and river systems and introduced 

successfully to inland lakes.  Even though common bullies have a wide thermal tolerance 

(Richardson et al., 1994), distribution and abundance vary seasonally due to variation in water 

temperature and abundance of invertebrate prey in the littoral zone (Rowe et al., 2001), where 
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common bullies are typically found.  However, they can also occur abundantly along the 

shore (up to 1000 bullies per m2; Coffey, 1983).  As opportunistic carnivores, common 

bullies feed on a variety of invertebrates, including insect larvae, crustaceans and snails 

(McDowall, 1990; Rowe, 1999).  Those in lakes feed primarily on crustaceans (Rowe et al., 

2001; Wilhelm et al., 2007). 

 

Common bullies exhibit diadromy with planktonic larvae going downstream to the sea 

(McDowall, 1990), though non-diadromous populations exist in land-locked lakes or lakes 

with suitable habitat for juveniles.  Juveniles can live in the pelagic zone of lakes year-round 

(Rowe and Chisnall, 1996; Closs et al., 2003).  Around 4-5 months of age, juveniles 

approximately 20 mm in length become pigmented and acquire benthic habits (Rowe et al., 

2001).  Common bullies are a short-lived species, maturing within their first year of life after 

reaching 30 mm in length.  In a breeding season, individual females tend to spawn twice, and 

some possibly three times, from August through March in warmer lakes of the North Island.  

Fish in their second year average 50-60 mm in length and typically do not survive past the 

second year.  Spawning stress and extreme summer conditions (particularly in North Island) 

contribute to mortality (Stephens, 1982). 

 

The common bully is host to a wide variety of parasites, including other trematode 

species as an intermediate or definitive host (Macfarlane, 1939, 1945; Hine et al., 2000).  

Macfarlane (1952) documented an average of 1.5-2.6 S. anguillae metacercariae in common 

bullies less than 40 mm in length.  Poulin and Lefevbre (2006) reported 100% prevalence and 

intensities of 1-139 S. anguillae metacercariae in 54 common bullies ranging in size from 28-

61 mm.  A small proportion (7.5%) of those metacercariae was progenetic. 

!

Eel definitive hosts 

!

!

The definitive hosts of S. anguillae are two eel species (Anguillidae): New Zealand 

longfin eel, Anguilla dieffenbachii (Gray, 1842), and short-finned eel, A. australis 

(Richardson, 1841).  The longfin eel is endemic to New Zealand, whereas the short-finned eel 

can also be found in Australia and other islands around the South Pacific.  Together, the 

longfin and short-finned eels are the most widely distributed fish in New Zealand, although 

the short-finned is not found as far inland as the longfin.  They can be found in rivers, lakes, 

swamps and estuaries, often reaching extremely high densities (McDowall, 1990). 
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Eels spend the majority of their life in freshwater.  Their growth rate is slow, and male 

and female short-finned eels typically reach maturity at 14 and 22 years, respectively 

(McDowall, 1990).  Longfins take longer to reach maturity at 23 years (males) and 34 years 

(females), and a record of a 106 year-old longfin female has been documented (Jellyman, 

1995).  Maturing eels go through several morphological and physiological changes to prepare 

for migration down rivers and into the ocean.  Upon reaching their breeding grounds in the 

sub-tropical Pacific Ocean, eels spawn once and die (McDowall, 1990).  The leptocephalus 

larvae drift back to New Zealand in ocean currents over 15 months (Jellyman, 1987).  The 

larvae develop into glass eels and enter freshwater.  Further development and pigmentation 

occurs, and juveniles migrate inland to find suitable habitat (McDowall, 1990). 

 

Both eel species are mostly nocturnal, foraging on insects, snails and crustaceans 

when small.  When longfin and short-finned eels reach approximately 40 cm and 70 cm in 

length, respectively, a change in diet occurs, with eels switching to fish prey.  However, these 

highly opportunistic carnivores have been found with earthworms, other eels, mice, birds and 

even adult ducks in their stomachs (Macfarlane, 1951; Jellyman, 1989; McDowall, 1990).  

Foraging occurs in spurts, with long periods of resting in between (Burnet, 1969).  Activity 

decreases over the winter, and eels may even hibernate in cold, southern streams (McDowall, 

1990). 

 

The switch in diet is reflected in the parasite fauna found in eels of varying sizes 

(Macfarlane, 1951, 1952).  These two eel species are hosts to a variety of parasites, including 

species of Protozoa, Myxosporea, Digenea, Cestoda, Nematoda, Acanthocephala, Copepoda 

and Mollusca (Hine, 1978).  Larger eels often have simultaneous infections of S. anguillae 

and Telogaster opisthorchis (Crytpogonimidae; Macfarlane, 1945), as these two trematodes 

share the same second intermediate host individuals (Macfarlane, 1952).  Macfarlane (1952) 

found lake eels to carry heavier S. anguillae intensities on average (467-795 worms) than 

those found in rivers (24-267 worms). 
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Aims of the thesis 
!

!

The purpose of this study is to examine the factors that influence facultative truncation 

of the typical three-host life cycle by progenesis using Stegodexamene anguillae as a model.  

Specifically, I will investigate whether this progenetic trematode is capable of perceiving cues 

associated with the probability of transmission to a definitive eel host and whether it has the 

ability to respond to those signals by adjusting its life cycle strategy in a state-dependent 

manner. This is one of very few studies investigating the plasticity of parasite reproductive 

strategies under natural conditions, aiming specifically to relate the frequency of progenesis to 

fish host longevity, the likelihood of egg release by progenetic worms, eel abundance, and 

parasite population structure.  Further, subtle life history adjustments in parasite growth and 

egg production are also examined in relation to environmental parameters. The specific 

questions to be addressed are: 

!

1.  Can stressful conditions experienced by the fish second intermediate host affect the 

frequency of progenesis?  Here, emphasis will be on stress and longevity of the second 

intermediate bully host affecting transmission opportunities of its parasites. 

 

2. Does the reproductive cycle of the fish host and the site of encystment affect the probability 

of S. anguillae becoming progenetic?  This question is important as it addresses the major 

challenge of progenesis, i.e. release of eggs.  The main objective is to investigate the temporal 

variation of progenesis in relation to the reproductive cycle of the second intermediate host. 

 

3. Is there geographic variation in the frequency of progenesis among populations?  If 

variation among populations is observed, is it correlated with external cues related to 

transmission probabilities, specifically focusing on the local abundance of eel definitive 

hosts?  Thus far, field studies and laboratory experiments on progenetic species have focused 

on individuals from a single population.  This study investigates the variation in the frequency 

of progenesis among populations of S. anguillae in second intermediate hosts from different 

geographic locations. 

 

4. Does the immediate presence or abundance of the definitive host affect the frequency of 

progenesis?  In this study, the missing or rare host hypothesis was tested, to determine 



Chapter One: General Introduction 
-%!

experimentally whether S. anguillae is capable of accessing information about the presence or 

abundance of its definitive eel host. 

 

5. What is the population structure and phylogenetic relationship of S. anguillae from 

multiple localities and multiple hosts?  This study tests the hypothesis that haplotype diversity 

among individual S. anguillae is structured according to reproductive strategy (progenetic or 

non-progenetic), geography (lake/river of origin), host species or microhabitat within the host 

(site of metacercarial encystment). 
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Structure of the thesis 
!

!

Chapters Two, Three, Four, Five and Six have been written in manuscript style for 

submission and publication in scientific journals.  I am the first author of all of these, which 

means that I have carried out the research, analysed the data, and written the text with only 

some technical help and/or constructive criticism from colleagues.  The aims of this thesis are 

reflected in the structure: 

!

Chapter One: General Introduction 

 

Chapter Two: Life cycle truncation in a trematode: does high temperature indicate shorter 

host longevity?  Submitted as Herrmann, K.K. and Poulin R., International Journal for 

Parasitology 

 

Chapter Three: Encystment site affects the reproductive strategy of a progenetic trematode 

in its fish intermediate host: is host spawning an exit for parasite eggs?  Will be submitted as 

Herrmann, K.K. and Poulin R., Parasitology 

 

Chapter Four: Geographic variation in life cycle strategies of a progenetic trematode: does 

host availability matter?  Will be submitted as Herrmann, K.K. and Poulin R., Journal of 

Parasitology 

 

Chapter Five: The missing host hypothesis: do chemical cues from the definitive host affect 

life cycle truncation of a progenetic trematode? Will be submitted as Herrmann, K.K. and 

Poulin R., Journal of Fish Biology 

 

Chapter Six: Genetic structure in a progenetic trematode: signs of cryptic species? This work 

will continue and will be submitted as Herrmann, K.K., Blasco-Costa I., Keeney D.B. and 

Poulin R., Molecular Ecology 

 

Chapter Seven: General Discussion 
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Life cycle truncation in a trematode: does higher 

temperature indicate shorter host longevity? 
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 Introduction 
 

 

Evolution of complex life cycles with multiple hosts and life stages has occurred in 

many phylogenetically distant groups of parasites (Poulin, 2007).  For example, it is thought 

that the complex life cycle of trematodes evolved from a single-host life cycle with a 

vertebrate host to a multi-host life cycle through the addition of intermediate hosts (Choisy et 

al., 2003; Cribb et al., 2003).  Presently, the life cycle of many trematodes involves 

morphologically different stages in three different hosts (Kearn, 1998).  In the first stage of 

this three-host cycle, eggs usually hatch into free-living larvae that need to find and penetrate 

an invertebrate, usually a mollusc, as the first intermediate host (Schell, 1970).  Secondly, 

cercariae leave this first host and must find and penetrate a second intermediate host, either an 

invertebrate or vertebrate (Kearn, 1998).  Finally, transmission to the definitive vertebrate 

host normally requires ingestion of metacercariae through predation upon the second 

intermediate host, after which worms mature and sexual reproduction occurs. 

 

The selective pressures imposed by a series of improbable transmission events have 

favoured various adaptations by trematodes to increase the probability of transmission to each 

of the subsequent hosts (Poulin, 2007).  These adaptations include high fecundity in sexually 

reproducing adults, efficient host-finding mechanisms in larval stages, extended longevity 

within intermediate hosts, and the ability to alter host behaviour in ways that facilitate 

transmission (Combes, 1991; Poulin, 1995; Moore, 2002; Parker et al., 2003a; Poulin, 2007).  

Another adaptation to the constraints of transmission events is to secondarily shorten the life 

cycle by eliminating one of those events (Poulin, 2001).  Truncation of the life cycle has 

independently evolved in many parasite lineages and is thought to be favoured when the 

probability of transmission is low or extremely variable (Poulin and Cribb, 2002; Lefebvre 

and Poulin, 2005a).  For some species truncation is obligatory, but for most species it is 

facultative, with both life cycle strategies, i.e. the ‘normal’ and the abbreviated cycles, 

occurring in the same population (Lefebvre and Poulin, 2005a).  Typically, facultative 

truncation of the life cycle in trematodes occurs via progenesis, i.e. precocious development 

in the second intermediate host resulting in eggs being produced by an adult worm through 

self-fertilisation within the metacercarial cyst (Poulin, 2001; Poulin and Cribb, 2002).  Thus 

an unlikely transmission event, ingestion by the definitive host, becomes unnecessary. 
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Progenesis makes completing the life cycle easier but occurs via self-fertilisation, 

resulting in the most severe level of inbreeding and offspring with reduced genetic 

heterogeneity (Charlesworth and Charlesworth, 1987; Christen et al., 2002).  If the shortened 

life cycle results in a greater net benefit when transmission opportunities are low, then 

parasites with the ability to perceive environmental cues related to the probability of 

transmission to the definitive host and adjust their strategy accordingly would be favoured by 

natural selection (Poulin, 2003; Thomas et al., 2002).  Many environmental factors could 

provide information about transmission probability, such as temperature, host age, 

reproductive status of the host, host condition, other parasites residing in the host (including 

whether those parasites are conspecifics), predation risk of the current host by the subsequent 

host and population density of the current host (Hine, 1978; Holton, 1984; Poulin and Cribb, 

2002; Thomas et al., 2002; Poulin, 2003; Lefebvre and Poulin, 2005a; Lagrue and Poulin, 

2007).  Thus, the adoption of the progenetic life cycle may be a conditional strategy in 

response to different environmental cues indicating low probability of transmission (Poulin 

and Cribb, 2002; Thomas et al., 2002; Poulin, 2003; Lagrue et al., 2009).  Conditional 

strategies are favoured under environmental heterogeneity and when cues are reliable (Hazel 

et al., 2004). 

 

In the typical three-host life cycle of the trematode Stegodexamene anguillae 

(Lepocreadiidae), miracidia hatch from eggs and infect a snail, Potamopyrgus antipodarum, 

as the first intermediate host.  Within the snail, numerous cercariae are produced through 

asexual reproduction, leave this first host and search for the second intermediate host, small 

freshwater fish, mostly Gobiomorphus and Galaxias spp. (Macfarlane, 1951, 1952).  After 

penetrating the fish host, cercariae encyst as metacercariae, the infective stage to definitive 

hosts, Anguilla dieffenbachii (New Zealand longfin eel) and A. australis (short-finned eel).  

Transmission to the definitive host occurs when an eel feeds on a fish infected with 

metacercariae (Macfarlane, 1951, 1952).  Development into the adult stage and sexual 

reproduction occur in the digestive tract of the eels, and trematode eggs are shed into the 

water with the host’s faeces.  Alternatively, at the metacercarial stage inside the second 

intermediate fish host, S. anguillae can develop progenetically into the adult stage and 

reproduce by self-fertilisation (Macfarlane, 1951; Holton, 1984), allowing the trematode to 

bypass transmission to the eel definitive host. 

 

Here we test experimentally whether this progenetic trematode, S. anguillae, is 

capable of perceiving cues associated with longevity of its second intermediate fish (Go. 
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cotidianus, common bully) host and whether it has the ability to respond to those signals by 

adjusting its life cycle strategy in a state-dependent manner.  We use temperature and host 

diet as known stressors affecting longevity of the fish host (Liu and Walford, 1966; Das, 

1994) and thus altering the probability of transmission to the definitive eel host.  Specifically, 

we test the prediction that parasites within fish exposed to stressful conditions (high 

temperatures and/or low diet ration) will be more likely to adopt progenesis and a truncated 

life cycle than those in fish more likely to survive longer, when controlling for inter-

individual variability among fish with respect to size, sex and infection by other parasites. In 

addition, we test whether the adoption of progenesis is also followed by adjustments in either 

the number or size of eggs produced in response to external conditions. Our study is one of 

the very few that have addressed experimentally whether parasites adjust their transmission 

mode in a state-dependent fashion. 

 

Materials and methods 
 

Animal collection 

 

 

Common bullies between 4-6 cm in length (reproductive age) were collected in Lake 

Waihola, South Island, New Zealand, using seine nets on 3 December 2008.  Natural 

infections in 4-6 cm bullies from this site range between 5 and >100 S. anguillae per fish 

(Poulin and Lefebvre, 2006).  Prior to their use in experiments, fish were treated for fungal 

skin infection using Profurin (1g/100L) for 30 min and given a 5-min saltwater bath to 

eliminate monogenean ectoparasites due to the problematic nature of these infections while 

housing common bullies.  Fish were kept in aerated and filtered lake water, fed ad lib. with 

commercial fish pellets (Reliance Stock Foods, Dunedin, New Zealand), and allowed to 

acclimate for one week.  The photoperiod was set at 12L:12D with a 2-hour dawn/dusk 

ramping period. 

 

Experimental treatment 

 

 

A factorial design was used with three temperatures (12°C, 16°C, 20°C) and two diet 

levels (low = 0.005g/fish/day, high = 0.012g/fish/day) of commercial fish pellets.  Chosen 

temperatures were based on thermal tolerance and preference of common bullies (Richardson 

et al., 1994) and were well within the natural water temperature range in Lake Waihola (Hall 

and Burns, 2002).  Diet levels were determined during a prior two-week trial, in which four 
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diet rations were used and weight change was monitored; the low-diet level was chosen 

because it led to weight loss, whereas the high-diet level allowed fish to gain weight. 

 

Our experiment monitored changes in the developmental stage of naturally acquired 

parasites in response to treatment conditions.  This was done instead of using experimental 

infections because the latter proved impossible, and because very few parasites in fish taken 

from the wild are at the progenetic stage (7.5%, Poulin and Lefebvre, 2006); therefore, 

random allocation of fish to treatments will result in equally low initial frequencies of 

progenetic worms across treatments.  At the beginning of the experiment, 20 fish were 

euthanized by an overdose of tricaine methanesulfonate (MS-222) to obtain a baseline for 

assessing changes in the development of naturally acquired parasites during the experiment.  

Ten fish were placed into each of 12 tanks (30L) based on their body length to control for 

variation in size among treatments, with two tanks randomly assigned to each of the six 

treatment combinations.  This resulted in four tanks at each of the three temperatures, and six 

tanks receiving each of the two diet levels.  Fish were tagged using two colours of visible 

implant elastomer (Northwest Marine Technology, Inc., Washington, U.S.A.) in combination 

with five locations on their body, allowing for 10 unique individual marks.  Prior to marking, 

fish were anaesthetised in a solution of MS-222 (10mg/L).  Marking methods followed that of 

Goldsmith et al. (2003).  Fish were again treated for fungal infection after tagging and at week 

three of the experiment.  Fish length and the average of three wet weights were recorded for 

each fish at the start of the experiment.  Every two days, aquaria were cleaned, and 30% of 

the water was replaced with fresh lake water stored at the same temperature as the treatment. 

 

Measures and statistical analyses 

 

 

After 5 ! weeks the experiment was terminated due to high mortality in the 20°C-low 

diet treatment; although the small sample size was not ideal, the low survival confirmed that 

this treatment did induce stress in fish hosts created by the high temperature-low diet 

conditions.  In the 12°C-high diet treatment, 10 and 9 fish survived, 7 and 7 in 12°C-low diet, 

8 and 8 in 16°C-high diet, 8 and 6 in 16°C-low diet, 6 and 7 in 20°C-high diet, and 2 and 7 in 

20°C-low diet, in replicate one and two, respectively. Fish were euthanized by an overdose of 

MS-222, and total length, weight and sex of each fish were recorded.  Fish body condition 

was determined as W/L
3
, where W and L are the weight and total length (Bolger and 

Connolly, 1989).  Fish were dissected, and all tissues, except the brain and the lumen of the 

gastrointestinal tract (where metacercariae of S. anguillae are never found), were examined 
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for S. anguillae as well as other parasites.  All S. anguillae worms were individually removed 

from their cysts and classified as progenetic (eggs present), non-progenetic (no eggs present) 

or non-progenetic but with visible vitellaria (no eggs present but yolk-producing glands 

developed).  Body surface of each worm was calculated as a surrogate for body size by using 

the formula of an ellipsoid, (!LW)/4, where L and W are the length and width of the parasite; 

the latter measurements were taken under a dissecting microscope (80X).  If the worm was 

progenetic, all eggs expelled from the worm and free within the cyst were counted.  Length 

(L) and width (W) of a subsample of 10 eggs from each progenetic worm were measured, and 

assuming a regular ellipsoid shape, egg volume was calculated as (!LW
2
)/6.  The coefficient 

of variation in egg volume was calculated as mean egg volume divided by the standard 

deviation. 

 

ANOVAs were used to compare initial fish length and host condition among the 

baseline group and treatments, and to compare change in host condition among treatments.  

Initial fish length difference between sexes was assessed with a t-test.  Two developmental 

stages, non-progenetic and vitellaria-present, were combined into one category of non-

progenetic worms based on preliminary tests that showed no difference in the outcome of 

analysis of progenesis if vitellaria-present worms were removed.  Thus, factors influencing 

the parasite’s developmental strategy, non-progenetic versus progenetic, were assessed using 

a Generalized Linear Mixed Model (GLMM) with a binomial error distribution and logit-link 

function. This analysis was used to determine the effect of diet, temperature, diet * 

temperature interaction, initial host length, change in host body condition, host sex, 

encystment site (muscle, head, body cavity, gonads), host sex * encystment site interaction, 

abundance of conspecifics and of two other common species of trematode metacercariae 

(Telogaster opisthorchis and Apatemon sp.), while individual fish identity and aquaria were 

added as random factors.  The interaction between host sex and temperature was included 

preliminarily, however inclusion of this interaction resulted in a similar final model and thus 

was not retained in order to achieve a simpler model. 

 

The following analyses used the same factors with the specified additional factors.  

First, worm size data were log-transformed to approach normality and were used as response 

variable in a GLMM, with the Gaussian (normal) distribution and identity-link function, 

including developmental strategy (non-progenetic, vitellaria-present and progenetic) and the 

quadratic function of change in host body condition as additional factors.  Second, number of 

eggs expelled per progenetic worm was used as response variable in a GLMM with the 
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quasipoisson distribution, log-link function, and the addition of worm size and the quadratic 

function of change in host body condition as extra factors.  Third, a GLMM with mean egg 

volume per progenetic worm as response variable and the Gaussian (normal) distribution and 

identity-link function included the additional factors of worm size, the quadratic function of 

change in host body condition and number of eggs expelled.  Finally, a last GLMM with the 

coefficient of variation in mean egg volume as a response variable, the Gaussian (normal) 

distribution, and identity-link function included the additional factors of worm size, the 

quadratic function of change in host body condition, number of eggs expelled and egg 

volume.  All GLMMs were fitted using the package lme4 (Bates and Maechler, 2009) in the 

program R (R Development Core Team, 2009). 

 

Results 
 

 

Overall, 507 metacercariae of S. anguillae were recovered from the 20 baseline fish, 

with numbers ranging from 2 to 88 S. anguillae per fish.  In baseline fish, progenetic worms 

comprised 17.6% of all S. anguillae and another 6.5% had developed vitellaria.  Mean size (± 

SE) of worms was 0.48 ± 0.061 mm
2
 in the baseline group. 

 

 Out of the 85 surviving experimental fish, 2,622 metacercariae of S. anguillae were 

recovered, with numbers ranging from 4 to 168 per fish and mean abundance (± SE) of 54.9 ± 

0.8.  Of all S. anguillae in experimental fish, 14.8% were progenetic and 5.2% had developed 

vitellaria.  No difference in either initial host length (F6,116 = 0.09, P = 0.997) or initial host 

body condition (F6,116 = 1.05, P = 0.400) was found among the baseline group and treatments.  

The change in host body condition for the duration of the experiment was not different among 

treatments (F5,80 = 1.57, P = 0.177); overall, fish increased by about 6.1% of their initial 

length. 

 

Differences among individual worms in development strategy were explained by 

temperature, encystment site and number of T. opisthorchis (Table 2.1).  There were 

significantly more progenetic worms in fish at 16°C and 20°C than at 12°C (Table 2.1, Fig. 

2.1).  Of the 389 progenetic worms, more were found in the body cavity (76 of 366) and 

gonads (286 of 645) than in the muscle (14 of 909) or the head (13 of 702) (Fig. 2.2a).  

Lastly, the abundance of the trematode T. opisthorchis in a fish was negatively correlated with 

the proportion of progenetic S. anguillae in the same fish (Fig. 2.3a). 
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Figure 2.1 Proportion of progenetic Stegodexamene anguillae in the baseline group and in all 

experimental groups at different temperature or diet treatments. Error bars indicate one standard error 

of the mean. 
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Figure 2.2 a) Relative occurrence, expressed as percentage, of developmental stages (non-progenetic, 

vitellaria-present, progenetic) of the trematode Stegodexamene anguillae and b) worm size (mm
2
) in 

each fish host sex as functions of encystment site for all experimental groups.  Error bars indicate one 

standard error of the mean. 
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Figure 2.3 Relationship between a) the proportion of progenetic Stegodexamene anguillae, b) mean 

egg volume per worm per fish host and c) coefficient of variation in egg volume and the abundance of 

Telogaster opisthorchis metacercariae among fish hosts used in all experimental groups combined. 
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Worm size was affected by developmental stage, encystment site, host sex and the 

interaction between encystment site and host sex (Table 2.1).  Mean size (± SE) of worms was 

0.38 ± 0.009 mm
2
 in the experimental fish.  Mean size of worms was larger in the body cavity 

and gonads than in the muscle or head and larger in female hosts than males in all tissues 

except the body cavity (Fig. 2.2b).  Progenetic worms were significantly larger (1.32 ± 0.027 

mm
2
) than non-progenetic worms (0.19 ± 0.004 mm

2
), with those worms with well-developed 

vitellaria but no eggs falling in between (0.72 ± 0.024 mm
2
; Fig. 2.4). 

 

Figure 2.4 Mean worm size by development stage for all experimental groups combined. Error bars 

indicate one standard error of the mean. 

 

The mean number (± SE) of eggs released per progenetic worm was 224.9 ± 13.20 and 

ranged from 0 to 1125.  Number of eggs expelled by progenetic individuals was not affected 

by any of the parameters measured and tested, however worm size was close to significant 

with larger worms producing more eggs (Table 2.1, Fig. 2.5a). 
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Figure 2.5 Relationship between a) number of eggs expelled per worm, b) mean egg volume (mm
3
) 

per worm and c) coefficient of variation in egg volume and worm size for progenetic Stegodexamene 

anguillae only, in fish from all experimental groups combined. 
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The mean (± SE) volume of eggs released by progenetic worms was 1.0
-04

 ± 3.05
-06

 

mm
3
 (n = 1524) and ranged from 5.8

-05
 to 9.4

-04
 mm

3
.  Egg volume was only affected by 

worm size (Table 2.1), with larger eggs being produced by larger worms (Fig. 2.5b).  

Additionally, abundance of T. opisthorchis was on the edge of significance with larger eggs 

produced in hosts with high abundance of T. opisthorchis (Fig. 2.3b).  Finally, the coefficient 

of variation in egg volume decreased with increasing worm size (Fig. 2.5c) and increased with 

abundance of T. opisthorchis (Fig. 2.3c). 
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Table 2.1 Results from the five GLMMs on the response variables (progenetic versus non-progenetic, 

worm size, number of eggs expelled, mean egg volume per progenetic worm and coefficient of 

variation (CV) of egg volume) in relation to the predictor variables.  Parameter estimate, standard 

error (SE) and estimate/SE are reported.  The significant main effects are in bold.  Level of 

significance indicated by * P=0.05, ** P=0.01, ***P=0.001. 

Response Predictor variable Estimate SE Estimate/

SE 

 

Progenesis Intercept -2.574 1.407 -1.83  

 Diet 0.724 0.651 1.11  

 Temperature: 16C 1.160 0.579 2.00 * 

 Temperature: 20C 2.670 1.063 2.51 * 

 Initial host length -0.177 0.317 -0.56  

 Host sex -0.997 0.715 -1.39  

 Change in host body condition -0.518 0.310 -1.67  

 Site: head 0.120 0.481 0.25  

 Site: body cavity 2.462 0.589 4.18 *** 

 Site: gonads 3.422 0.803 4.26 *** 

 No. of T. opisthorchis -0.006 0.003 -2.33 * 

 No. of Apatemon sp. -0.001 0.002 -0.52  

 No. of S. anguillae -0.009 0.006 -1.69  

 Diet*Temperature -0.377 0.322 -1.17  

 Host sex*Site 0.102 0.191 0.54  

Worm size Intercept -1.248 0.420 -2.97  

 Diet 0.290 0.195 1.48  

 Temperature: 16C 0.158 0.178 0.89  

 Temperature: 20C 0.503 0.325 1.55  

 Initial host length -0.114 0.096 -1.19  

 Host sex -0.515 0.112 -4.61 *** 

 Change in host body condition 0.046 0.191 0.24  

 (Change in host body condition)
2
 -0.015 0.021 -0.70  

 Site: head 0.004 0.099 0.04  

 Site: body cavity 0.146 0.059 2.46 * 

 Site: gonads 0.287 0.132 2.18 * 

 Stage: vitellaria 1.476 0.075 19.78 *** 

 Stage: progenetic 1.905 0.057 33.26 *** 

 No. of T. opisthorchis -0.001 0.001 -1.37  

 No. of Apatemon sp. 0.000 0.000 0.98  

 No. of S. anguillae -0.003 0.002 -1.73  

 Diet*Temperature -0.127 0.098 -1.29  

 Host sex*Site 0.117 0.031 3.84 *** 
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Response Predictor variable Estimate SE Estimate/

SE 

 

No. of eggs Intercept 3.719 71.333 0.05  

 Diet 0.576 34.894 0.02  

 Temperature: 16C 0.525 30.161 0.02  

 Temperature: 20C 1.099 57.861 0.02  

 Initial host length -0.050 16.814 0.00  

 Host sex -0.182 16.294 -0.01  

 Change in host body condition -1.260 34.715 -0.04  

 (Change in host body condition)
2
 -5.174 86.746 -0.06  

 Site: head 0.960 2.320 0.41  

 Site: body cavity 1.155 2.617 0.44  

 Site: gonads 1.208 3.488 0.35  

 Worm size 0.769 0.400 1.92  

 No. of T. opisthorchis -0.003 0.146 -0.02  

 No. of Apatemon sp. 0.001 0.080 0.01  

 No. of S. anguillae -0.003 0.299 -0.01  

 Diet*Temperature -0.254 17.044 -0.02  

 Host sex*Site -0.092 0.776 -0.12  

Egg size Intercept 7.9 x 10
-05

 1.8 x 10
-05

 4.51  

 Diet -7.9 x 10
-06

 1.2 x 10
-05

 -0.69  

 Temperature: 16C -4.5 x 10
-06

 9.8 x 10
-06

 -0.46  

 Temperature: 20C -8.2 x 10
-06

 1.8 x 10
-05

 -0.46  

 Initial host length -5.1 x 10
-07

 3.9 x 10
-06

 -0.13  

 Host sex 1.8 x 10
-05

 1.2 x 10
-05

 1.44  

 Change in host body condition 1.9 x 10
-06

 7.9 x 10
-06

 0.24  

 (Change in host body condition)
2
 -2.1 x 10

-05
 2.8 x 10

-05
 -0.76  

 Site: head 9.0 x 10
-06

 8.5 x 10
-06

 1.06  

 Site: body cavity 7.8 x 10
-06

 9.1 x 10
-06

 0.89  

 Site: gonads 1.9 x 10
-05

 1.3 x 10
-05

 1.49  

 Worm size 1.1 x 10
-05

 2.0 x 10
-06

 5.84 *** 

 No. of eggs per worm -9.4 x 10
-10

 3.8 x 10
-09

 -0.25  

 No. of T. opisthorchis 6.9 x 10
-08

 3.5 x 10
-08

 1.97  

 No. of Apatemon sp. -1.4 x 10
-09

 2.0 x 10
-08

 -0.07  

 No. of S. anguillae 9.3 x 10
-08

 9.0 x 10
-08

 1.03  

 Diet*Temperature 3.0 x 10
-06

 5.5 x 10
-06

 0.55  

 Host sex*Site -4.5 x 10
-06

 3.2 x 10
-06

 -1.43  
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Response Predictor variable Estimate SE Estimate/

SE 

 

Egg Size CV Intercept 1.3 x 10
-01

 4.0 x 10
-02

 3.14  

 Diet -1.4 x 10
-03

 1.8 x 10
-02

 -0.08  

 Temperature: 16C -8.8 x 10
-03

 1.5 x 10
-02

 -0.59  

 Temperature: 20C -3.1 x 10
-02

 2.8 x 10
-02

 -1.12  

 Initial host length 2.9 x 10
-03

 8.9 x 10
-03

 0.32  

 Host sex 2.2 x 10
-02

 3.1 x 10
-02

 0.71  

 Change in host body condition -2.5 x 10
-02

 1.9 x 10
-02

 -1.32  

 (Change in host body condition)
2
 5.8 x 10

-02
 6.7 x 10

-02
 0.87  

 Site: head -1.2 x 10
-02

 2.2 x 10
-02

 -0.56  

 Site: body cavity -1.7 x 10
-03

 2.3 x 10
-02

 -0.07  

 Site: gonads 1.5 x 10
-03

 3.3 x 10
-02

 0.05  

 Worm size -1.9 x 10
-02

 5.3 x 10
-03

 -3.60 *** 

 No. of eggs per worm -2.1 x 10
-06

 9.8 x 10
-06

 -0.22  

 Egg volume 2.9 x 10
+01

 1.8 x 10
+02

 0.12  

 No. of T. opisthorchis 1.9 x 10
-04

 8.6 x 10
-05

 2.20 * 

 No. of Apatemon sp. -9.0 x 10
-06

 4.7 x 10
-05

 -0.19  

 No. of S. anguillae -3.1 x 10
-04

 2.0 x 10
-04

 -1.54  

 Diet*Temperature 1.9 x 10
-03

 8.4 x 10
-03

 0.23  

 Host sex*Site -4.6 x 10
-03

 8.1 x 10
-03

 -0.57  

*The effects of low diet, 12°C temperature, male host sex, muscle encystment site, and non-

progenetic stage are included in the intercept of the appropriate model. 

 

Discussion 
 

 

The improbable transmission events involved in the complex life cycles of parasites 

promote the evolution of alternative life cycle strategies such as progenesis (Poulin and Cribb, 

2002).  Shortening the life cycle makes completing it easier, however progenesis is 

accompanied by the cost of producing offspring of lower genetic quality due to self-

fertilisation (Charlesworth and Charlesworth, 1987; Christen et al., 2002).  Consequently, it 

would be advantageous for parasites to use environmental cues related to the probability of 

transmission to make adaptive adjustments to their development as a state-dependent response 

(Poulin and Cribb, 2002; Thomas et al., 2002; Poulin, 2003).  Thus trematodes with the 

ability to perceive signals related to their transmission opportunities and adjust their life 

history strategy accordingly should adopt progenesis when presented with environmental cues 

indicating low probability of transmission to the usual definitive host. 
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The present results suggest that progenesis in S. anguillae may be directly or 

indirectly cued by temperature.  This trematode preferentially adopts the progenetic strategy 

at higher temperature.  Additionally, the baseline fish harboured a slightly greater proportion 

of progenetic worms than the experimental fish as a whole and similar to fish at 12°C, 

suggesting that worms at low temperatures did not develop throughout the duration of the 

experiment.  If temperature directly affects growth, and thus development, we would have 

expected temperature to affect worm size, but that was not the case.  Warmer temperatures 

may be related to increased predation rates since eels are relatively inactive during winter 

(McDowall, 1990) and thus increased transmission rate, although we found a greater 

incidence of progenesis at the highest temperature in this experiment.  It may be that the 

increase in abundance of bullies that occurs during warmer months (Stephens, 1982) 

counteracts the increased foraging of eels and results in similar or even lower predation per 

capita and transmission rates.  Alternatively, temperature could be an indicator of host 

longevity and the remaining window of opportunity for transfer to a definitive host.  Higher 

temperature lowers fish life span due to increased metabolic rate (Liu and Walford, 1966; 

Das, 1994).  Fish with reduced longevity will be less likely to be preyed upon and the 

parasites within these fish will be less likely to be transmitted to an eel definitive host.  Fish 

under stressful conditions undergo physiological changes (Barton and Iwama, 1991), and 

endoparasites access information about host health and stress through the physiology of the 

host (Thomas et al., 2002; Escobedo et al., 2005).  Thus worms may be using temperature 

directly, or changes in host physiology indirectly, as a cue in a state dependent response in 

development and reproduction as the window of transmission narrows with increasing 

temperature. 

 

Host diet did not seem to have an effect on progenesis, although this could not be 

thoroughly assessed due to the high level of mortality of fish in the low quantity diet 

treatment.  Even so, the factorial design consisting of three treatments for each diet ration and 

two replicates of the experiment resulted in a large sample size of S. anguillae in fish on each 

diet ration.  Although the change in body condition during the experiment was not different 

among treatments, this was most likely due to fish with lower body condition from the high 

stress treatments dying during the experiment. 

 

Worms that encyst in the body cavity and gonads were more likely to become 

progenetic.  These tissues are resource-rich, ultimately providing a high level of nutrients to 

be absorbed by worms for development and egg production.  Poulin and Lefebvre (2006) also 
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found a greater proportion of worms in the gonads to be progenetic.  The cysts of progenetic 

worms are of comparable size and shape to fish eggs and are thought to be released during 

spawning (Lefebvre and Poulin, 2005a; Poulin and Lefebvre, 2006).  This exit for eggs of 

progenetic worms encysted in the ovaries is beneficial, since egg dispersal is the major 

reproductive challenge of progenetic species and is usually possible only via host 

decomposition or predation for worms encysted elsewhere (Poulin and Cribb, 2002; 

McLaughlin et al., 2006).  The progenetic strategy is highly advantageous for worms encysted 

in the ovaries because those worms that do not become progenetic would also be expelled 

during spawning and die without reproducing. 

 

However, this exit strategy may constrain worms in the gonads of male fish to a 

smaller size because the vas deferens is narrower than the oviduct of female fish (Ross, 1984).  

Worms in female fish achieved greater sizes than those in male fish when encysted in all 

tissues except for the body cavity, contrary to the trend of parasites growing larger in male 

hosts than in females due to steroid hormones (Poulin, 1996).  Parasites are capable of 

perceiving a wide range of signals relating information about their host’s biology (Thomas et 

al., 2002), and S. anguillae worms could be using differences in host sex hormones as a signal 

for growth.  Overall, worms in the body cavity and gonads grew to larger sizes than those 

encysted elsewhere no matter the sex of the host.  The better resources provided by the tissues 

in the body cavity and gonads would not only supply nutrients for parasite development but 

for extra growth as well. In our experiment, encystment site also affected development, and 

development affected worm size.  Worms grew larger as they proceeded through development 

into the progenetic stage, reaching a size similar to adults found in eels (Macfarlane, 1951).  

Progenetic individuals in other trematode species also reach sizes comparable to those of 

adults in definitive hosts (Lagrue and Poulin, 2007). 

 

Worm size is commonly associated with egg production (Fredensborg and Poulin, 

2005; Lagrue and Poulin, 2007).  Larger progenetic S. anguillae produced more eggs of larger 

and consistent size, with smaller worms producing fewer, smaller eggs of varying sizes.  

Variation in egg size is often related to environmental variability (Poulin and Hamilton, 

2000), and egg production is likely influenced by resource availability, which should be 

related to encystment site (Poulin, 1997).  It is possible that muscle tissue, where the majority 

of smaller worms are encysted, is a more heterogeneous environment compared to other 

tissues.  Further, cysts found in the muscle were enveloped in an additional thick capsule of 

host origin not observed in other tissues (K.K. Herrmann, pers. obs.).  This could possibly 
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limit uptake of particular nutrients needed for egg production or block chemical signals 

normally used by the parasite, making the environment seem less predictable and resulting in 

varying amounts of investment into eggs to ensure survival of some. 

 

Metacercariae of T. opisthorchis, a locally common trematode, had a negative effect 

on the likelihood of progenesis in S. anguillae.  Lagrue and Poulin (2008a), based on studies 

of another trematode, Coitocaecum parvum, suggested that progenetic species may adjust 

their life cycle strategy according to whether they share their current host with other parasite 

species and the identity of the latter’s definitive host.  Stegodexamene anguillae and T. 

opisthorchis share a similar life cycle with the same hosts, and both may benefit by reducing 

exploitation of the current host, ensuring their survival and increasing the probability of 

transmission to the definitive eel host (Parker et al., 2003b).  However, competition with other 

parasites within a host is commonly due to limited space and energy (Parker et al., 2003b).  

This is particularly a constraint for progenetic species that absorb nutrients for growth, 

development and egg production (Brown et al., 2003; Fredensborg and Poulin, 2005).  The 

overcrowding effect of strong competition from other highly abundant parasite species would 

be expected to negatively impact a progenetic species, as seen here by the lowered proportion 

of progenesis of S. anguillae and investment into varying egg sizes that were overall larger in 

fish also harbouring many T. opisthorchis. 

 

The facultative nature of the two life cycle strategies may indicate the plasticity of an 

adaptive phenotypic response to variable environmental conditions (Poulin and Cribb, 2002; 

Thomas et al., 2002; Poulin 2003), similar to phenotypic variation found in free-living species 

(Gotthard and Nylin, 1995; Van Buskirk and Schmidt, 2000; Seigel and Ford, 2001). For 

instance, phenotypic variation in specific morphological traits of tadpoles is associated with 

local levels of predation (Van Buskirk and McCollum, 1999); likewise, variation in life 

history traits of trematodes may be associated with local levels of transmission.  Our results 

suggest that progenesis in S. anguillae may be a conditional response to certain environmental 

factors, such as temperature and encystment site, signalling opportunities of transmission.  

These findings provide further evidence that parasite development is characterised by much 

greater adaptive plasticity than previously thought. 
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Introduction 
 

 

Complex life cycles with multiple hosts and life stages have evolved in numerous 

lineages of parasites (Choisy et al., 2003).  Each transmission event to a subsequent host 

presents an obstacle for completing the life cycle (Kearn, 1998; Choisy et al., 2003). In 

response to the selective pressures of transmission to the next host, trematodes have evolved 

various adaptations, including high fecundity, efficient host-finding mechanisms, extended 

longevity within intermediate hosts, and the ability to alter host behaviour (Combes, 1991; 

Poulin, 1995; Moore, 2002; Parker et al., 2003a; Poulin, 2007).  Another adaptation is to 

truncate the life cycle via progenesis, i.e. precocious maturity in the second intermediate host 

(Poulin, 2001; Poulin and Cribb, 2002).  Progenetic trematodes reproduce via self-fertilisation 

and produce eggs within the metacercarial cyst, eliminating the need for transmission to a 

definitive host. 

 

Progenesis has evolved in numerous parasite lineages and can be obligatory or 

facultative, with individuals in the same population adopting either life cycle strategy, the 

‘normal’ three-host or the abbreviated cycle (Poulin and Cribb, 2002; Lefebvre and Poulin, 

2005a).  The plasticity of facultative progenesis is likely to be advantageous when the 

probability of transmission to the definitive host is low (Poulin and Cribb, 2002), allowing for 

reproduction in unpredictable or unstable environments.  Previous studies have demonstrated 

that the plasticity of progenesis is driven by a variety of environmental factors, such as cues 

from the definitive host, age of the current intermediate host, encystment site, intra-host 

competition and genetic-relatedness of coinfecting parasites (Poulin, 2003; Lagrue and 

Poulin, 2007, 2009a; Poulin and Lefebvre, 2006; Lagrue et al. 2009).  This shows that some 

parasites are capable of perceiving a wide range of cues and accurately adjusting their 

reproductive strategy according to their transmission opportunities. 

 

For Stegodexamene anguillae (Lepocreadiidae), the typical three-host life cycle begins 

with ciliated miracidia hatching from eggs and infecting a snail, Potamopyrgus antipodarum, 

as the first intermediate host.  Within the snail, asexual reproduction occurs and results in 

numerous cercariae, which leave this first host and search for the second intermediate host, 

small freshwater fish, mostly Gobiomorphus and Galaxias spp. (Macfarlane, 1951, 1952).  

After penetrating the fish host, cercariae encyst as metacercariae.  At this point, metacercariae 

can either await ingestion by a definitive host, Anguilla dieffenbachii (New Zealand longfin 
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eel) or A. australis (short-finned eel), develop into adults and sexually reproduce, or develop 

progenetically into the adult stage and reproduce by self-fertilisation within the tissue of the 

second intermediate host (Macfarlane, 1951; Holton, 1984).  The progenetic strategy allows 

the trematode to bypass transmission to the eel definitive host. 

 

The major challenge of progenesis is the release of eggs into the environment from 

inside a second intermediate host (Poulin and Cribb, 2002).  For most progenetic species this 

may entail waiting for the host to die, either naturally followed by decay or by predation.  

However, S. anguillae may have evolved a solution to this problem.  Macfarlane (1951) only 

found progenetic worms in Gobiomorphus cotidianus (common bully) 3-4 cm in size, 

indicating worms are more likely to undergo progenesis in bullies of reproductive age.  

Additionally, Poulin and Lefebvre (2006) found the gonads of the fish second intermediate 

host to harbour a greater proportion of progenetic worms than other tissue and suggested that 

eggs of S. anguillae are released when the intermediate fish host spawns. 

 

The present study examines temporal variation in environmental variables, both biotic 

and abiotic, related to the probability of transmission and the growth, development and 

reproduction of S. anguillae metacercariae.  Specifically, the main objective is to investigate 

the effect of encystment site and the reproductive cycle of the second intermediate host, 

common bully, on the occurrence of progenesis.  Water temperature and day length will be 

used as variables correlated with fish reproduction.  This is one of few studies investigating 

the plasticity of parasite reproductive strategies under natural conditions, aiming specifically 

to relate peaks in progenesis with seasonal opportunities for the exit of eggs of progenetic 

worms. 

 

Methods 
 

Animal Collection 

 

 

In total, 13 monthly samples were collected between September 2008 and September 

2009 in Lake Waihola, South Island, New Zealand (46º00’S, 170º06’E).  Lake Waihola is a 

shallow, eutrophic coastal lake (Schallenberg and Burns, 2003). Common bullies have been 

reported as a dominant fish species in Lake Waihola (Kattel, 1999; Jeppesen et al., 2000) and 

are the main second intermediate host in the lake.  Collection days occurred within one week 

of the first day of each month from the same site and under similar weather conditions to 
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reduce variation.  Relative bully abundance was measured by counting the numbers of fish 

captured using a seine net to enclose a fixed area (7.0 m
2
) and push nets (mesh size 5 mm) to 

catch the fish.  Any remaining fish were captured when retrieving the seine net.  Common 

bullies " 4 cm in total length (reproductive age; Stephens, 1982) were kept, while those < 4 

cm were released.  If less than 20 bullies " 4 cm in size were captured, an electric fishing 

machine, a seine net and/or push nets were then used to obtain 20 bullies in total.  Water 

temperature was recorded on each collection date.  Fish were transported to the laboratory, 

euthanized by an overdose of tricaine methanesulfonate (MS-222), and frozen until 

dissection. 

 

Measures and statistical analyses 

 

 

 Total length, weight and sex of each fish were recorded.  Fish body condition was 

determined by W/L
3
, where W and L are the weight and total length (Bolger and Connolly, 

1989).  Fish were dissected, and all tissues, except the brain and the lumen of the 

gastrointestinal tract (where metacercariae of S. anguillae are never found), were examined 

for S. anguillae as well as other parasites.  All S. anguillae worms were individually removed 

from their cysts and classified as progenetic (eggs present), non-progenetic (no eggs present) 

or non-progenetic but with visible vitellaria (no eggs present but well-developed yolk-

producing glands).  Body surface of each worm was calculated as a surrogate for body size by 

using the formula of an ellipsoid, (!LW)/4, where L and W are the length and width of the 

parasite; the latter measurements were taken under a dissecting microscope (80X).  If the 

worm was progenetic, all eggs expelled from the worm and free within the cyst were counted.  

Length (L) and width (W) of a random subsample of 10 eggs from each progenetic worm 

were measured, and assuming a regular ellipsoid shape, egg volume was calculated as 

(!LW
2
)/6.  The coefficient of variation in egg volume was calculated as mean egg volume 

divided by the standard deviation. 

 

Six response variables were assessed using Generalized Linear Mixed Models 

(GLMM) within an Akaike information criteria (AIC) and model averaging framework 

(Burnham and Anderson, 2002; see Table 3.1).   First, progenesis in all tissues was the 

response variable in a GLMM fitted with a binomial error structure and logit-link function.  

Factors possibly influencing the parasite’s developmental strategy, i.e. non-progenetic 

(including worms with vitellaria) versus progenetic, were included in the GLMM to 

determine the effect of difference in daylight (a surrogate for date that is biologically relevant 
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to fish reproduction) between the collection date and the previous collection date, mid-point 

of relative bully abundance between the collection date and the previous collection date, mid-

point of water temperature between the collection date and the previous collection date, host 

body condition, host total length, host sex, encystment site (muscle, head, body cavity, or 

gonads), mean abundance of conspecifics and mean abundance of two other common species 

of trematode metacercariae (Telogaster opisthorchis and Apatemon sp.).  The interaction 

between difference in daylight and host sex was included to assess any change in the effect of 

host sex over time (Table 3.1).  Interactions between host sex and encystment site, and 

between host sex and temperature were included preliminarily; however inclusion of these 

interactions resulted in similar model averaging and thus were not retained in order to achieve 

a simpler global model.  Individual fish identity was added as a random factor to account for 

many S. anguillae sharing the same host individual.  This set of variables was also used in the 

following analyses in addition to any other specified (Table 3.1).  Second, another GLMM 

fitted with a binomial error structure and logit-link function was performed on developmental 

strategy using only the subset of S. anguillae worms found in the gonads, and thus, 

encystment site was removed from the variable set.  Third, worm size data were log-

transformed to approach normality and were used as response variable in a GLMM fitted with 

the Gaussian (normal) distribution and identity-link function.  All predictors in the progenesis 

GLMM were included with the addition of developmental strategy (non-progenetic, vitellaria-

present and progenetic).  Fourth, those same predictor variables were included in a GLMM, 

fitted with a quasipoisson distribution and log-link function, on number of eggs expelled per 

progenetic worm as the response variable with the addition of worm size as an extra factor.  

Fifth, a GLMM with mean egg volume per progenetic worm as response variable included the 

additional factors of worm size and number of eggs expelled and was fitted with a Gaussian 

distribution and identity-link function.  Finally, the coefficient of variation in mean egg 

volume was a response variable in a GLMM, fitted with the Gaussian distribution and 

identity-link function, and included the additional factors of worm size, number of eggs 

expelled and mean egg volume. 
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Table 3.1 The predictor variables included in the global model of each response variable. 

Predictor variables Progenesis 
Progenesis 

in gonads 

Worm 

size 

No. of 

eggs 

Egg 

volume 

CV of 

egg 

volume 

Difference in daylight # # # # # # 

Bully abundance # # # # # # 

Water temperature # # # # # # 

Host body condition # # # # # # 

Host length # # # # # # 

Host sex # # # # # # 

Daylight*host sex # # # # # # 

Encystment site #  # # # # 

Abundance of conspecifics # # # # # # 

Abundance of T. opisthorchis # # # # # # 

Abundance of Apatemon sp. # # # # # # 

Developmental strategy   #    

Worm size    # # # 

No. of eggs expelled     # # 

Egg volume      # 

 

Global models were fitted using the package lme4 (Bates and Maechler, 2009) in the 

program R (R Development Core Team, 2009).  The global model was then used to generate a 

set of all possible models, with functions from the R package MuMIn (Bartoñ, 2009).  Each 

model in the set was ranked by AICC and model averaging using MuMIn was performed on 

all models within two AICC of the best model. There was no difference in the final results if 

model averaging was done on models within eight AICC of the best model.  In the analysis on 

number of eggs expelled using a quasipoisson distribution, QAICC was used to rank the 

models.  The predictor variables in the top models are reported with their relative importance 

weights, model-averaged parameter estimates, unconditional standard error and 95% 

confidence intervals.  When only one top model emerged, that model is reported. 

 

Results 
 

 

In total, 247 common bullies were collected, from which 4,941 S. anguillae worms 

were measured (Table 3.2). The host sex ratio varied among the monthly samples (F12,242 = 

2.24,  P= 0.011; Table 3.2).  Fish length did not differ between sexes (t = 0.86, df = 240, P = 

0.390) and ranged from 3.9 to 7.4 cm.  Relative abundance of bullies at the collection site 
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peaked sharply in January (Fig. 3.1a).  Water temperature varied between 4.3°C to 18.1°C on 

the August and February collection dates, respectively (Fig. 3.1a). 

 

Table 3.2 Number and sex ratio of common bullies collected, and total number of Stegodexamene 

anguillae measured from each monthly sample. 

Collection 

date 

Common 

bully 

Host sex ratio 

(males/females) 
S. anguillae 

Sep 2008 18 0.80 511 

Oct  20 0.60 1042 

Nov 20 0.46 349 

Dec 20 0.78 419 

Jan 2009 20 6.50 377 

Feb 20 1.11 215 

Mar 19 4.33 494 

Apr 20 1.38 157 

May 19 4.00 147 

Jun 20 0.55 302 

Jul 20 0.80 278 

Aug 12 1.50 276 

Sep 19 1.57 374 

Total 247 1.18 4941 

 

 

Mean abundance (± SE) of S. anguillae varied from the lowest in May at 7.7 ± 1.11 

per fish to highest in October at 52.2 ± 11.05 (Fig 3.1b.).  On average, progenetic worms 

comprised 13.9% of all S. anguillae worms, ranging from 10.2 ± 2.27 to 28.5 ± 0.04% in 

October and February, respectively (Fig. 3.1c).  When all worms were considered, model 

analysis on progenesis resulted in 16 top models within two AICC of the best model (Table 

3.3).  With the exception of the difference in daylight and host sex interaction, all other 

explanatory variables considered in the global model were included in at least one model in 

the top model set, with encystment site as the only predictor variable with a 95% confidence 

interval bounded away from zero (Table 3.3 and 3.4).  There was a greater proportion of 

progenetic worms in the body cavity and the gonads than in the muscle, which was no 

different than the head (Fig. 3.2a). 
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Figure 3.1 Annual variation of a) water temperature (°C) and relative abundance of the second 

intermediate host, common bully, b) mean abundance of Stegodexamene anguillae in all tissues and in 

the gonads only, and c) proportion of progenetic worms in all tissues and in the gonads only.  Error 

bars indicate one standard error of the mean. 
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Figure 3.2 a) Proportion of progenetic Stegodexamene anguillae within each tissue of encystment 

with number of S. anguillae in each tissue shown above bars and b) mean worm size (mm
2
) as a 

function of developmental stage and tissue of encystment in the second intermediate host, common 

bully. Error bars indicate one standard error of the mean. 
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Analysis of the subset of worms in the gonads showed a mean abundance (± SE) of S. 

anguillae being highest in March (7.3 ± 2.27) and decreasing in May (1.9 ± 0.33; Fig. 3.1b).  

The percentage of progenetic worms in the gonads varied from 27.2 ± 7.96 to 61.5 ± 7.77% in 

June and November, respectively (Fig. 3.1c).  The top models included 12 models (Table 

3.3), again retaining all predictor variables from the global model except for the interaction 

between difference in daylight and host sex (Table 3.4).  Host sex emerged as the most robust 

variable affecting progenesis in worms in the gonads indicated by both a relative importance 

weight of 1.00 and a 95% confidence interval bounded away from zero (Table 3.4).  Worms 

in the gonads of female fish were more likely to be progenetic than those in the gonads of a 

male (Fig. 3.3a).  The confidence intervals of two other variables, difference in daylight and 

water temperature, did not include zero but had lower relative importance weights.  

Progenesis in the gonads increased when the difference in daylight since the last collection 

date also increased (Fig. 3.3b) and with increasing water temperature (Fig. 3.3c). 

 

Mean worm size (± SE) was 0.41 ± 0.006 mm
2
 for all worms but varied widely from 

0.01 to 3.50 mm
2
.  Only one top model emerged (Table 3.3), with a difference of over 19 

AICC to the next closest ranking model.  Developmental stage and encystment site were the 

only predictors in this top model explaining worm size (Table 3.4).  Worms increased in size 

as they developed from non-progenetic to progenetic; those worms with well-developed 

vitellaria were of intermediate size (Fig. 3.2b).  Worms encysted in the body cavity and 

gonads grew to larger sizes than those in the muscle (Fig. 3.2b). 

 

Mean (± SE) number of eggs expelled by progenetic worms was 229.8 ± 10.81 and 

ranged from zero (from those worms with eggs in utero only) to 1,413.  Four top models 

emerged within two QAICC of the top model (Table 3.3).  Worm size and host body condition 

were included in all four models, however neither variable had a 95% confidence interval 

bounded away from zero (Table 3.4).  Host sex, abundance of Apatemon sp. and abundance of 

T. opisthorchis were each included in one model in the top model set, but all included zero in 

the 95% confidence interval (Table 3.3 and 3.4). 
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Figure 3.3 For the subset of Stegodexamene anguillae in the gonads only, the relationship between 

proportion of progenetic worms and a) fish host sex with number of males and females shown above 

bars, b) difference in daylight time (min) since the last collection date and c) water temperature (°C).  

Error bars indicate one standard error of the mean. 
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Mean (± SE) egg volume was 8.3e
-05

 ± 7.21e
-07

 mm
3
 (n = 4877).  The intercept only 

model emerged as the top model with the next closest model differing by over 23 AICC 

(Table 3.3).  None of the variables measured explain the variation in egg size.  However, the 

coefficient of variation in egg volume is explained by egg volume as the only predictor in the 

one top model (Table 3.3 and 3.4).  The next closest model differed by over eight AICC.  As 

mean egg size increased the coefficient of variation tended to decrease (Fig. 3.4). 

 

 

Figure 3.4 The relationship between coefficient of variation of egg volume and mean egg volume 

(mm
3
) of eggs produced by progenetic Stegodexamene anguillae in the second intermediate host, 

common bully. 
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Table 3.3 The top-ranked candidate models for each response variable.  If more than one model within 2 AICC of the top model emerged, then models were 

sorted by corrected Akaike information criteria (AICC or QAICC), with model deviance, AICC (or QAICC), difference in AICC from the best model (!AICC) 

and weight (AICW) values given for each model. 

Response Model Deviance AICC !AICC AICW 

Progenesis Body condition + sex + site + Apatemon + T. opisthorchis 1757.85 1775.88 0.00 0.11 

 Body condition + sex + site + fish length + T. opisthorchis 1757.86 1775.90 0.02 0.11 

 Body condition + sex + site + S. anguillae + T. opisthorchis 1758.14 1776.18 0.30 0.09 

 Body condition + sex + site + Apatemon + S. anguillae + T. opisthorchis 1756.45 1176.49 0.61 0.08 

 Body condition + sex + site + fish length + S. anguillae + T. opisthorchis 1756.74 1776.79 0.90 0.07 

 Body condition + sex + site + Apatemon + fish length + T. opisthorchis 1756.82 1776.86 0.98 0.07 

 Body condition + sex + site + T. opisthorchis 1760.99 1777.02 1.13 0.06 

 Body condition + daylight difference + sex + site + fish length + T. opisthorchis 1757.33 1777.37 1.49 0.05 

 Body condition + daylight difference + sex + site + Apatemon + T. opisthorchis 1757.38 1777.42 1.54 0.05 

 Body condition + bully abundance + sex + site + fish length + T. opisthorchis 1757.41 1777.45 1.57 0.05 

 Body condition + bully abundance + sex + site + Apatemon + T. opisthorchis 1757.47 1777.52 1.63 0.05 

 Body condition + sex + site + fish length + T. opisthorchis + temperature 1757.55 1777.59 1.71 0.05 

 Body condition + sex + site + Apatemon + T. opisthorchis + temperature 1757.64 1777.68 1.80 0.04 

 Body condition + daylight difference + sex + site + S. anguillae + T. opisthorchis 1757.66 1777.71 1.82 0.04 

 Body condition + bully abundance + sex + site + S. anguillae + T. opisthorchis 1757.75 1777.80 1.91 0.04 

 Body condition + sex + site + S. anguillae + T. opisthorchis + temperature 1757.80 1777.84 1.96 0.04 
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Response Model Deviance AICC !AICC AICW 

Progenesis  Body condition + daylight difference + sex + Apatemon + T. opisthorchis + temperature 966.11 982.25 0.00 0.16 

in gonads Body condition + bully abundance + daylight difference + sex + Apatemon + T. opisthorchis 967.53 982.68 0.43 0.13 

 Body condition + daylight difference + sex + fish length + T. opisthorchis + temperature 967.03 983.17 0.92 0.10 

 Body condition + daylight difference + sex + Apatemon + S. anguillae + T. opisthorchis + temperature 965.34 983.52 1.27 0.08 

 Body condition + daylight difference + sex + Apatemon + fish length + T. opisthorchis + temperature 965.40 983.58 1.33 0.08 

 Body condition + daylight difference + sex + S. anguillae + T. opisthorchis + temperature 967.59 983.74 1.49 0.07 

 Body condition + bully abundance + daylight difference + sex + fish length + T. opisthorchis 967.60 983.75 1.49 0.07 

 Body condition + bully abundance + sex + Apatemon + T. opisthorchis 969.79 983.90 1.65 0.07 

 Body condition + bully abundance + daylight difference + sex + Apatemon + fish length + T. opisthorchis 965.93 984.12 1.86 0.06 

 Body condition + bully abundance + daylight difference + sex + Apatemon + S. anguillae + T. opisthorchis 965.98 984.17 1.91 0.06 

 Body condition + bully abundance + daylight difference + sex + Apatemon + T. opisthorchis + temperature 966.02 984.20 1.95 0.06 

 Body condition + daylight difference + sex + fish length + S. anguillae + T. opisthorchis + temperature 966.04 984.22 1.97 0.06 

      

Worm size Development + site -12955.00 -12889.00 - 1.00 

      

No. of eggs Body condition + worm size 57730.28 120.48 0.00 0.42 

 Body condition + worm size + sex 57404.60 121.95 1.46 0.20 

 Body condition + worm size + Apatemon 57459.03 122.05 1.56 0.19 

 Body condition + worm size + T. opisthorchis 57503.18 122.13 1.65 0.18 

      

Egg volume Intercept only -9502.00 -9470.00 - 1.00 

      

CV egg 

volume 

Egg volume -1733.00 -1726.00 - 1.00 
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Table 3.4 Predictor variables from top models for each response variable.  Relative importance 

weights (w+(i)), coefficient estimates, their unconditional standard error (SE) and 95% confidence 

interval (CI) after model averaging.  Values from top model reported for response variables with only 

one top model. The significant main effects are in bold. 

Response Predictor variable w+(i) Estimate SE 95% CI  

Progenesis Intercept  - -4.730 1.130 -6.950 to -2.500 

 Site: head 1.00 0.218 0.371 -0.508 to 0.945 

 Site: body cavity  “ 2.820 0.311 2.210 to 3.430 

 Site: gonads  “ 4.010 0.298 3.430 to 4.590 

 Host body condition 1.00 -8.920 116.000 -237.000 to 219.000 

 Host sex 1.00 -0.099 0.174 -0.441 to 0.243 

 No. of T. opisthorchis 1.00 -0.002 0.003 -0.007 to 0.003 

 No. of Apatemon sp. 0.40 0.002 0.001 -0.001 to 0.004 

 Host length 0.39 0.224 0.149 -0.068 to 0.517 

 No. of S. anguillae 0.37 0.006 0.004 -0.002 to 0.015 

 Difference in daylight 0.14 0.001 0.001 -0.001 to 0.003 

 Relative bully abundance 0.14 0.001 0.002 -0.002 to 0.005 

 Temperature 0.13 0.011 0.020 -0.028 to 0.049 

        

Progenesis Intercept - -1.190 1.480 -4.100 to 1.720 

in gonads Host sex 1.00 -0.442 0.220 -0.873 to -0.011 

 Host body condition 1.00 9.830 155.000 -295.000 to 314.000 

 No. of T. opisthorchis 1.00 -0.007 0.004 -0.014 to 0.0004 

 Difference in daylight 0.93 0.004 0.002 0.0001 to 0.007 

 No. of Apatemon sp. 0.69 0.003 0.002 -0.0004 to 0.007 

 Temperature 0.61 0.063 0.032 0.001 to 0.126 

 Relative bully abundance 0.45 0.004 0.003 -0.001 to 0.010 

 Host length 0.37 0.260 0.208 -0.148 to 0.669 

 No. of S. anguillae 0.28 0.006 0.006 -0.005 to 0.018 

        

Worm size Intercept  - -0.018 0.003 -0.024 to -0.012 

 Developmental stage  - 0.104 0.002 0.101 to 0.107 

 Site: head  - 0.002 0.002 -0.002 to 0.005 

 Site: body cavity  - 0.021 0.003 0.014 to 0.027 

 Site: gonads  - 0.044 0.003 0.038 to 0.050 

        

No. of eggs Intercept - 16.709 290.065 -551.819 to 585.237 

 Worm size 1.00 0.541 0.422 -0.285 to 1.368 

 Host body condition 1.00 -1.4x10
+03

 3.2x10
+06

 -6.2x10
+06

 to 6.2x10
+06

 

 Host sex 0.20 -0.692 3.868 -8.273 to 6.888 

 No. of Apatemon sp. 0.19 0.004 0.011 -0.019 to 0.026 

 No. of T. opisthorchis  0.18 0.013 0.034 -0.054 to 0.080 
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Response Predictor variable w+(i) Estimate SE 95% CI  

Egg volume Intercept  - 8.3x10
-05

 8.7x10
-07

 8.1x10
-05

 to 8.5x10
-05

 

        

CV of egg Intercept  - 0.201 0.010 0.181 to 0.221 

volume Egg volume  - -998.143 119.277 -1236.697 to -759.588 

*The effects of male host sex, muscle encystment site, and non-progenetic stage are included 

in the intercept of the appropriate model. 

 

 

Discussion 
 

 

Parasites showing plasticity in developmental strategies increase the probability of 

completing their life cycle.  Facultative life cycle abbreviation enables progenetic species to 

respond to environmental variability and reproduce when the probability of transmission to a 

definitive host is low (Lefebvre and Poulin, 2005a; Lagrue and Poulin, 2008b).  Poulin and 

Lefebvre (2006) suggested that progenetic S. anguillae in fish gonads would be expelled 

during spawning.  Thus S. anguillae should benefit by adjusting its reproductive strategy 

according to encystment site and relative to the reproductive season of its second intermediate 

fish host. 

 

When investigating progenesis in all worms throughout the fish’s body, only 

encystment site accounted for developmental strategy.  Worms in the body cavity and gonads 

were far more likely to adopt the progenetic strategy, supporting findings by Poulin and 

Lefebvre (2006) of a greater proportion of progenetic worms in the gonads.  These tissues 

may provide better nutritive resources for absorption by worms for growth, development and 

reproduction than muscle tissue (Poulin, 1997).  Indeed, worm size was also affected by 

encystment site, with worms in the body cavity and gonads growing to larger sizes than those 

in the muscle independently of their developmental strategy, which affected worm size as 

well.  Worms grew larger as they matured from non-progenetic to developing vitellaria to 

producing eggs, with those reproducing reaching sizes similar to adults found in eels 

(Macfarlane, 1951).  Progenetic individuals in other trematode species also reach sizes 

comparable to those of adults in definitive hosts (Lagrue and Poulin, 2007). 

 

In addition to supplying ample resources, the gonads also provide an exit for eggs of 

progenetic worms.  Progenetic cysts are similar in size and shape to fish eggs, and those 

encysting in the gonads are expected to be released during spawning (Lefebvre and Poulin, 
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2005a; Poulin and Lefebvre, 2006).  In contrast, progenetic worms found elsewhere have to 

wait for the bully host to die, either naturally followed by decay or through predation, to be 

released into the environment (Poulin and Cribb, 2002; McLaughlin et al., 2006).  However, 

fish spawning should not equally affect all worms throughout the host but only those found in 

the gonads.  In fact, model analysis on the subset of worms in the gonads showed that host 

sex, water temperature and daylight time affect progenesis in those worms encysted in the 

gonads.  As water temperature and day length increased, so did the proportion of progenetic 

worms in the gonads.  Both water temperature and day length are important factors positively 

correlated with reproduction in fish (e.g. Bullough, 1939; Siefert, 1968; Billard and Breton, 

1978; Huber and Bengston, 1999; Davies and Bromage, 2002), suggesting that S. anguillae 

worms encysted in the gonads are developing in response to cues related to their host’s 

reproductive cycle.  In Chapter Two, the frequency of progenesis increased with increasing 

temperature under experimental conditions.  However, this effect is assumed to operate 

indirectly via fish host stress because temperature is a significant factor in fish longevity.  

Further, since temperature did not explain progenesis in worms encysted in other tissues 

besides the gonads, it is unlikely that temperature directly affects progenesis.  Alternatively, 

parasites are known to respond in growth, differentiation and reproduction to a variety of 

physiological cues within their host (Thomas et al., 2002; Escobedo et al., 2005), and S. 

anguillae may be using the changes in hormones during the bully reproductive cycle as a 

signal for development. 

 

Further, worms were more likely to become progenetic if encysted in female ovaries 

rather than male testes.  Female gonads provide a definite exit for progenetic worms and their 

eggs, whereas worms encysted in male gonads may be unlikely to pass through the vas 

deferens and exit the fish because of their size.  The progenetic strategy is highly 

advantageous for those worms encysted in female ovaries because worms that do not develop 

would also be expelled during a spawning event and die without reproducing.  Common 

bullies spawn twice during the reproductive season, with females first spawning around 

September and a second spawning from October through March (Stephens, 1982).  A 

decrease in mean abundance of S. anguillae in gonads was not observed during the bully host 

reproductive season, most likely due to new infections acquired at the same time.  However, 

progenesis in worms in the gonads showed a decreasing trend through the bully reproductive 

season and into winter followed by an increase prior to the next reproductive season (Fig. 

3.1c).  This suggests that S. anguillae worms within the gonads are exploiting cues related to 
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the likelihood of being expelled during host spawning and reproducing prior to the time when 

the probability of being released from the host is high. 

 

Individuals of progenetic species are typically encysted in muscle tissue or inside the 

body cavity of the second intermediate host and must await host death in order for their eggs 

to be released into the environment (Macy and Basch, 1972; Poulin and Cribb, 2002; 

Lefebvre and Poulin, 2005a; McLaughlin et al., 2006).  Stegodexamene anguillae has solved 

this problem, and similarly, a few other progenetic species have evolved other mechanisms to 

overcome this obstacle.  For instance, high virulence in Aphalloides coelomicola, and its 

association with a tissue-liquefying myxozoan, allows acceleration of host death and thus 

release of the parasite’s eggs (Pampoulie et al., 1999, 2000).  Metacercariae of Alloglossidium 

macrobdellensis migrate to the intestinal lumen of the second intermediate host and then 

begin progenetic reproduction, allowing eggs to be passed into the environment along with 

host faeces (Corkum and Berkerdite, 1975).  The progenetic cysts of Coitocaecum anaspidis 

easily burst within its crustacean host, and eggs disperse throughout the body via the 

hemolymph, causing blockage and resulting in deterioration of appendages thereby releasing 

the eggs into the water (Hickman, 1934).  There may be many more strategies for egg 

dispersal in progenetic species that have yet to be discovered. 

 

None of the variables measured in this study affected the number of eggs produced or 

the size of those eggs.  However, the number of eggs produced by progenetic S. anguillae was 

unexpected.  Progenetic worms are thought to be less fecund, limited to 100-200 eggs, than 

worms reproducing in the definitive host (Poulin and Cribb, 2002; Lagrue and Poulin, 2009b).  

For S. anguillae, the mean number of eggs produced by progenetic worms was greater than 

200 with one worm producing over 1400 eggs.  Still, this may be less than the thousands of 

eggs an adult within an eel may produce.   Moreover, worms that produced larger eggs 

produced eggs of consistent size; those that produced smaller eggs produced eggs of varying 

size.  Progenetic S. anguillae producing large eggs may be better at exploiting host resources 

consistently and produce eggs of similar size, whereas those producing smaller eggs of 

varying sizes may be investing differentially among eggs due to variability in resource 

availability within the host (Poulin and Hamilton, 2000). !An alternative possibility is that 

variation in egg size and mean egg size are only spuriously correlated, since one is derived 

from the other, although there is no solid statistical reason to dismiss a biological explanation 

on that basis alone (Prairie and Bird, 1989). 
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In conclusion, being expelled from the host during spawning exerts strong selective 

pressure for those worms encysting in female ovaries.  It is highly advantageous for S. 

anguillae to adjust its reproductive strategy according to its probability of being expelled 

from the second intermediate host before being transmitted to the definitive host. Here, the 

results show that S. anguillae is capable of accurate adjustments in its reproductive strategy 

based on encystment site, as well as environmental factors related to the reproductive cycle of 

its second intermediate host.  For progenetic species reproducing within the tissues of a 

second intermediate host, egg dispersal is the major reproductive challenge (Poulin and Cribb, 

2002).  However, progenetic S. anguillae may be exploiting their host’s reproduction as an 

exit strategy for their eggs.  These results demonstrate the adaptive plasticity of reproductive 

strategies in S. anguillae depending on its host’s reproductive cycle. 
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Chapter Four 

 

 

 

Geographic variation in life cycle strategies of a progenetic 

trematode: does host availability matter? 
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Introduction 
 

 

Organisms commonly inhabit variable and unpredictable environments, in which those 

that have phenotypic plastic traits and are able to adjust their strategies in response to 

environmental cues should thus experience increased fitness (West-Eberhard, 2003; 

Schoeppner and Relyea, 2008).  Like free-living organisms, parasites also inhabit an 

unpredictable world, resulting in differential transmission success and life cycle completion 

(Fenton and Hudson, 2002).  Transmission depends on host availability, which is variable 

both spatially and temporally (Crossan et al., 2007).  Selection should favour parasites with 

plastic life history traits and abilities to perceive and respond to cues related to host presence 

and transmission probability (Poulin and Cribb, 2002).  Even when hosts are abundant, 

individual hosts are discrete units dispersed throughout the environment, and thus the 

probability of a parasite contacting a suitable host is typically low and unpredictable (Fenton 

and Hudson, 2002; Crossan et al., 2007). 

 

Low or variable abundance of the definitive host is most likely the main selective 

force in the evolution of truncated life cycles (Poulin and Cribb, 2002).  Many helminth 

parasites have dropped the definitive host from their life cycle, making it easier to complete 

(Poulin and Cribb, 2003; Lefebvre and Poulin, 2005a).  For some species, the shortened life 

cycle has become obligatory, whereas in others it is a facultative strategy with both normal 

and abbreviated cycles occurring in the same population.  In trematodes, facultative life cycle 

truncation typically occurs via progenesis (i.e. early maturation), in which eggs are produced 

by self-fertilisation within the intermediate host (Poulin, 2001; Poulin and Cribb, 2002).  

When transmission rates to definitive hosts are low, progenesis should be favoured and is 

viewed as a form of reproductive insurance since eggs should still be released if the 

progenetic worm is ingested by a definitive host or even a non-host predator (Poulin, 2001; 

Wang and Thomas, 2002; Lefebvre and Poulin, 2005b). 

 

Progenesis in the trematode Stegodexamene anguillae is facultative with individuals 

from the same population adopting either one of two life cycle strategies.  Eggs of S. 

anguillae hatch in the aquatic environment and infect freshwater snails, Potamopyrgus 

antipodarum, as first intermediate hosts.  Asexual reproduction occurs within the snail host, 

producing numerous cercariae that leave the snail in search for the second intermediate host, 

small freshwater fish, mostly Gobiomorphus and Galaxias spp. (Macfarlane, 1951, 1952).  
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Cercariae actively penetrate the fish and encyst as metacercariae within host tissues where 

they await ingestion by a definitive host, either Anguilla dieffenbachii (New Zealand longfin 

eel) or A. australis (short-finned eel).  Alternatively, some metacercariae grow to larger sizes, 

mature and produce eggs through self-fertilisation while still within the second intermediate 

fish host.  These eggs, contained inside the parasite’s cyst, are released into the environment 

when the intermediate fish host dies or are expelled with the fish host’s eggs when progenetic 

metacercariae are encysted in the host’s gonads (Poulin and Lefebvre, 2006, Chapter Three).  

Thus the need for transmission to a definitive host is bypassed in parasites adopting 

progenesis. 

 

If progenesis is phenotypically plastic, then the frequency of progenesis should be 

related to the probability of transmission to the definitive host.  Several environmental factors 

affect adoption of alternative transmission routes.  Stegodexamene anguillae preferentially 

adopts progenesis based on encystment site within the fish intermediate host and the 

opportunity for eggs to be released into the environment during host spawning events (Poulin 

and Lefebvre, 2006, Chapter Three) and in hosts exposed to stressful conditions, resulting in 

reduced host longevity and thus lower transmission probability (Chapter Two).  Another 

trematode, Coitocaecum parvum, exhibits variation in progenesis depending on genetic 

relatedness with coinfecting parasites (Lagrue et al., 2009), length of time within the 

intermediate host (Lagrue and Poulin, 2009b), and chemical cues conveying information on 

availability of definitive hosts (Poulin, 2003; Lagrue and Poulin, 2007).  Likewise, for S. 

anguillae, the immediate abundance of its eel definitive host greatly influences the probability 

of transmission to an eel, and may therefore affect the adoption of the progenetic strategy. 

 

Thus far, field studies and laboratory experiments on progenetic species have focused 

on individuals from a single population.  However, plasticity of reproductive traits has been 

found to vary among populations of both free-living and parasitic organisms, especially 

among populations experiencing different environmental conditions (Seigel and Ford, 2001; 

Loot et al., 2008).  This study investigates, for the first time, the variation in the frequency of 

progenesis among populations of S. anguillae in one of its second intermediate host species, 

Gobiomorphus cotidianus (common bully).  Three questions are addressed.  First, is there any 

geographic variation in the frequency of progenesis among populations?  Second, if variation 

among populations is observed, is it correlated with external cues related to the probability of 

transmission, specifically focusing on the abundance of eel definitive hosts?  Third, do other 

individual- or population-level parameters, such as abundance of S. anguillae, worm size and 
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egg production, also vary among host populations?  Altogether, this study is the first to 

compare life history strategies among parasite populations and provide insight into the real 

plasticity of life cycle abbreviation in natural populations. 

 

Methods 
 

Study sites 

 

 

Four lakes were selected as study sites, all on the South Island, New Zealand. They 

were chosen based on published information on eel abundances, with relatively high eel 

abundances in Lakes Waihola and Waipori, low abundance in Lake Ohau and intermediate 

abundance in Lake Hawea (Fig. 4.1, Beentjes and Jellyman, 2003; Beentjes et al., 2006).  

Two lakes, Waihola and Waipori, are shallow, coastal, eutrophic lakes with slightly brackish 

water due to tidal inflow (Table 4.1, Schallenberg and Burns, 2003, Schallenberg et al., 2003).  

Lakes Hawea and Ohau are at higher elevation, have greater surface area and are deep, 

oligotrophic lakes (Table 4.1; Beentjes et al., 1997; Beentjes and Jellyman, 2003).  Common 

bully has been reported as a dominant fish species in these lakes (Jellyman, 1984; Kattel, 

1999; Jeppesen et al., 2000) and is the main second intermediate host of S. anguillae in these 

lakes. 

 

Figure 4.1 Map of the South Island, New Zealand, indicating the four sampling sites: Lakes Hawea, 

Ohau, Waihola and Waipori. 
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Table 4.1 Lake parameters and measurements of hosts and Stegodexamene anguillae for the four lakes 

(lake information from Irwin, 1978; Beentjes and Jellyman, 2003; Schallenberg and Burns, 2003; 

Schallenberg et al., 2003). 

 Hawea Ohau Waihola Waipori 

Latitude, longitude 44º26’S, 169º12’E 44º10’S, 169º49’E 46º00’S, 170º06’E 45º58’S, 170º07’E 

Surface area (km
2
) 141 63 6.4 2.2 

Mean depth (m) 192 74 1.3 0.5 

Max depth (m) 384 129 2.2 1.1 

Surface elevation 

(m) 
348 520 16 0 

Relative eel 

abundance 
0.5 0 7.5 4.5 

Relative bully 

abundance 
0.563 0.012 0.077 0.029 

Mean bully length 

± SE (cm) 

(range) 

4.8 ± 0.14 

(3.6 - 6.2) 

4.3 ± 0.15 

(3.2 – 6.0) 

4.9 ± 0.10 

(3.9 – 5.5) 

4.5 ± 0.09 

(4.0 – 5.3) 

Bully sex ratio 

(males/females) 
1.50 0.82 0.82 2.33 

No. S. anguillae 1125 544 400 292 

S. anguillae mean 

abundance ± SE 

(range) 

56.3 ± 9.69 

(6 - 162) 

27.2 ± 4.07 

(2 - 68) 

20.0 ± 4.21 

(4 - 89) 

14.6 ± 3.01 

(2 - 50) 

S. anguillae mean 

abundance in 

gonads ± SE 

2.2 ± 0.48 4.5 ± 1.14 5.3 ± 0.79 2.0 ± 0.71 

Mean % progenetic 

± SE 

(range) 

1.6 ± 0.55 

(0 - 10.0) 

5.0 ± 1.72 

(0 - 30.9) 

17.1 ± 3.33 

(0 - 50.0) 

11.5 ± 2.94 

(0 - 40.0) 

Mean worm size 

(mm
2
) ± SE 

(range) 

0.15 ± 0.007 

(0.01 - 2.80) 

0.41 ± 0.026 

(0.01 - 5.16) 

0.43 ± 0.027 

(0.01 - 2.87) 

0.31 ± 0.027 

(0.01 - 2.51) 

Mean number of 

eggs ± SE 

(range) 

138.2 ± 33.2 

(0 – 470) 

339.5 ± 53.14 

(0-1130) 

131.2 ± 22.74 

(0 – 560) 

176.2 ± 33.89 

(0 – 610) 

Mean egg volume 

(m
3
) ± SE 

1.2e-04 ± 4.1e-06 1.4e-04 ± 4.5e-06 1.1e-04 ± 3.5e-06 9.9e-05 ± 3.6e-06 

 

Animal collection 

 

 

All lakes were sampled within one month (20 January to 20 February 2010).  Relative 

eel abundance was measured using two fyke nets set overnight for one night and calculated as 

number of eels per trap (Chisnall and West, 1996; Jellyman and Graynoth, 2005).  Relative 

abundance of common bullies was measured using 16 minnow traps set overnight and 

calculated as number of bullies per trap per hour (He and Lodge, 1990).  Fyke nets and 

minnow traps were set following the same protocol (i.e. same formation in similar habitat) in 
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all four lakes to reduce variation in sampling effort among sampling sites.  After capture, fish 

were counted to determine relative abundance among sites, and common bullies longer than 

3.2 cm were kept, while others were released.  When fewer than 20 bullies were caught in the 

traps, an electric fishing machine, a seine net and push nets (mesh size 5 mm) were used to 

obtain a total of 20 fish of the minimum required size.  Bullies retained for dissection were 

euthanized by an overdose of tricaine methanesulfonate (MS-222) and frozen until dissection.  

Water temperature was also recorded on each collection. 

 

Measures and statistical analyses 

 

 

For each fish, total length, weight and sex were recorded.  Fish body condition was 

determined as W/L
3
, where W and L are the weight and total length (Bolger and Connolly, 

1989).  All fish tissues, except the brain and the lumen of the gastrointestinal tract (where 

metacercariae of S. anguillae are never found), were dissected and examined for S. anguillae 

and other parasite species.  Each S. anguillae metacercariae was individually removed from 

its cyst and classified as progenetic (eggs present), non-progenetic (no eggs present) or non-

progenetic but with visible vitellaria (no eggs present but yolk-producing glands developed).  

Body surface of each worm was calculated as a surrogate for body size by using the formula 

of an ellipsoid, (!LW)/4, where L and W are the length and width of the parasite; the latter 

measurements were taken under a dissecting microscope (80X).  Eggs of progenetic worms 

expelled from the worm and free within the cyst were counted.  Length (L) and width (W) of 

a subsample of 10 eggs from each progenetic worm were measured, and assuming a regular 

ellipsoid shape, egg volume was calculated as (!LW
2
)/6. 

 

Differences among lakes in relative eel abundance, relative bully abundance and total 

length of bullies sampled were assessed with ANOVAs, while a chi-square test was used to 

assess differences in bully sex ratio among samples.  Two Generalized Linear Models (GLM), 

each fitted with a quasipoisson distribution and log-link function, were used to assess 

differences among lakes in mean abundance of S. anguillae, while accounting for variability 

due to bully host length, and in mean abundance of S. anguillae in the gonads only, while 

accounting for host sex.  Three Generalized Linear Mixed Models (GLMM) were used to 

assess differences among lakes in progenesis (with each worm classified as either progenetic 

or not), log-transformed worm size and number of eggs produced per progenetic worm.  

Individual fish identity was added as a random factor to account for many S. anguillae sharing 

the same host individual.  The progenesis model was fitted with a binomial error structure and 
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logit-link function, the worm size model was fitted with the Gaussian (normal) distribution 

and identity-link function, and the egg model was fitted with a quasipoisson distribution and 

log-link function.  In the GLMM on progenesis, host length and encystment site (muscle, 

head, body cavity, or gonads) were also included as factors, whereas developmental stage and 

encystment site were added to the GLMM on worm size.  These variables were deemed as 

important predictors in the model averaging analyses described below.  However, all the 

above analyses are designed solely to identify differences among lakes, and therefore lake 

identity is the main factor in all of them. 

 

Subsequently, a separate series of analyses were performed to determine which 

parameters affect S. anguillae life history traits regardless of study site (i.e. lake). In these 

analyses, four response variables were assessed using a (GLMM) within an Akaike 

information criterion (AIC) and model averaging framework (Burnham and Anderson, 2002; 

see Table 4.2).  First, progenesis was the response variable in a GLMM fitted with a binomial 

error structure and logit-link function.  Factors possibly influencing whether the parasite 

becomes progenetic or not were included in the GLMM to determine the effect of relative eel 

abundance, relative bully abundance, water temperature, bully host body condition, bully host 

length, host sex, encystment site (muscle, head, body cavity, or gonads), mean abundance of 

conspecifics, and mean abundance of two other common species of trematode metacercariae 

(Telogaster opisthorchis and Apatemon sp.).  Lake and individual fish identity were added as 

random factors.   The interaction between host sex and encystment site was included 

preliminarily, however inclusion of this interaction resulted in similar model averaging and 

thus was not retained in order to achieve a simpler global model.  This set of variables was 

used in the following analyses in addition to any specified (Table 4.2).  Second, worm size 

data were log-transformed to approach normality and used as response variable in a GLMM 

fitted with the Gaussian (normal) distribution and identity-link function.  The same predictors 

as in the progenesis GLMM were included with the addition of developmental strategy (non-

progenetic, vitellaria-present and progenetic).  Third, those same predictor variables were 

included in a GLMM, fitted with a quasipoisson distribution and log-link function, on number 

of eggs expelled per progenetic worm as the response variable with the addition of worm size 

as an extra factor. Finally, a last GLMM with mean egg volume per progenetic worm as 

response variable and fitted with the Gaussian (normal) distribution and identity-link function, 

included the additional factors of worm size and number of eggs expelled. The GLMMs on 

number of eggs and mean egg volume were performed to consider the possibility that some 
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predictor variables might have more subtle effects on parasite biology than just influencing 

whether or not they become progenetic. 

 

Table 4.2 The predictor variables included in the global model of each response variable. 

Predictor variables Progenesis Worm 

size 

No. of 

eggs 

Egg 

volume 

Eel abundance ! ! ! ! 

Bully abundance ! ! ! ! 

Water temperature ! ! ! ! 

Host body condition ! ! ! ! 

Host length ! ! ! ! 

Host sex ! ! ! ! 

Encystment site ! ! ! ! 

Abundance of conspecifics ! !   

Abundance of T. opisthorchis ! !   

Abundance of Apatemon sp. ! !   

Developmental strategy  !   

Worm size   ! ! 

No. of eggs expelled    ! 

 

Global models were fitted using the package lme4 (Bates and Maechler, 2009) in the 

program R (R Development Core Team, 2009).  The global model was then used to generate a 

model set of all possible models, with functions from the R package MuMIn (Bartoñ, 2009).  

Each model in the set was ranked by AICC, or QAICC for the model fitted with a quasipoisson 

distribution.  Model averaging, using MuMIn and the natural averaging method, was 

performed on all models within two AICC (or QAICC) of the best model.  The predictor 

variables in the top models are reported with their relative importance weights, model-

averaged parameter estimates, unconditional standard error and 95% confidence intervals.  

When only one top model emerged, that model is reported. 

 

Results 
 

 

Even though lakes were chosen based on prior information suggesting varying eel 

abundance, no such difference was detected statistically (F 3,4 = 1.03, P = 0.469).  However, 

relative bully abundance varied among lakes (Table 4.1; F 3,63 = 28.50, P < 0.001).  A post-

hoc Tukey’s HSD showed that Lake Hawea had higher relative bully abundance than all other 

lakes with a 0.05 level of significance, with all other comparisons between lakes being non-
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significant.  Of the eighty bullies sampled, total length varied between 3.2 and 6.2 cm, and 

mean total length was significantly different only between Lakes Ohau and Waihola (Table 

4.1; F 3,76 = 4.30, P = 0.007, Tukey’s HSD = -0.56, P = 0.010).  There was no significant 

difference in sex ratio of bullies sampled among lakes (!2
 = 3.64, df = 3, P = 0.30). 

 

The total number of S. anguillae sampled from 20 bullies from each lake also varied 

(Table 4.1).  While prevalence in bullies was 100% at all lakes, mean abundance of S. 

anguillae was greater at Lake Hawea than all other lakes (Table 4.1 and 4.3).  However, 

considering only worms in the gonads, the mean abundance was greater at Lake Waihola than 

all other lakes (Table 4.3). 

 

Model analysis on progenesis resulted in 15 top models within two AICC of the best 

model (Table 4.4), and all explanatory variables considered in the global model were included 

in at least one model in the top model set.  Encystment site and bully host length emerged as 

the most robust predictor variables with a relative importance weight of 1.00 and a 95% 

confidence interval bounded away from zero (Table 4.4 and 4.5).  There were greater 

proportions of progenetic worms in host head, body cavity and gonads than in muscle tissue 

(Fig. 4.2a).  Progenesis also increased with increasing host length (Fig. 4.3).  Bully abundance 

also had a confidence interval that did not include zero but had a lower relative importance 

weight (Table 4.5).  Bully abundance and frequency of progenesis showed a negative 

relationship (Table 4.5), with Lake Hawea having the greatest bully abundance and lowest 

proportion of progenetic worms compared to the other lakes (Table 4.1 and 4.3, Fig. 4.4). 

 

Host body condition, developmental strategy and encystment site were the predictors 

of worm size in the two top models although 95% confidence intervals of only developmental 

strategy and encystment site did not include zero (Table 4.4 and 4.5).  Worms grew larger as 

they developed from non-progenetic to having vitellaria to becoming progenetic.  Worms in 

the body cavity and gonads grew to larger sizes than those in the head and muscle tissues 

(Fig. 4.2b).  Inter-lake comparisons showed that worms at Lakes Ohau and Waihola achieved 

larger sizes than those at Lake Hawea (Table 4.1 and 4.3). 

 

Two top models emerged from model analysis on egg production, the intercept only 

model and a model with worm size as the only predictor (Table 4.4).  Confidence interval of 

worm size included zero (Table 4.5).  Egg production did not differ among populations (Table 

4.1 and 4.3).  Only one top model, the intercept only model, resulted from model analysis on 
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mean egg volume (Table 4.4).  No variable measured in this study explained egg size.  

Furthermore, mean egg volume was also similar among populations (n = 910; Table 4.1). 

 

Figure 4.2 a) Proportion of progenetic worms and b) mean worm size (mm
2
) at each lake as a function 

of encystment site.  Error bars indicate one standard error of the mean. 
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Figure 4.3 Proportion of progenetic worms as a function of host body length. 

 

Figure 4.4 Mean proportion of progenetic Stegodexamene anguillae as a function of mean number of 

second intermediate hosts, the common bully, caught per trap per hour.  Error bars indicate one 

standard error of the mean. 
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Table 4.3 The statistical results for mean abundance of Stegodexamene anguillae, progenesis, worm 

size and number of eggs expelled comparing the four populations while accounting for any other 

significant predictor variables emerging from the model averaging analysis.  Parameter estimate, 

standard error (SE) and estimate/SE are reported.  The significant main effects are in bold.  Level of 

significance indicated by * P=0.05, ** P=0.01, ***P=0.001. 

Response Predictor variable Estimate SE Estimate/SE  

Abundance of  Lake: Hawea v Ohau -0.387 0.174 -2.22 * 

S. anguillae Lake: Hawea v Waihola -1.047 0.189 -5.54 *** 

 Lake: Hawea v Waipori -1.051 0.219 -4.79 *** 

 Bully host length 0.798 0.110 7.29 *** 

      

Abundance of  Lake: Hawea v Ohau 0.687 0.369 1.86  

S. anguillae Lake: Hawea v Waihola 0.862 0.359 2.40 * 

in gonads only Lake: Hawea v Waipori -0.070 0.438 -0.16  

 Bully host sex -0.268 0.244 -1.10  

      

Progenesis Lake: Hawea v Ohau 1.106 0.533 2.08 * 

 Lake: Hawea v Waihola 1.502 0.487 3.08 ** 

 Lake: Hawea v Waipori 1.868 0.541 3.45 *** 

 Bully host length 0.959 0.311 3.09 ** 

 Site: muscle v head 1.087 0.451 2.41 * 

 Site: muscle v body cavity 2.692 0.413 6.53 *** 

 Site: muscle v gonads 4.173 0.418 9.99 *** 

      

Worm size Lake: Hawea v Ohau 0.021 0.009 2.40 * 

 Lake: Hawea v Waihola 0.024 0.009 2.71 * 

 Lake: Hawea v Waipori 0.003 0.009 0.29  

 Develop: non-progenetic v vitellaria 0.176 0.006 29.15 *** 

 Develop: non-progenetic v progenetic 0.286 0.006 45.61 *** 

 Site: muscle v Head 0.005 0.003 1.40  

 Site: muscle v body cavity 0.042 0.004 10.63 *** 

 Site: muscle v gonads 0.072 0.005 14.80 *** 

      

No. of eggs Lake: Hawea v Ohau -0.991 27.347 -0.04  

 Lake: Hawea v Waihola -0.383 24.332 -0.02  

 Lake: Hawea v Waipori -0.017 25.932 0.00  
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Table 4.4 The top-ranked candidate models for each response variable.  If more than one model within 2 AICC of the top model emerged, then models were 

sorted by corrected Akaike information criteria (AICC or QAICC), with model deviance, AICC or QAICC, difference in AICC from the best model (!AICC) and 

weight (AICW) values given for each model. 

Response Model Deviance AICC !AICC AICW 

Progenesis Bully abundance + site + host length + S. anguillae 680.96 699.04   - 0.14 

 Bully abundance + site + host length + S. anguillae + T. opisthorchis 680.10 700.19 1.15 0.08 

 Eel abundance + site + host length + S. anguillae + temperature 680.19 700.28 1.25 0.07 

 Bully abundance + site + host length 684.25 700.31 1.27 0.07 

 Bully abundance + site + host length + T. opisthorchis 682.26 700.34 1.30 0.07 

 Bully abundance + eel abundance + site + host length 682.29 700.37 1.34 0.07 

 Bully abundance + eel abundance + site + host length + S. anguillae 680.52 700.61 1.57 0.06 

 Site + host length + S. anguillae 684.61 700.67 1.64 0.06 

 Site + host length + S. anguillae + T. opisthorchis 682.73 700.81 1.77 0.06 

 Bully abundance + site + host length + S. anguillae + temperature 680.74 700.84 1.80 0.06 

 Bully abundance + site + host length + temperature 682.80 700.88 1.84 0.05 

 Bully abundance + Apatemon + site + host length + S. anguillae 680.91 701.00 1.97 0.05 

 Bully abundance + site + Apatemon + host length + S. anguillae 680.92 701.01 1.97 0.05 

 Bully abundance + body condition + site + host length + S. anguillae 680.93 701.02 1.98 0.05 

 Eel abundance + site + host length + temperature 682.96 701.03 2.00 0.05 

      

Worm size Body condition + development + site -6248.16 -6228.07   - 0.70 

 Development + site -6244.41 -6226.33 1.73 0.30 

      

No. of eggs Intercept only 8598.05 23.20   - 0.71 

 Worm size 8596.65 24.95 1.75 0.29 

      

Egg volume Intercept only -1618.00 -1588.00 - 1.00 
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Table 4.5 Predictor variables from top models for each response variable.  Relative importance 

weights (w+(i)), coefficient estimates, their unconditional standard error (SE) and 95% confidence 

interval (CI) after model averaging are shown for each variable.  Values from top model reported for 

response variables with only one top model. Variables in bold have a 95% confidence interval 

bounded away from zero. 

Response Predictor variable w+(i) Estimate SE 95% CI  

Progenesis Intercept  - -8.010 5.100 -18.000 to 1.990 

 Site: head 1.00 1.100 0.452 0.2100 to 1.980 

 Site: body cavity  “ 2.690 0.413 1.880 to 3.500 

 Site: gonads  “ 4.130 0.417 3.310 to 4.950 

 Host length 1.00 1.140 0.393 0.371 to 1.910 

 Relative bully abundance 0.76 -2.020 1.020 -4.020 to -0.019 

 No. of S. anguillae 0.68 -0.013 0.008 -0.028 to 0.002 

 Relative eel abundance 0.26 0.359 0.371 -0.367 to 1.090 

 Temperature  0.24 -0.676 0.885 -2.410 to 1.060 

 No. of T. opisthorchis 0.21 0.008 0.007 -0.005 to 0.021 

 Host sex 0.05 -0.073 0.313 -0.686 to 0.541 

 No. of Apatemon sp. 0.05 0.000 0.002 -0.003 to 0.004 

 Host body condition 0.05 -23.800 131.000 -281.000 to 233.000 

        

Worm size Intercept  - 0.056 0.021 0.014 to 0.098 

 Develop: vitellaria 1.00 0.176 0.006 0.165 to 0.188 

 Develop: progenetic “ 0.286 0.006 0.274 to 0.298 

 Site: head 1.00 0.005 0.003 -0.002 to 0.011 

 Site: body cavity  “ 0.042 0.004 0.034 to 0.050 

 Site: gonads  “ 0.073 0.005 0.063 to 0.082 

 Host body condition 0.70 -0.760 2.490 -5.640 to 4.120 

        

No. of eggs Intercept - 4.236 9.131 -13.660 to 22.132 

 Worm size 0.50 -0.001 0.083 -0.164 to 0.163 

        

Egg volume Intercept  - 1.2x10
-04

 8.1x10
-06

 1.0x10
-04

 to 1.3x10
-04

 

*The effects of male host sex, muscle encystment site, and non-progenetic development are 

included in the intercept of the appropriate model. 

!

Discussion 
 

 

The present study found both similarities and differences in S. anguillae infections and 

life history traits among four lake populations.  Although prevalence of S. anguillae 

metacercariae in bully intermediate hosts was 100% at all four lakes, abundance of S. 



Chapter Four: Geographic variation in life cycle strategies 

!

66!

anguillae varied among the lakes and was greatest at Lake Hawea.  Relative abundance of the 

second intermediate host, common bully, was also substantially higher in Lake Hawea than in 

the other lakes studied.  Since parasite and host abundances are positively correlated 

(Marcogliese et al., 2001; Smith, 2001; Roberts et al., 2002; Latham and Poulin, 2003; 

Hechinger and Lafferty, 2005), the availability of suitable hosts must be adequate at all four 

lakes, but abundances of hosts may be best for transmission success at Lake Hawea.  Further, 

abundance of S. anguillae also increased with increasing host length, since bullies probably 

acquire metacercariae continuously throughout their life (Barber and Crompton, 1997). 

 

The frequency of progenesis was highest at Lake Waihola.  This may be explained by 

the greater abundance of S. anguillae in the gonads of Lake Waihola bullies; worms encysted 

in the gonads are more likely to adopt progenesis.  Host length was also an important 

predictor affecting progenesis.  Stegodexamene anguillae are more likely to become 

progenetic in longer, and therefore older, bully hosts.  As an intermediate host ages, the 

probability of transmission to a definitive host decreases, and S. anguillae may thus respond 

to cues related to host ageing and reproduce through progenesis before the intermediate host 

dies.  This further supports results from Chapter Two, in which an increase in progenesis 

occurrence was observed in bully hosts experimentally exposed to stressful conditions and 

experiencing reduced longevity.  Alternatively, S. anguillae in older fish could themselves be 

older and may have an age-dependent strategy, as predicted by the developmental time 

hypothesis (Poulin and Cribb, 2002).  The progenetic trematode, Coitocaecum parvum, 

provides a good example: the longer it spends encysted within a second intermediate host, the 

more likely it is to mature and produce eggs (Lagrue and Poulin, 2009b). 

 

Transmission generally depends on host availability (Crossan et al., 2007).  Low 

definitive host abundance is thought to be the main driving force behind the evolution of 

truncated life cycles (Poulin and Cribb, 2002).  In spite of this, eel abundance did not 

significantly influence frequency of progenesis in this study.  However, the link between 

progenesis and eel abundance may be confounded by eel translocations into Lake Hawea.  

The lake’s main outlet is the Clutha River, however Roxburgh and Clyde Dams have 

restricted eel recruitment into Lake Hawea since 1958 and 1992, respectively (Beentjes and 

Jellyman, 2003).  In 1998, over 9,000 eels were transferred to Lake Hawea from high-density 

populations from branches of the Clutha River (Beentjes and Jellyman, 2003).  These 

transfers, no doubt, also included S. anguillae within the eels.  Intensive eel surveys in Lake 

Hawea prior to the transfer captured three eels each in 1995 and 1998 (Beentjes and Jellyman, 
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2003).  Therefore, the majority of S. anguillae individuals in the current population at Lake 

Hawea are likely descendants of S. anguillae populations from the Clutha River.  Progenesis 

of S. anguillae appears to be rare in river systems (I. Blasco-Costa, pers. comm.), which may 

explain the low incidence of progenesis in the Lake Hawea population compared to all other 

lakes. 

 

Although eel abundance did not seem to affect progenesis in S. anguillae, abundance 

of the intermediate bully host did.  Overall, there was a negative relationship between 

progenesis and bully abundance, with Lake Hawea having both the greatest abundance of 

bullies and the lowest incidence of progenesis.  It is possible that as bully abundance 

increases, eels preferentially prey upon bullies, enhancing transmission of S. anguillae to an 

eel host.  However, this relationship is highly likely to be confounded by the recent transfer of 

eels and S. anguillae into Lake Hawea from the Clutha River.  The frequency of progenesis at 

Lake Hawea is likely to have been influenced by conditions experienced by the S. anguillae 

population from the Clutha River.  The other three lakes had similar abundances of bullies but 

differed in proportion of progenetic S. anguillae, suggesting that abundance of common 

bullies may not be an important factor in progenesis. 

 

Worms were of smaller sizes at Lake Hawea than at Lakes Ohau and Waihola.  

Although Lake Hawea bullies harboured the greatest number of S. anguillae, abundance of S. 

anguillae did not affect individual worm size.  Developmental stages (non-progenetic, 

vitellaria-present or progenetic) and encystment site were the main predictors of worm size.  

As S. anguillae matured sexually, they also grew in size.  Since the Lake Hawea population 

had the fewest progenetic individuals, its mean size would be expected to be smaller.  Further, 

worms encysted in body cavity and gonads attained larger sizes than those in muscle tissue, 

most likely due to better nutritive resource availability in these tissues compared to muscle 

tissue (Poulin, 1997). 

 

Even though the proportion of progenetic individuals varied among lake populations, 

egg production was similar.  Across the four lake populations, the mean ranged between 130-

340 eggs per progenetic worm.  A maximum of 1,130 eggs was produced by a worm from 

Lake Ohau.  Egg production should be constrained in progenetic individuals inside a 

metacercarial cyst and relatively short-lived second intermediate host compared to those in 

the gut of a definitive host (Poulin and Cribb, 2002).  Although fecundity of adults inside an 

eel definitive host is unknown, it is likely much higher than that of progenetic individuals. 
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Egg volume did not vary among parasite populations and was not influenced by any other 

variable considered here, suggesting that this trait is not plastic and independent from factors 

influencing progenesis. 

Overall, the present results indicate that definitive host abundance may not be a 

selective force acting on adoption of progenesis in natural populations.  Coitocaecum parvum 

has been experimentally shown to adopt progenesis at a greatly increased frequency in the 

absence of cues from its definitive host (Poulin, 2003; Lagrue and Poulin, 2007). However, 

Lagrue and Poulin (2008b) were unable to find a statistical association between definitive 

host abundance and the frequency of progenesis in a field study.  Thus many other factors 

likely influence life cycle strategies in trematodes.  At present, the four lakes vary greatly in 

relative eel abundance due to hydroelectric dams.  However, eels may have been adequately 

abundant in the past and therefore may not have been a historical selection force on the 

reproductive strategy of S. anguillae.  Previous research, along with the present study, showed 

that encystment site and thus opportunity for releasing progenetic eggs into the environment 

(Poulin and Lefevbre, 2006; Chapter Three), as well as longevity of the second intermediate 

host (Chapter Two), are strong selective forces acting on early maturation and reproduction in 

S. anguillae.  Progenesis may be a plastic trait responding to a variety of factors, however 

abundance of definitive eel hosts does not seem to have measurable impacts on rates of 

progenesis in natural populations of S. anguillae. 
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Chapter Five 

 

 

 

The missing host hypothesis: 

do chemical cues from the definitive host affect life cycle 

truncation of a progenetic trematode? 
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Introduction 
 

 

Completion of complex life cycles typical of parasitic helminths requires transmission 

through a series of hosts.  Each transmission event is a challenge, resulting in various 

adaptations by trematodes to counteract the low probability of completing the life cycle 

(Kearn, 1998; Poulin and Cribb, 2002; Choisy et al., 2003).  These adaptations include high 

fecundity, asexual reproduction, efficient host-finding mechanisms, longevity in the second 

intermediate host and the ability to alter host behaviour (Combes, 1991; Poulin, 1995, 2007; 

Moore, 2002; Parker et al., 2003a).  In addition, some species have evolved the ability to 

shorten the typical three-host life cycle to two hosts or even one host (Lefebvre and Poulin, 

2005a).  In principle, a shorter life cycle should be easier to complete. 

 

Many trematodes can simplify their life cycle from three hosts to two by developing 

precociously in the second intermediate host, a phenomenon known as progenesis.  During 

progenetic development, juvenile stages, i.e. metacercariae, mature into adults and produce 

eggs via self-fertilisation within the metacercarial cyst, thus eliminating the necessity of 

reaching a definitive host to complete the life cycle (Poulin and Cribb, 2002).  In some 

species, the truncated life cycle becomes obligatory.  In others it is facultative, with some 

individuals of a population adopting the three-host cycle and others adopting the abbreviated 

life cycle (Poulin and Cribb, 2002; Lefebvre and Poulin, 2005a). 

 

The two alternative life cycles, the three-host cycle and the two-host one, could be 

plastic life history strategies, adopted in response to environmental cues related to the 

probability of completing that optional transmission event, ingestion by the definitive host.  

Truncated life cycles are quite common with many independent phylogenetic origins, 

suggesting strong selective forces acting upon the evolution of shorter life cycles (Poulin and 

Cribb, 2002).  Transmission probability depends upon abundance of the definitive host 

(Crossan et al., 2007), which should exert strong selective pressure on trematodes.  The rare 

or missing host hypothesis suggests that progenesis is favoured when the definitive host is 

periodically unavailable (Holton, 1984; Poulin and Cribb, 2002).  Parasites with access to 

information about the external environment of their host, such as the likelihood of predation 

of their current host and thus probability of transmission to the next host, would have a 

selective advantage if they were able to adjust their life cycle strategies accordingly (Thomas 

et al., 2002). 
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For example, in the progenetic trematode Coitocaecum parvum, the frequency of 

progenesis by worms in the second intermediate amphipod host depends on chemical cues 

from its definitive fish host under experimental conditions (Poulin, 2003; Lagrue and Poulin, 

2007).  When cues from the definitive host are absent, more C. parvum adopt the progenetic 

life cycle, whereas those within amphipod hosts exposed to chemical cues of the definitive 

fish host are more likely to adopt the three-host strategy and await ingestion by a definitive 

host.  Nevertheless, no correlation between definitive host abundance and progenesis in C. 

parvum was observed in the field (Lagrue and Poulin, 2008b).  The lack of evidence for this 

relationship under natural conditions was attributed to the complex interactions among several 

environmental factors affecting progenesis simultaneously, and thus C. parvum may be 

unable to accurately adjust its life cycle strategy (Lagrue and Poulin, 2008b). 

 

Similarly, Stegodexamene anguillae is another progenetic trematode that may be 

capable of adjusting its reproductive strategy based on transmission opportunities to its 

definitive host, either Anguilla dieffenbachii (New Zealand longfin eel) or A. australis (short-

finned eel).  In the second intermediate host, small freshwater fish like Gobiomorphus and 

Galaxias spp. (Macfarlane, 1951, 1952), S. anguillae encysted in gonad tissue preferentially 

adopt progenesis and reproduce before being expelled into the environment during host 

spawning events (Poulin and Lefebvre, 2006; Chapter Three).  Under experimental 

conditions, the frequency of progenesis in S. anguillae increases in hosts exposed to stressful 

conditions that reduce host longevity and thus lower transmission probability (Chapter Two).  

Under the rare or missing host hypothesis, one would expect the abundance of the definitive 

eel host to strongly influence the frequency of progenesis in S. anguillae.  Although eel 

abundance was not correlated with progenesis of S. anguillae in a field study (Chapter Four), 

the effect of eel abundance may be detectable under controlled experimental conditions, 

similar to what has been observed in C. parvum. 

 

Trematodes exploit predator-prey relationships for transmission to their definitive 

host.  Chemical cues from predators induce anti-predator behaviour in a variety of prey taxa 

(Ferrari et al., 2010a), which are often used as second intermediate hosts by trematodes.  In 

this study, S. anguillae in its second intermediate host, common bully (Gobiomorphus 

cotidianus), is used to test the missing or rare host hypothesis, to determine experimentally 

whether S. anguillae is capable of accessing information about the presence, or even 

abundance, of its definitive eel host.  When cues indicating imminent predation are withheld 

from bully hosts, S. anguillae metacercariae are expected to respond by increasing the 
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frequency of progenesis.  However, other predators in addition to eels also stimulate anti-

predator behaviour in common bullies (Kristensen and Closs, 2004).  The ability of S. 

anguillae to distinguish between host stress induced by its definitive host or by an unsuitable 

(i.e., non-host) predator is also tested.  Additionally, other parameters related to development 

and reproduction are taken into account, to quantify any subtle effects on progenetic 

reproduction by S. anguillae. 

 

Methods 
 

Animal collection and acclimation 

 

 

Common bullies between 4-6 cm in total length (reproductive age) were collected in 

Lake Waihola (46º00’S, 170º06’E), South Island, New Zealand, using seine nets in January 

2010.  Both eel species, the definitive hosts for S. anguillae, and European perch (Perca 

fluviatilis), a non-host predator, are also found in Lake Waihola.  Natural infections in bullies 

of this size and from this site range between 4 and >100 S. anguillae per fish (Poulin and 

Lefebvre, 2006; Chapters Three and Four).  Prior to the acclimation period and again during 

allocation to experimental treatments, fish were treated for fungal skin infection using 

Profurin (1g/100L) for 30 min and given a 5-min saltwater bath to eliminate monogenean 

ectoparasites due to the problematic nature of these infections while housing common bullies.  

Fish were kept in filtered and aerated aquaria, fed frozen bloodworms (Aqua One) and live 

amphipods from Lake Waihola, and allowed to acclimate for one week.  During the 

acclimation period, water was slowly changed from fresh lake water to a mixture of 67% 

spring water and 33% seawater to inhibit fungal growth in captivity (note: the coastal lake of 

origin is mildly brackish due to tidal influences).  The photoperiod was set at 12L:12D. 

 

To obtain water for the scented experimental treatments, two shortfin eels, the 

definitive host, were purchased from New Zealand Eel Processing Company (Te Kuiti, North 

Island), and one European perch, a non-host predator, was collected from Lake Waihola with 

a seine net.  Eels were housed together.  Water volume was adjusted in the tanks holding the 

eels and the perch to maintain a ratio of 5g fish/L in an effort to standardise cue concentration.  

To avoid any other fish odour contaminating these tanks, the perch was fed earthworms every 

two days, and the eels were occasionally fed minced beef. 
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Experimental treatment 

 

 

Ten bullies were placed into each of eight tanks (27 L) based on their total length, 

resulting in fish of a similar range of total length in all tanks to avoid any variation in fish size 

among treatments.  Two tanks were randomly assigned to each of four treatments (unscented 

control, low concentration of eel scent, high concentration of eel scent and perch scent).  At 

the beginning of the experiment and every two days thereafter, 9 L of water was removed 

from each treatment tank and replaced with one of four types of water depending on 

treatment.  Tanks in the control treatment received 6 L of spring water and 3 L of seawater 

(unscented).  Tanks in the treatment with the low concentration of eel scent received 2 L of 

spring water, 1 L seawater and 6 L from the tank housing the two eels.  Tanks in the treatment 

with high concentration of eel scent received 9 L of water from the tank housing the two eels.  

Tanks in the perch-scented treatment received 9 L of water from the tank housing the perch.  

The tanks housing the eels and perch were drained until 30% of the water had been removed; 

it was then replaced with the mixture of 67% spring water and 33% seawater. 

 

The experiment monitored changes in the developmental status of naturally acquired 

parasites in response to treatment conditions.  Responses by naturally acquired parasites were 

used instead of experimental infections because the latter proved impossible and because very 

few parasites in fish taken from the wild are at the progenetic stage (7.5-17.1%, Poulin and 

Lefebvre, 2006; Chapters Three and Four); therefore, random allocation of fish to treatments 

results in equally low initial frequencies of progenetic worms across treatments, and any 

differential increase in these frequencies can be interpreted as a treatment effect. 

 

Measurements and statistical analyses 

 

 

Fish were euthanized by an overdose of tricaine methanesulfonate (MS-222) after 

eight weeks, which is sufficient time for worms to grow, develop and begin producing eggs 

(Macfarlane, 1951).  In the control treatment, 10 and 10 fish survived, 8 and 9 in the low eel 

treatment, 10 and 10 in the high eel treatment, 9 and 9 in the perch scented treatment, in 

replicate one and two respectively.  Total length, weight and sex of each fish were recorded.  

Fish body condition was determined as W/L
3
, where W and L are the weight and length of 

each fish (Bolger and Connolly, 1989).  Fish were dissected, and all tissues, except the brain 

and the lumen of the gastrointestinal tract (where metacercariae of S. anguillae are never 

found), were examined for S. anguillae as well as other parasites.  All S. anguillae worms 
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were individually removed from their cysts and classified as progenetic (eggs present), non-

progenetic (no eggs present) or non-progenetic but with visible vitellaria (no eggs present but 

yolk-producing glands developed).  Body surface area of each worm was calculated as a 

surrogate for body size by using the formula of an ellipsoid, (!LW)/4, where L and W are the 

length and width of the parasite; the latter measurements were taken under a dissecting 

microscope (80X).  If the worm was progenetic, all eggs expelled from the worm and free 

within the cyst were counted.  Length (L) and width (W) of a subsample of 10 eggs from each 

progenetic worm were measured, and assuming a regular ellipsoid shape, egg volume was 

calculated as (!LW
2
)/6. 

 

Two developmental stages, non-progenetic and vitellaria-present, were combined into 

one category of non-progenetic worms based on preliminary tests that showed no difference 

in the outcome of analysis of the determinants of progenesis if vitellaria-present worms were 

excluded.  Thus, factors influencing the parasite’s developmental strategy, non-progenetic 

versus progenetic, were assessed using a Generalized Linear Mixed Model (GLMM) with a 

binomial error distribution and logit-link function.  This analysis was used to determine the 

effect of treatment (unscented, eel scented at low concentration, eel scented at high 

concentration, and perch scented), host length, host body condition, host sex, encystment site 

(muscle, head, body cavity, or gonads), abundance of conspecifics and of two other common 

species of trematode metacercariae (Telogaster opisthorchis and Apatemon sp.), while 

individual fish identity and aquarium were added as random factors.  The interaction between 

host sex and encystment site was included preliminarily, however inclusion of this interaction 

resulted in a similar final model and thus was not retained in order to achieve a simpler 

model. 

 

The following analyses used the same factors with the additional ones specified for 

each case.  First, worm size data were log-transformed to approach normality and were used 

as a response variable in a GLMM, with the Gaussian (normal) distribution and identity-link 

function, including developmental strategy (non-progenetic, vitellaria-present and progenetic) 

as an additional factor.  Second, number of eggs expelled per progenetic worm was used as 

response variable in a GLMM with the quasipoisson distribution, log-link function and the 

addition of worm size as an extra factor.  Third, a GLMM with mean egg volume per 

progenetic worm as response variable, the Gaussian (normal) distribution and identity-link 

function, included the additional factors of worm size and number of eggs expelled.  Finally, a 

GLMM with coefficient of variation in mean egg volume per progenetic worm as a response 
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variable, the Gaussian (normal) distribution and identity-link function included additional 

factors of worm size, number of eggs expelled and mean egg volume.  All GLMMs were 

fitted using the package lme4 (Bates and Maechler, 2009) in the program R (R Development 

Core Team, 2009). 

 

Results 
 

 

Out of the 75 surviving experimental fish, 1,799 metacercariae of S. anguillae were 

recovered, with numbers ranging from 3 to 90 per fish and mean abundance (± SE) of 24.0 ± 

2.31 per fish.  Across all S. anguillae in all treatments, 16.9% were progenetic and an 

additional 8.2% had developed vitellaria.  Differences among individual worms in 

development strategy were explained only by encystment site (Table 5.1).  Of the 304 

progenetic worms, more were found in the body cavity (74 of 270) and gonads (196 of 437) 

than in the muscle (18 of 674) or the head (16 of 418; Fig. 5.1a).  Although a slightly lower 

proportion of worms became progenetic in the high eel abundance treatment (Fig. 5.1a), there 

was no significant treatment effect (Table 5.1). 

 

Mean size (± SE) of worms was 0.40 ± 0.012 mm
2
.  Worm size was affected by 

encystment site and developmental stage, but not by treatment (Table 5.1).  Mean size of all 

worms was slightly larger in the head (0.22 ± 0.014 mm
2
), and markedly larger in the body 

cavity (0.53 ± 0.031 mm
2
) and gonads (0.81 ± 0.035 mm

2
) than in muscle tissue (0.21 ± 0.009 

mm
2
; Fig. 5.1b).  Progenetic worms were significantly larger than non-progenetic worms, 

with those worms having well-developed vitellaria but no eggs falling in between (Fig. 5.1b). 

 

The mean number (± SE) of eggs released per progenetic worm was 235.9 ± 16.89 and 

ranged from 0 to 1380.  Number of eggs expelled by progenetic individuals was not affected 

by treatment or any of the parameters measured and tested (Table 5.1). 

 

The mean (± SE) egg volume per progenetic worm was 8.35
-05

 ± 1.03
-06

 mm
3
 (n = 

910) and ranged from 4.36
-05

 to 1.21
-04

 mm
3
.  Egg volume was not affected by treatment, but 

it varied as a function of worm size and host body condition (Table 5.1), with larger eggs 

being produced by larger worms (Fig. 5.2a) and in hosts with better body condition (Fig. 2b).  

However, the relationship between host body condition and egg size was driven by one 
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individual fish with a high body condition index (the outlier to the far left on Fig. 5.2a).  The 

effect of host body condition disappeared once this outlier was removed. 

 

 

Figure 5.1 a) The relationship between proportion of progenetic worms and encystment site as a 

function of treatment and b) the relationship between worm size (mm
3
) and encystment site by 

developmental stage.  Error bars indicate one standard error of the mean. 
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Figure 5.2 Mean egg volume (mm
3
) per progenetic worm as a function of a) worm size (mm

2
) and b) 

host body condition. 

Finally, the coefficient of variation in egg volume was also unaffected by treatment 

conditions, but decreased with increasing mean egg volume and increasing worm size (Table 

1; Fig. 5.3a).  The coefficient of variation in egg volume also decreased as host body 

condition decreased (Fig. 5.3b), but increased as abundance of Apatemon sp. increased (Fig. 

3c). However, worm size, host body condition and abundance of Apatemon sp. no longer had 

an effect once the individual worm with the highest coefficient of variation in egg volume 

(the outlier at the top of Figures 5.3a, b, c) was removed. 
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Figure 5.3 The coefficient of variation in egg volume as a function of a) mean egg volume (mm

3
) per 

progenetic worm, b) host body condition and c) abundance of Apatemon sp. 



Chapter Five: The missing host hypothesis 

!

79!

Table 5.1 Results from the five GLMMs on the response variables (progenetic versus non-progenetic, 

worm size, number of eggs expelled, mean egg volume per progenetic worm and coefficient of 

variation (CV) of egg volume) in relation to the predictor variables.  Parameter estimate, standard 

error (SE) and estimate/SE are reported.  The significant main effects are in bold.  Level of 

significance indicated by * P=0.05, ** P=0.01, ***P=0.001. 

Response Predictor variable Estimate SE Estimate/

SE 

 

Progenesis Intercept -0.744 2.972 -0.25  

 Treatment: low eel 0.925 0.492 1.88  

 Treatment: high eel -0.095 0.489 -0.19  

 Treatment: perch 0.251 0.465 0.54  

 Host length -0.445 0.467 -0.95  

 Host sex 0.210 0.372 -0.94  

 Host body condition -177.000 188.900 0.56  

 Site: head 0.321 0.411 0.78  

 Site: body cavity 2.737 0.335 8.16 *** 

 Site: gonads 3.421 0.320 10.71 *** 

 No. of T. opisthorchis 0.002 0.002 0.99  

 No. of Apatemon sp. 0.003 0.003 0.91  

 No. of S. anguillae -0.007 0.010 -0.72  

Worm size Intercept -1.540 0.850 -1.81  

 Treatment: low eel -0.014 0.144 -0.10  

 Treatment: high eel -0.021 0.138 -0.15  

 Treatment: perch 0.059 0.130 0.45  

 Host length -0.010 0.133 -0.07  

 Host sex -0.093 0.105 -0.86  

 Host body condition -41.990 51.600 -0.81  

 Site: head -0.102 0.048 -2.11 * 

 Site: body cavity 0.254 0.058 4.35 *** 

 Site: gonads 0.134 0.005 2.45 * 

 Stage: vitellaria 1.376 0.069 20.09 *** 

 Stage: progenetic 1.857 0.060 30.76 *** 

 No. of T. opisthorchis -0.001 0.001 -1.05  

 No. of Apatemon sp. 0.000 0.001 0.27  

 No. of S. anguillae 0.003 0.003 0.98  
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Response Predictor variable Estimate SE Estimate/

SE 

 

No. of eggs Intercept   4.4 2.0 x 10
+02

 0.02  

 Treatment: low eel 2.6 x 10
-02

 3.5 x 10
+01

 0.00  

 Treatment: high eel -5.7 x 10
-01

 3.5 x 10
+01

 -0.02  

 Treatment: perch -1.3 x 10
-01

 3.5 x 10
+01

 -0.00  

 Host length -8.6 x 10
-01

 3.4 x 10
+01

 -0.03  

 Host sex -6.7 x 10
-01

 2.8 x 10
+01

 -0.02  

 Host body condition 3.3 x 10
+02

 1.2 x 10
+04

 0.03  

 Site: head -6.5 x 10
-01

      2.0 -0.32  

 Site: body cavity -2.9 x 10
-01

      1.6 -0.19  

 Site: gonads 2.1 x 10
-01

      1.5 0.14  

 Worm size 5.0 x 10
-01

 5.3 x 10
-01

 0.95  

 No. of T. opisthorchis -5.3 x 10
-03

 1.7 x 10
-01

 -0.03  

 No. of Apatemon sp. -2.4 x 10
-03

 2.0 x 10
-01

 -0.01  

 No. of S. anguillae 4.4 x 10
-02

 7.4 x 10
-01

 0.06  

Egg size Intercept 1.6 x 10
-05

 2.8 x 10
-05

 0.95  

 Treatment: low eel 2.1 x 10
-06

 6.3 x 10
-06

 0.34  

 Treatment: high eel -2.1 x 10-
06

 6.4 x 10
-06

 -0.33  

 Treatment: perch -4.2 x 10
-06

 6.3 x 10
-06

 -0.67  

 Host length 8.5 x 10
-07

 4.4 x 10
-06

 0.19  

 Host sex 1.3 x 10
-06

 3.7 x 10
-06

 0.36  

 Host body condition 4.2 x 10
-03

 1.5 x 10
-03

 2.84 * 

 Site: head -8.4 x 10
-06

 1.1 x 10
-05

 -0.79  

 Site: body cavity 2.2 x 10
-06

 8.5 x 10
-06

 0.26  

 Site: gonads -2.9 x 10
-06

 8.3 x 10
-06

 -0.35  

 Worm size 1.5 x 10
-05

 2.2 x 10
-06

 6.72 *** 

 No. of eggs per worm 8.6 x 10
-09

 4.6 x 10
-09

 1.88  

 No. of T. opisthorchis -1.4 x 10
-08

 2.0 x 10
-08

 -0.71  

 No. of Apatemon sp. 2.7 x 10
-08

 2.1 x 10
-08

 1.31  

 No. of S. anguillae -1.4 x 10
-08

 8.2 x 10
-08

 -0.17  
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Response Predictor variable Estimate SE Estimate/

SE 

 

Egg Size CV Intercept 3.5 x 10
-01

 7.7 x 10
-02

 4.63  

 Treatment: low eel 6.7 x 10
-04

 1.0 x 10
-02

 0.07  

 Treatment: high eel -8.0 x 10
-03

 1.1 x 10
-02

 -0.76  

 Treatment: perch 2.2 x 10
-03

 1.0 x 10
-02

 0.21  

 Host length -1.7 x 10
-02

 1.2 x 10
-02

 -1.43  

 Host sex -4.6 x 10
-03

 7.9 x 10
-03

 -0.58  

 Host body condition    -8.5      4.0 -2.10 * 

 Site: head -4.7 x 10
-02

 3.3 x 10
-02

 -1.43  

 Site: body cavity 6.3 x 10
-03

 2.7 x 10
-02

 0.24  

 Site: gonads -7.3 x 10
-03

 2.6 x 10
-02

 -0.28  

 Worm size -1.6 x 10
-02

 7.7 x 10
-03

 -2.09 * 

 No. of eggs per worm 1.3 x 10
-05

 1.4 x 10
-05

 0.91  

 Egg volume -8.5 x 10
+02

 2.8 x 10
+02

 -3.05 ** 

 No. of T. opisthorchis -4.8 x 10
-06

 5.1 x 10
-05

 -0.09  

 No. of Apatemon sp. 1.3 x 10
-04

 4.8 x 10
-05

 2.70 * 

 No. of S. anguillae -1.3 x 10
-04

 2.0 x 10
-04

 -0.65  

*The effects of the control treatment, male host sex, muscle encystment site, and non-

progenetic stage are included in the intercept of the appropriate model. 

 

Discussion 
 

 

Encystment site affected progenesis in this study, a pattern consistent with previous 

studies (Poulin and Lefebvre, 2006; Chapters Two, Three, Four).  Here, the results show a 

higher frequency of progenesis in worms encysted in the gonads, regardless of experimental 

treatment.  However, chemical cues from a predator (host or non-host) did not have any effect 

on development and reproduction of S. anguillae, supporting previous field data suggesting 

that definitive host abundance does not impact progenesis of this species (Chapter Four).  In 

fact, the proportion of progenetic individuals in this study was comparable to that of field data 

from Lake Waihola at the same time of year (Chapter Three), indicating either that abundance 

of the eel host has no effect on the frequency of progenesis or that this experiment did not 

properly simulate differences in host abundance among treatments. 
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The frequency of progenesis in this experiment was similar to levels found in nature at 

the same time of year (Chapter Three).  Additionally, abundance of the eel definitive host was 

not found to affect progenesis in a field survey (Chapter Four).  Eel abundance may be more 

stable than hypothesized and thus may not be an important selection force for progenesis in S. 

anguillae.  Other selective factors, such as encystment site and bully reproductive cycle 

(Poulin and Lefebvre, 2006; Chapter Three) and host longevity (Chapter Two), may be the 

drivers of facultative progenesis in S. anguillae. 

 

However, three potential shortcomings in the experimental design may have 

contributed to these results.  First, cues may have been given too infrequently and/or at an 

insufficient concentration.  Prey adjust their anti-predator responses based on cue 

concentration (Helfman, 1989; Ferrari et al., 2006; Ferrari et al., 2010a), and behavioural 

studies with mixed results are often explained by differences in cue concentration (Stabell and 

Lwin, 1997).  Additionally, chemical alarm cues are known to decay in laboratory settings in 

3-6 hours (Wisenden et al., 2009) and this may apply to predator odour cues as well.  In this 

study, fresh scented water was added every 48 hours to aquaria with filters.  Thus, cues from 

predators may have been too low or infrequent in all treatments of the experiment to induce a 

response in the fish. 

 

Second, fish used in the experiment may have been aware that predators were present 

when given water with predator odour, but it is the alarm cues from the skin of injured 

conspecifics and the digestion cues from faeces of predators that label a predator as 

threatening (Mathis and Smith, 1993; Chivers and Mirza, 2001; Chivers et al., 2001).  

Without the alarm or digestion cues that are only provided by an actively feeding predator, 

fish in the experiment may not have had a strong response to a predator that is present but not 

actively foraging, and thus non-threatening (Ferrari et al., 2010a). 

 

Most predator-prey studies have not differentiated between alarm cues and predator-

only cues, because predators used for these studies have been fed conspecifics of the prey 

species being tested (Ferrari et al., 2010a).  For those studies that have distinguished between 

the two sources of cues, phenotypic change in the prey species was only induced when both 

predator odour and conspecific alarm cues were given (Harvell, 1984, 1986; Appleton and 

Palmer, 1988; Stabell et al., 2003; Schoeppner and Relyea, 2005; Fässler and Kaiser, 2008).  

For example, anti-predator behaviour in tadpoles (Hyla versicolor) was induced when they 

were given cues of crushed conspecifics, but morphological change was only induced when 
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they were presented with cues of predators consuming prey (Schoeppner and Relyea, 2005).  

Similarly, Daphnia galeata did not show any phenotypic change when given cues from a 

predator fed on earthworms but did respond when the cue was from a predator fed 

conspecifics (Stabell et al., 2003).  Alarm cues may need digestive enzymes to be activated, 

and perhaps only the predictable metabolites of alarm cues actually trigger phenotypic change 

in prey species (Stabell et al., 2003). This trend may extend to phenotypic change in parasites 

within those prey. 

 

Without cues indicating a foraging predator, bullies may begin to disassociate the 

predator cue with “danger” even though these fish have naturally experienced both eel and 

perch predators in Lake Waihola and thus should have responded with anti-predator 

behaviours (Kristensen and Closs, 2004).  While this experiment lasted 56 days, an 

experiment with juvenile rainbow trout (Oncorhynchus mykiss) showed that recognition of the 

predator can be lost after only 21 days when predator odour is not paired with alarm cues 

(Brown and Smith, 1998).  Further, for the expression of anti-predator responses in minnows 

(Pimephales promelas), recent cue information weighs more than old information (Ferrari and 

Chivers, 2006).  Losing predator recognition may be an adaptation to avoid expensive 

responses in changing conditions that become non-threatening, such as prey growing too large 

to be consumed by a particular predator species (Ferrari et al., 2010a, b) or predictable 

temporal patterns in foraging habits of predators (Wisenden et al., 2009).  Eels do not actively 

forage during the day or during winter (McDowall, 1990), so bullies may not maintain an 

anti-predator response to predator odour without accompanying cues indicating active 

foraging by eels. 

 

Finally, a third factor is that no visual stimulus was given to fish in this experiment.  

Kagawa and Mugiya (2000) showed that plasma cortisol levels only increased in goldfish 

(Carassius auratus) when visual cues of a predator were given, with or without a chemical 

cue, but no increase was detected when only chemical cues were provided.  Parasites have 

evolved structures similar to hormone receptors found in their vertebrate hosts, and it is 

through the host’s endocrine system and hormonal fluctuations that information about host 

health, stress and reproductive cycle is communicated to endoparasites (Thomas et al., 2002; 

Escobedo et al., 2005).  Many studies have shown parasites to exploit the host endocrine 

system to favour their establishment, growth and reproduction (Morales-Montor et al., 2001; 

Remoue et al., 2002; Escobedo et al., 2004, 2005).  In the case of S. anguillae, plasma cortisol 

levels of the bully host may indicate future probability of transmission to an eel host, with 
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increased levels of plasma cortisol induced by actively foraging predators within sight.  If the 

predator odour cue failed to increase plasma cortisol levels in fish in this experiment, then S. 

anguillae within those fish may not have perceived a differential transmission probability 

among the treatments. 

 

Not only did host/predator odour not affect frequency of progenesis in S. anguillae, it 

also had no effect on growth, egg production or egg size.  On the other hand, encystment site 

and developmental stage did affect worm size, with worms growing larger as they developed 

to more advanced stages, and those encysted in the body cavity and gonads achieving larger 

sizes than those in the muscle, a pattern consistent with previous studies of S. anguillae 

(Chapters Two, Three, Four).  Worm size significantly affected egg size, with larger worms 

producing larger eggs on average.  Additionally, there was a positive relationship between the 

coefficient of variation in egg volume and mean egg volume.  Worms producing large eggs of 

consistent size may be able to better exploit host resources consistently, and those producing 

smaller eggs of varying sizes may invest in eggs differentially due to variability in resource 

availability within the host (Poulin and Hamilton, 2000). !Alternatively, the correlation 

between variation in egg size and mean egg size may be spurious, because one is derived 

from the other, although there is no solid statistical reason to dismiss a biological explanation 

on that basis alone (Prairie and Bird, 1989).  Once outliers in egg size and variation in egg 

size were removed, these results were similar to previous studies on S. anguillae (Chapters 

Two, Three, Four). 

 

Eel abundance may not be evolutionarily important for progenesis in S. anguillae.  

Other factors may be the drivers of facultative progenesis in S. anguillae, such as encystment 

site and bully reproductive cycle (Poulin and Lefebvre, 2006; Chapter Three) and host 

longevity (Chapter Two), if S. anguillae is perceiving transmission opportunities via host 

reproductive hormones and/or hormones associated with longevity.  To assess the role of 

alarm cues and plasma cortisol levels, it would be interesting to repeat this experiment with 

cues from predator odour alone, alarm cues alone (from the skin of conspecifics) and cues 

from a host predator fed conspecifics, using a shared filtration system so that bullies are 

constantly exposed to cue treatment.  This could be paired with a visual stimulus, and by 

measuring plasma cortisol levels, hormonal changes within the host could be monitored and 

related to the reproductive response of S. anguillae. 
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Introduction 
!

!

Modern molecular genetic methods have enabled biologists to distinguish between 

morphologically similar species that are genetically distinct from each other (Avise, 2004).  

Recently, these techniques have elucidated complexes of cryptic species within trematodes, 

parasitic flatworms with complex life cycles and multiple hosts (e.g. Donald et al., 2004; 

Miura et al., 2005; Leung et al., 2009; Blasco-Costa et al., 2010; Detwiler et al., 2010).  

Contrary to popular hypotheses about parasite speciation occurring by specialisation for 

different hosts (Blair et al., 1997, Malenke et al., 2009; Poulin and Keeney, 2008), cryptic 

trematode species can be found within the same host species at a particular life stage (Donald 

et al., 2004; Detwiler et al., 2010).  This highlights the need for molecular studies to be 

performed alongside ecological research. 

 

Stegodexamene anguillae (Lepocreadiidae) has a three-host life cycle, typical of many 

trematodes.  Eggs hatch in the water, and larvae infect snails, Potamopyrgus antipodarum, as 

the first intermediate host.  After asexual reproduction within the snail, numerous cercariae 

leave this host and search for the second intermediate host, small freshwater fish, mostly 

Gobiomorphus and Galaxias spp. (Macfarlane, 1951, 1952).  After penetrating the fish host, 

cercariae encyst and develop into metacercariae, the infective stage to the definitive hosts, 

Anguilla dieffenbachii (New Zealand longfin eel) or A. australis (short-finned eel).  

Transmission to definitive hosts occurs when eels feed on a fish infected with metacercariae 

(Macfarlane, 1951, 1952).  Development into the adult stage and sexual reproduction occur in 

the digestive tract of the eels, and trematode eggs are shed into the water with the host’s 

faeces.  Infection of a new first intermediate snail host completes the life cycle.  Alternatively, 

S. anguillae is capable of progenesis, in which early maturation and reproduction by selfing 

occurs within the second intermediate host.  Thus, progenetic S. anguillae have an 

abbreviated life cycle in which they skip the definitive eel host. 

 

Stegodexamene anguillae is an autogenic species (sensu Esch et al., 1988), in which 

the life cycle can be completed among hosts that are all confined to an aquatic system.  

Autogenic species often have low gene flow due to their aquatic hosts having low dispersal 

compared to similar parasites that use bird definitive hosts (Criscione and Blouin, 2004).  

Further, progenetic individuals reproducing by selfing should cause reductions in genetic 

diversity (Jarne, 1995; Charlesworth, 2003).  Here, the population structure and phylogenetic 
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relationship of S. anguillae in multiple localities and multiple hosts is examined using 

mitochondrial cytochrome c oxidase I (COI) and 16S rRNA genes, and the ribosomal second 

internal spacer (ITS2) gene.  This selection of genes is common for trematodes because of 

power to resolve species boundaries (Nolan and Cribb, 2005; Vilas et al., 2005).  Although it 

is a preliminary investigation, this study tests the hypothesis that haplotype diversity among 

individual S. anguillae is structured according to reproductive strategy (progenetic or non-

progenetic), geography (lake/river of origin), host species or microhabitat within the host (site 

of metacercarial encystment). 

!

Methods 
!

Collections 

!

!

Individual metacercariae from the second intermediate host, common bully 

(Gobiomorphus cotidianus), were obtained from five localities on the South Island, New 

Zealand: Tomahawk Lagoon, Lake Waihola, Lake Waipori, Lake Hawea, Lake Ohau (Table 

6.1, Fig. 6.1).  Bullies from Lake Waihola were collected between December 2007 and 

February 2010; those from the other localities were collected in January and February 2010.  

One additional metacercarial specimen was obtained from another second intermediate host 

species, common river galaxias (Galaxias vulgaris (sensu lato); McDowall and Wallis, 1996), 

collected from Oreti River in August 2005.  Cercariae were obtained from Potamopyrgus 

antipodarum snails collected from Chatto Creek from February to April 2008.  Finally, adult 

worms were obtained from short-finned eels (A. australis) purchased from Aquahaven 

(Christchurch, South Island) and the New Zealand Eel Processing Company (Te Kuiti, North 

Island) in November and December 2007.  The eels were sourced, respectively, from Lake 

Ellesmere, South Island and from Hydro Lakes on Waikato River, North Island.  Cercariae 

were shed from snails, and one cercaria was isolated from each snail.  Metacercariae were 

dissected from fish host tissue and removed from cysts.  Adult worms were dissected from 

intestinal contents of eel hosts.  All specimens were rinsed in 0.22-!m-filtered fresh water. 



Chapter Six: Genetic structure in a progenetic trematode 

!

""!

 

Table 6.1  Localities sampled, river catchment of locality, life stage and number (n) of S. anguillae 

obtained for sequencing, and host species collected. 

Locality Catchment Latitude Longitude Life cycle stage (n) Host 

Chatto Creek Clutha 45º03’S 169º31’E Cercariae (8) 1
st
 Intermediate - snail 

Lake Hawea Clutha 44º26’S 169º12’E Metacercariae (13) 2
nd

 Intermediate - bully 

Lake Ohau Waitaki 44º10’S 169º49’E Metacercariae (15) 2
nd

 Intermediate - bully 

Lake Waihola Taieri 46º00’S 170º06’E Metacercariae (49) 2
nd

 Intermediate - bully 

Lake Waipori Taieri 45º58’S 170º07’E Metacercariae (16) 2
nd

 Intermediate - bully 

Tomahawk Lagoon NA (lagoon) 45º90’S 170º54’E Metacercariae (6) 2
nd

 Intermediate - bully 

Oreti River Oreti 46º27’S 168º15’E Metacercariae (1) 2
nd

 Intermediate - galaxias 

Lake Ellesmere NA (lagoon)! 43°45’S 172°25’E Adult (2) Definitive - short-finned eel 

Hydro lakes, Waikato Waikato 38º65’S 176º09’E Adult (3) Definitive - short-finned eel 

!

!

!

 Figure 6.1 Map of New Zealand showing eight localities on the South Island (enlarged) and one 

locality on the North Island (inset). 
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DNA extraction, amplification and sequencing 

!

!

Specimens that were not immediately used for DNA extraction were fixed in 95% 

EtOH and stored at -20°C.  DNA was extracted from individual cercariae, metacercariae or 

adults using 400 !l of 5% chelex containing 0.1 mg/mL of proteinase K, incubated overnight 

at 60°C, and boiled at 100°C for 8 min.  Polymerase chain reaction (PCR) amplifications were 

performed with 25!l reactions containing 2.5!l of extraction supernatant, 1X PCR buffer 

(16mM (NH4)2SO4, 67 mM Tris-HCl at pH 8.8), 2 mM MgCl2, 200 !M of each dNTP, 0.5 

mM each primer, and 0.7 unit BIOTAQ DNA polymerase (Bioline).  Forward and reverse 

COI primers used for amplification were SanCOI: 5’-

GTGTGACTATGAGTAATAAAGATTC-3’ (newly designed using two specimens of S. 

anguillae) and COI-R trema: 5’-CAACAAATCATGATGCAAAAGG-3’ (Miura et al., 

2005), respectively.  For amplification of the COI mtDNA gene, the following thermocycling 

profile was used: denaturation of DNA (95°C for 3 min), 40 cycles of amplification (94°C for 

40 sec, 54°C for 30 sec, 72°C for 45 sec), and a 4 min extension hold at 72°C.  For 

amplification of the mitochondrial 16S rRNA region, forward and reverse primers were 

Platy.16Sar: 5’-ATCTGTTT(A/C)T(C/T)AAAAACAT-3’ and Platy.16Sbr: 5’-

CCAATCTTAACTCAACTCATAT-3’, respectively (Donald et al., 2004).  A similar 

thermocycling profile was used: denaturation of DNA (95°C for 3 min), 40 cycles of 

amplification (94°C for 40 sec, 46°C for 30 sec, 72°C for 1 min), and a 6 min extension hold 

at 72°C.  PCR products were purified using either PureLink PCR Purification Kits 

(Invitrogen) or PCR Product Pre-Sequencing Kit (USB corporation).  PCR primers were used 

for sequencing.  PCR amplicons were cycle-sequenced from both strands using ABI 

BigDye™ Terminator v3.1 Ready Sequencing Kit, alcohol-precipitated, and run on an ABI 

3730xl automated sequencer.  Contiguous sequences were assembled and edited using 

Sequencher™ (GeneCodes Corp. 4.10.1). 

 

Upon finding two divergent COI lineages, the nuclear internal transcribed spacer 2 

(ITS2) of the ribosomal DNA gene of ten metacercariae (five from each of the putative 

clades) and one adult specimen was sequenced to test for the presence of cryptic species 

(morphologically similar, but genetically distinct).  Forward and reverse PCR primers for 

ITS2 were LCI: 5’-CGAGTATCGATGAAGAACGCAGC-3’ and HC2: 5’-

ATATGCTTAAGTTCAGCGGG-3’, respectively (Navajas et al., 1994).  The PCR profile 

used for amplification of ITS2 was initial DNA denaturation (94°C for 2 min), 40 cycles of 
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amplification (94°C for 30 sec, 52°C for 1 min, 71°C for 1 min), and an extension hold at 

71°C for 10 min.  Purification and sequencing procedures were as above. 

!

Data analysis 

 

!

Newly obtained sequences for COI, 16S and ITS2 were aligned in three independent 

data sets using ClustalX implemented in MEGA 4.0 with default parameter values and 

adjustments made by eye using MacClade 4.08.  The COI and 16S data sets were analysed 

individually and consisted of 633bp and 254bp, respectively.  A combined analysis of both 

regions was not run since most of the specimens were sequenced for either 16S or COI, but 

only a few were sequenced for both genes, in order to maximize the number of different 

individuals sequenced.  Distance matrices (absolute differences) were calculated with PAUP*.  

Phylogenies for the COI and 16S data sets were built via Bayesian Inference (BI) using 

MrBayes 3.1.2 (accessed via www.bioportal.uio.no; Kumar et al., 2009).  Prior to analysis, 

the nucleotide substitution models were estimated independently for each dataset using 

jModelTest 0.1.1 (Posada, 2008; Guindon and Gascuel, 2003).  The best fitting model was the 

Hasegawa-Kishino-Yano + gamma (HKY+G) model, which incorporates different rates for 

transitions and transversions and rate variation across sites, for the COI data set, and the 

Felsenstein 1981 (F81), which allows for different base frequencies, for the 16S data set.  The 

analyses were run for 10,000,000 generations with a sampling frequency of 100.  The first 

2,500 trees sampled were discarded as ‘burn-in’.  Nodal support was estimated as posterior 

probabilities (Huelsenbeck et al., 2001). 

 

In order to examine relationships between COI haplotype frequencies and either the 

parasite’s reproductive strategy (progenetic or non-progenetic), the geographic site of origin, 

and encystment site within the second intermediate host, an unrooted statistical parsimony 

network with a connection limit of 90% was constructed using TCS 1.21 (Clement et al., 

2000).  This analysis was carried out on a subset of 52 individual metacercariae from the 

common bully host for which detailed information on development (progenetic or non-

progenetic), locality of origin (Lakes Hawea, Ohau, Waihola and Waipori), and tissue of 

encystment was collected.  Haplotype networks were not constructed for 16S due to limited 

haplotype diversity. 

!



Chapter Six: Genetic structure in a progenetic trematode 

!

"#!

Results 
!

!

In total, the mitochondrial COI gene was sequenced for 60 S. anguillae, consisting of 

58 metacercariae (all from common bully) and two adults from the South Island.  For the 16S 

rRNA region, 73 S. anguillae were sequenced, comprising eight cercariae, 60 metacercariae 

(one of which was from the common river galaxias, the rest from common bully), two adults 

from the South Island and three adults from the North Island. 

 

There were 71 variable sites found over the 633-bp fragment of COI, of which 29 

were transversions.  For 16S, seven variable sites were found across 254 sites (2.8%); of 

these, only two were transversions.  ML and Bayesian phylogenetic analyses yielded trees 

with similar topologies for COI and 16S data sets.  Specifically, analysis of COI sequences 

(Fig. 6.2) revealed a strongly supported genetic split within S. anguillae into two main clades, 

corresponding to a similar split seen in the analysis of 16S sequences (Fig. 6.3).  Within each 

clade, COI gene provided better resolution of haplotype relationships and stronger statistical 

support for nodes than 16S, most likely due to 16S’s more conserved nature and low variation 

within our sample.  Haplotype divergence between the two major COI clades ranged between 

7.1-11.2%.  Within clade A, up to 3.0% divergence was found, whereas a maximum of 0.3% 

divergence was found within clade B.  In contrast, not a single base pair difference was found 

over the 385-bp fragment of ITS2 among 11 S. anguillae isolates analysed. 

 

Sequences of COI revealed 13 distinct haplotypes out of 52 sequences, split into two 

clades that could not be joined parsimoniously at the 90% connection limit (Fig. 6.4, 6.5, 6.6).  

Both clades consisted of non-progenetic and progenetic individuals, although group B had a 

larger proportion of progenetic individuals (77.3%) than group A (15.0%; !2
 = 16.3, df = 1, P 

< 0.001; Fig. 6.4).  Both clades were represented evenly across all lakes (!2
 = 1.1, df = 3, P = 

0.786; Fig. 6.5).  Finally, individual metacercariae belonging to both clades were found in all 

tissues sampled from the common bully (Fig. 6.5), with no statistical difference between 

clades A and B in the frequency in which metacercariae encyst in each tissue (muscle, head, 

body cavity or gonads; !2
 = 7.5, df = 3, P = 0.059).  However, 36.4% of those in clade B 

encysted in the gonads whereas only 10.0% from clade A encysted in the gonads (Fig. 6.5).  

Overall, the four most common haplotypes included progenetic individuals as well as non-

progenetic ones, were found in at least two of four lakes, and encysted in at least three of four 

types of second intermediate host tissue (Fig. 6.4, 6.5, 6.6). 
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Figure 6.2 Phylogenetic relationships of Stegodexamene anguillae isolates from all life stages and 

localities inferred from COI sequences.  The numbers associated with each node are the Bayesian 

posterior probabilities (posterior probabilities < 0.70 are not shown). 
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Figure 6.3 Phylogenetic relationships of Stegodexamene anguillae isolates from all life stages and 

localities inferred from 16S sequences.  The numbers associated with each node are the Bayesian 

posterior probabilities (posterior probabilities < 0.70 are not shown). 
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Figure 6.4 Haplotype network diagram of Stegodexamene anguillae metacercariae based on mtDNA 

(COI), with circle area representing haplotype frequency and colours indicating reproductive strategy.  

Small black dots represent inferred intermediate haplotypes not observed in the data.  The two 

networks could not be joined parsimoniously at the 90% connection limit.
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Figure 6.5 Haplotype network diagram of Stegodexamene anguillae metacercariae based on mtDNA 

(COI), with circle area representing haplotype frequency and colours indicating lake of origin.  Small 

black dots represent inferred intermediate haplotypes not observed in the data.  The two networks 

could not be joined parsimoniously at the 90% connection limit. 
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Figure 6.6 Haplotype network diagram of Stegodexamene anguillae metacercariae based on mtDNA 

(COI), with circle area representing haplotype frequency and colours indicating tissue of encystment 

within the second intermediate host.  Small black dots represent inferred intermediate haplotypes not 

observed in the data.  The two networks could not be joined parsimoniously at the 90% connection 

limit. 
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Discussion 
!

!

The genetic split at COI indicates the possibility of cryptic species, although further 

research with additional nuclear genes is warranted.  Typically, intra-specific divergence in 

trematode species ranges from 0.3 to 2.2% at mitochondrial DNA genes (Vilas et al., 2005), 

whereas this study found levels of divergence ranging from 7.1 to 11.2% at COI.  In contrast, 

inter-species divergence at ITS2 is typically greater than 1%, but this study found no 

divergence at ITS2 (Vilas et al., 2005).  Identical sequences at ITS2 are usually an indication 

of one species, although identical ITS2 sequences have been found in two morphologically-

distinct species, Paragonimus miyazakii and Pagumogonimus skrjabini (Blair et al., 1997, 

1998; Nolan and Cribb, 2002).  These two paragonimid species also had substantial 

differences at COI.  Thus, although differences at ITS2 are typical between species, they are 

not necessary if a biological, morphological or ecological basis for distinguishing between 

two putative species exists (Nolan and Cribb, 2005). 

 

For S. anguillae, the genetic divergence at COI is not based on reproductive strategy 

as non-progenetic and progenetic individuals were found in both clades although clade B 

consisted of a greater proportion of progenetic individuals.  Clade B has relatively low genetic 

diversity with only two COI haplotypes found in this study.  Selfing species tend to have 

lower genetic diversity than those in which reproduction occurs by outcrossing with other 

individuals (Jarne, 1995; Charlesworth, 2003).  Thus clade B, which consists mostly of 

progenetic individuals, may have low diversity due to high levels of self-fertilisation, 

assuming that progenesis is maintained across generations as the principal mode of 

reproduction. 

 

The divergence found in this study also lacks geographic structure, with metacercariae 

from both clades occurring in all four lakes from three different river catchments.  Further, the 

dominant haplotype was found in all four lakes, suggesting gene flow has occurred among 

these populations.  Stegodexamene anguillae is an autogenic parasite, completing its entire 

life cycle in aquatic hosts, which may limit gene flow between populations (Criscione and 

Blouin, 2004).  Indeed, Potamopyrgus antipodarum snails have low gene flow between lakes 

(Dybdahl and Lively, 1996), indicating that the snail hosts have limited dispersal between 

bodies of water.  Second intermediate fish hosts may move within a catchment but not 

between (McDowall, 1990).  Eels migrate only twice in their life span, once into freshwater as 

juvenile glass eels and the second as adults migrating to spawning areas in the subtropical 
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Pacific Ocean (McDowall, 1990).  Migrating adults could be contributing to gene flow within 

a catchment, but not between catchments, whereas young glass eels enter rivers free of S. 

anguillae or any other freshwater parasites.  However, data from metacercariae collected from 

the three different catchments showed that related haplotypes were just as likely to occur 

across distant lakes as within a lake. 

 

Many studies have found that movement of domesticated hosts by humans across 

large distances can result in mixed parasite populations  (Blouin et al., 1992; Criscione and 

Blouin, 2004, Miura et al., 2006).  If populations are being mixed by humans transferring eels 

among watersheds, then one would expect to see large discontinuities in haplotype 

phenograms, rather than a ladder-like topology indicating continuous variation in genetic 

distance between individuals (Blouin et al., 1995).  Thus, divergence could have occurred 

during periods of allopatry (Bush, 1994).  Historically, there may have been a geographic 

separation between these two clades that has been muddled by hydroelectric dams and 

translocations of eels over the past 80 years (Beentjes and Jellyman, 2003). 

 

Alternatively, speciation may occur by specialisation for different host species (Blair 

et al., 1997; Malenke et al., 2009; Poulin and Keeney, 2008).  Both clades are found in short-

finned eels, however until specimens from longfin eels are tested there remains the possibility 

of only one clade specialising in infecting longfin eels (Jousson et al., 2000).  This is highly 

unlikely as both eel species feed on the same prey species (McDowall, 1990).  Since 

metacercariae from both clades can be found in the same second intermediate fish host, eels 

should become infected with individuals from both clades by feeding on one fish.  At the 

second intermediate host level, metacercariae from both clades are found in common bullies, 

and individuals of at least one clade are utilizing the common river galaxid, but perhaps those 

belonging to the other clade do not.  This would not be the first time cryptic trematode species 

have been found to be using the same hosts (Donald et al., 2004; Detwiller et al., 2010). 

 

When two closely related but distinct species co-occur in the same host species at each 

life stage, the two species often specialise for different locations within the host to reduce 

competition for space or other resources (Holmes, 1961; Dvorak et al., 2002).  This is not the 

case for S. anguillae in its second intermediate host as metacercariae of both clades can be 

found within the same tissues.  However, slight differences in the preferred encystment site 

may exist.  Members of the more progenetic clade B encyst in all tissues but appear to be 

more likely to occur in the gonads, whereas only a small proportion of individuals from clade 



Chapter Six: Genetic structure in a progenetic trematode 

!

""!

A encyst in the gonads, with the majority spread out in all other tissues.  A larger sample size 

will be needed to confirm this apparent pattern. 

 

An alternative possibility is that the two clades found in this study may specialise for 

different microhabitats within the eels’ intestine, a phenomenon common among closely 

related helminth species living in the gastrointestinal tract of the same definitive host (Bush 

and Holmes, 1986; Stock and Holmes, 1988).  The possibility of sympatric speciation leads to 

the question of whether or not progenetic individuals that find themselves inside an eel will 

reproduce by outcrossing or selfing.  Additionally, if outcrossing is occurring, individuals 

may only outcross within their clade.  This could be facilitated if the two clades are 

colonizing different microhabitats within the eel host. 

 

The genetic differentiation between the two clades of S. anguillae may be sufficient to 

merit eventual recognition of distinct species.  However, given the lack of genetic differences 

at the ITS2 gene, investigation of additional nuclear genes, such as ITS1, is required to 

support differentiation.  Further, no biological, morphological or ecological distinction has 

been found to support separation of these two putative species, although detailed 

morphological studies need to be conducted.  Finally, this study was limited with respect to 

host species sampled.  To be conclusive, future studies should have more breadth by including 

more specimens from other second intermediate host species and longfin eels (Nolan and 

Cribb, 2005). 
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This thesis investigated factors that influence the reproductive strategy of a progenetic 

trematode, Stegodexamene anguillae.  The adaptive significance of several factors related to 

the probability of transmission was assessed in relation to progenesis and facultative life cycle 

truncation.  Several conditions affect the probability of transmission to the definitive host, and 

alternative life cycle strategies are an advantage in a variable environment.  Since parasites 

are known to perceive and respond to a variety of cues (Thomas et al., 2002), it is likely that 

S. anguillae is affected by factors both internal and external to the current host.  Specifically, I 

addressed stressors affecting the current host’s longevity and thus the window of transmission 

(Chapter Two), encystment site as an avenue for egg dispersal (Chapter Three), abundance of 

eel hosts among natural populations (Chapter Four), presence of chemical cues from the 

definitive host (Chapter Five), and genetic population structure (Chapter Six). 

 

Consistently in each study, encystment site emerged as the overriding factor 

influencing the reproductive strategy of S. anguillae, with a greater proportion of individuals 

encysted in the gonads adopting the progenetic strategy.  Host spawning events are likely to 

be an avenue of egg dispersal, which is often the major reproductive challenge of progenetic 

species, and for worms encysted elsewhere, egg dispersal only occurs through host death 

(Poulin and Cribb, 2002; McLaughlin et al., 2006).  Host spawning should be a strong 

selective pressure for worms encysted in the ovaries because those worms that do not become 

progenetic would also be released during spawning and die without reproducing.  Thus, this 

exit route for eggs of progenetic worms encysted in the ovaries is highly advantageous.  

Parasites are known to respond in growth, differentiation and reproduction to a variety of 

physiological cues within their host (Thomas et al., 2002; Escobedo et al., 2005), and S. 

anguillae could be using the changes in hormones during the bully reproductive cycle as a 

signal for development. 

 

Under experimental conditions, progenesis increased as water temperature increased 

(Chapter Two); however, this trend was not observed in natural populations exposed to 

seasonal temperature fluctuations with the exception of the S. anguillae encysted in the 

gonads (Chapter Three).  This leads to two main conclusions.  First, since the subset of 

gonad-encysted worms was also affected by daylight length, and both water temperature and 

daylight time are important factors linked with the reproductive cycle of fish (e.g. Bullough, 

1939; Siefert, 1968; Billard and Breton, 1978; Huber and Bengston, 1999; Davies and 

Bromage, 2002), S. anguillae worms encysted in the gonads are likely developing in response 

to cues related to their host’s reproductive cycle.  Second, since temperature did not explain 
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progenesis in worms encysted in other tissues besides the gonads, it is unlikely that 

temperature directly affects progenesis.  However, higher temperature lowers fish life span 

due to increased metabolic rate (Liu and Walford, 1966; Das, 1994).  Fish hosts with a shorter 

life span have a lower probability of being consumed by an eel, and the parasites within will 

be less likely to be transmitted to a definitive host.  Thus, temperature may indirectly cue a 

state dependent response in parasite development and reproduction as temperature increases 

and the opportunity of transmission decreases. 

 

Although progenesis is a plastic trait in response to a variety of factors, the frequency 

of progenesis among individual S. anguillae is not detectably affected by the local abundance 

of the definitive eel host (Chapter Four).  This may indicate that trematodes within the second 

intermediate fish host are inundated with several simultaneous stimuli and unable to 

accurately adjust their reproductive strategy.  Alternatively, eels may have been sufficiently 

abundant for transmission historically, and thus definitive host abundance may not have been 

a strong selective pressure acting on trematode reproductive strategies in natural populations. 

 

Further, presence and abundance of the definitive eel host was experimentally tested 

using chemical cues (Chapter Five).  The negative results of this experiment tend to support 

the field study indicating that eel abundance may not be an important selection force for 

progenesis in S. anguillae.  However, this experiment may have failed to properly induce anti-

predator stress within the fish host due to inadequate cue longevity and concentration.  Thus 

no changes in the internal host environment may have been detected by the parasite.  

Nevertheless, the procedures used should have produced sufficiently strong eel cues, and 

therefore at this stage, availability of definitive hosts can probably be ruled out as a likely 

determinant of progenesis in S. anguillae. 

 

Although further work is necessary to confirm the initial pattern, analysis of the data 

available to date suggest genetic differentiation between two clades of S. anguillae that may 

indicate the existence of cryptic species (Chapter Six).  This differentiation is not aligned with 

reproductive strategy, although one clade consists of a greater proportion of progenetic 

individuals than the other.  The highly progenetic clade also displayed extremely low genetic 

diversity, probably due to progenetic reproduction occurring via self-fertilisation.  The 

divergent split is also not related to geography, utilization of different host species, nor 

encystment site within the second intermediate host.  However, the two clades may specialise 

for different microhabitats within the eels’ intestine, a common occurrence among closely-
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related helminths in the gastrointestinal tract of the same definitive host (Bush and Holmes, 

1986; Stock and Holmes, 1988).!

!

Suggestions for future research 
!

These findings lead to several intriguing areas of research that warrant further 

investigation: 

 

1. A follow-up experiment on chemical cues from eels using cues from actively foraging 

predators is necessary to assess the role of alarm cues (from skin of conspecific prey) and 

plasma cortisol levels.  Because eels are present year long but not very active in the 

winter, bullies may only react to eels that are actively foraging.  Using a shared filtration 

system so that bullies are constantly exposed to the cue treatments of predator odour 

alone, alarm cues alone (from the skin of injured conspecifics) and cues from a host 

predator fed conspecifics, would ensure continual cue exposure and enable assessment of 

the necessity of conspecifics alarm cues in the anti-predator response.  Additionally, by 

adding a visual stimulus and measuring plasma cortisol levels in bullies, the hormonal 

changes within the host could be monitored and related to the reproductive response of S. 

anguillae. 

 

2. The environment within the first intermediate snail host to which cercariae are exposed 

during their development may affect the reproductive strategy later in the parasite’s life.  

Nutritive resources within the snail host, stress factors related to chemical cues from snail 

predators (Levri, 1998), or water temperature may all affect growth and development of 

cercariae, which in turn could affect development and reproduction at the metacercarial 

stage.  This also leads to the question of whether cercariae actively choose where to 

migrate and encyst within the fish host based on its reproductive strategy, or whether that 

strategy is dictated by the tissue in which the cercariae happen to encyst?  Experimental 

infection of bullies with cercariae would be necessary to answer these questions. Despite 

much time and great efforts spent on this, an effective experimental infection procedure 

could not be fully developed as part of this research, possibly due to the unavailability of 

snail hosts infected with individuals of the more progenetic clade.  This remains a target 

for future work. 
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3. The research on the genetic population structure S. anguillae will be taken further beyond 

this thesis.  The genetic differentiation between the two clades of S. anguillae may be 

indicative of cryptic species.  Although S. anguillae was highly divergent at COI, the 

ITS2 gene showed no genetic difference between the putative clades.  Thus, further 

investigation of other nuclear genes is required to support the apparent differentiation.  

Additionally, future studies should have a wider scope by including more specimens from 

other second intermediate host species and longfin eels in order to draw more convincing 

conclusions (Nolan and Cribb, 2005). 

 

4. If cryptic species are recognized, a detailed genetic and morphological study will be 

necessary to properly characterize the different species.  Determining if any 

morphological differences exist between the two clades found in this study would require 

cutting each specimen in half for DNA and for morphology.  If morphological differences 

could be identified, future studies would be able to use these differences to study each 

potential species separately to determine whether each species responds differently to 

various factors by adopting progenesis under different conditions. 

 

5. With the use of microsatellite libraries, which could be developed for each potential 

species, a variety of questions in relation to one clade/species being highly progenetic and 

the other less progenetic could be investigated.  Trematodes undergo a bout of asexual 

reproduction in the first intermediate host, and typically first intermediate hosts are 

infected with one or very few trematode genotypes (Rauch et al., 2005).  Therefore, 

trematodes are ideal organisms to evaluate the role of genetic determinism because clones 

come as numerous replicated individuals for experimental purposes.  For S. anguillae, 

first intermediate snail hosts infected with individuals from the progenetic clade, which 

have proven difficult to obtain during this study, would be necessary to perfect the 

procedure for experimental infections of fish developed during this project.  Then one 

could address a variety of questions: 

• Is progenesis under genetic influence or completely a phenotypic plastic response to 

the immediate environment?  If genetically determined, then the frequency of 

progenesis within a clone should be repeatable, and it should vary among clones. 

• Is the progenetic strategy heritable in S. anguillae?  Eggs from both progenetic worms 

and adult worms in the eel could be used to infect snails, cercariae from those snails 

used to infect fish and the reproductive strategy monitored to determine if offspring 

follow the same reproductive strategy as their parents. 
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• The possibility of sympatric speciation leads to the question of whether or not 

progenetic individuals that find themselves inside an eel, free from the metacercarial 

cyst, will reproduce by outcrossing or selfing.  If cross-fertilisation is occurring, 

individuals may only outcross within their clade, which may be facilitated if the two 

clades are colonizing different microhabitats within the eel host.  Comparing 

heterozygosity levels of eggs from progenetic individuals and from adults found in 

eels would elucidate whether selfing during progenesis results in lowered genetic 

diversity. 

• Are there fitness costs to self-fertilisation associated with progenesis?  This study 

found a surprisingly large number of eggs produced by progenetic individuals.  

Although fecundity of adult worms in eels is unknown, differences in fecundity 

between progenetic individuals and adults from eels could determine whether 

progenesis results in reduced fecundity, as is currently assumed (Poulin and Cribb, 

2002). 

 

In conclusion, progenesis in S. anguillae seems to be a conditional strategy dependent 

on environmental factors related to the probability of transmission to the definitive eel host.  

While the presence or abundance of the definitive eel host does not seem to affect the 

frequency of progenesis, many factors clearly do influence the reproductive strategy taken by 

S. anguillae.  Encystment site, and thus opportunity for releasing progenetic eggs into the 

environment, as well as longevity of the current host are apparently strong selective pressures 

on early maturation and reproduction in S. anguillae.  These findings highlight the often 

unrecognised plasticity in parasite reproductive and transmission strategies and the ability of 

parasites to detect and respond to certain environmental factors signalling opportunities of 

transmission. 
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