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Abstract

Understanding how natural systems are structured and function is central to
ecological theory. Although easily overlooked, parasites are ubiquitous and
fundamental components of natural systems. Among their various roles, parasites
strongly influence the flow of energy between and within food webs. Within marine
food webs, elasmobranchs (sharks, skates and rays) are both important predators
and hosts to tapeworm parasites. Feeding links are potential transmission routes
for tapeworms to exploit, and resolving these pathways provides insight into the
ecological role of predators and their parasites within ecosystems. Over 1000
tapeworms are known to parasitise elasmobranchs, although few life cycles are
resolved. This thesis furthers our understanding of parasite trophic transmission
through investigating the feeding ecology and parasitic links of a relatively
understudied elasmobranch species, the New Zealand’s rough skate, Zearaja nasuta.
Skates were obtained off the east coast of New Zealand. Their stomachs and
intestines were analysed to determine their diet, their parasites, and the parasites of
their prey. A fragment of the 28S gene was amplified from each different tapeworm
morphotype recovered from either skates or their prey. Phylogenetic relationships
were inferred from molecular data using Bayesian inference. Rough skates in
this area between the Summer and Autumn months were found to be specialised
predators, occupying a unique role in the benthic realm. An ontogenetic shift in
diet was found whereby larger, more mature individuals consume significantly fewer
but larger prey items. The application of genetic techniques allowed identification
of larval and adult parasites infecting the prey species of skates and the skates
themselves. Rough skates hosted at least seven species of tapeworms from four
tapeworm orders. In three cases, trophic transmission was resolved between the
skate and its prey items, i.e. a genetic match was found between larval tapeworms
in prey and adult worms in the skate. Several parasites infecting prey did not seem
to infect the skate, suggesting other definitive hosts may be involved in their life
cycles. This study also uncovered the first case of an adult trypanorhynch tapeworm
parasitising rough skates. These findings contribute to this under-researched area
as well as providing insights into predator ecology, importance of intermediate and
definitive hosts in regard to feeding links, and how food web ecology and parasitology
can inform each other.
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Chapter 1

General introduction

1.1 Introduction to parasite ecology

Understanding how natural systems are structured and function is fundamental
to ecological research. In recent decades, the way we explore the functioning of
ecological systems has changed, with the growing appreciation of certain previously
unknown or underrepresented organisms which play key roles in ecosystem
functioning. Parasites are one such group. Although easily overlooked, parasites
potentially contribute to more than half of the Earth’s biological diversity, making
parasitism one of the most successful modes of life (DeMeeus and Renaud, 2002;
Poulin and Morand, 2004; Dobson et al., 2008). Parasites have an obvious applied
importance, not least because they are ubiquitously distributed, having radiated
with their hosts into all the world’s habitats, but because they are important
causative agents for worldwide diseases in humans, livestock and wildlife (Hoberg,
2002; Krauss et al., 2003; McManus et al., 2003). In ecological systems, parasites
are recognised for the crucial roles they play (Huxham et al., 1995; Thompson et
al., 2005; Lafferty et al., 2006; Hernandex and Sukhedo, 2008; Amundsen et al.,
2009). Parasites regulate host populations (e.g. Hudson and Greenman, 1998),
mediate the species composition of free-living communities (e.g. Mouritsen and
Poulin, 2005; Wood et al., 2007), comprise a substantial proportion of the total
biomass in some ecosystems (e.g. Kuris et al., 2008; Preston et al., 2013) and
redirect energy flow among and within food webs (e.g. Lafferty and Morris, 1996;
Sato et al., 2012). Despite parasitology and ecology having different scientific origins,
their recent convergence has consistently provided important contributions to the
understanding of natural systems.

To further increase our understanding of how parasites fit into ecological
systems, we need resolution of marine parasite life cycles, new host-parasite model
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systems, increased taxonomic effort in describing new species, and awareness of
parasitism as a fundamental ecological force (Poulin et al., 2016b). A call has
been made for parasitologists to resolve trophic transmission pathways in order to
expand our knowledge of parasite and host evolution, control of parasitic diseases,
integrative taxonomy and food web ecology (Blaso-Costa and Poulin, 2017). The
aim of this thesis is to confront some of these challenges by resolving both feeding
links and trophic transmission links of New Zealand endemic rough skate, Zearaja
nasuta and its parasites. Ultimately, this thesis contributes to combining the fields of
ecology and parasitology, furthering the knowledge of the structure and functioning
of natural systems.

1.2 Parasite life cycles

To fully grasp the role and impact of parasites in natural systems, it is essential
to understand the life cycles of parasites. Considering that parasitism has evolved
multiple times in over 200 independent lineages (Weinstein and Kuris, 2016), it is
not surprising parasites exhibit remarkable diversity in their modes of life and life
history strategies. Parasites can range from being highly host specific (exclusively
parasitising only one host species), to highly generalist (having flexibility in host
species). Over the course of one generation, parasites can also depend entirely on
one host, incorporate multiple host species, or have some free-living stages where
the dispersal pathways are unrelated to those of their host. Parasites that complete
their life cycle within a single host are called simple lifecycle parasites. Those
that require multiple hosts, in a particular order to reach maturity, reproduce and
complete their life cycle are known as complex life cycle parasites (Cribb et al., 2003).
Within the life cycle of a complex parasite, intermediate hosts are those that support
developmental stages of parasites. Definitive hosts are those that act as the final host
where parasites mature and reproduce. Paratenic hosts are those that support the
parasite but do not advance development, often serving as a connector of trophic
links between intermediate and definitive hosts (Abollo et al., 1998). Accidental
hosts are those that may acquire the parasites, but are dead ends for the parasite
and its life cycle. Definitive hosts of complex life cycle parasites are exclusively
vertebrates and intermediate/paratenic hosts can be a range of invertebrates or
vertebrates, depending on the parasite species (Marcogliese, 1995).

Elucidation of life cycles of complex parasites is essential to increase our
understanding of how parasites may influence the structure and functioning of
natural systems. Parasites with complex life cycles often manipulate the behaviour
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of their intermediate host to increase the chances of trophic transmission to their
definitive hosts. For example, cyclophyllidean tapeworms (such as Flamingolepis
liguloides, Confluaria podicipina and Anomotaenia trigae) infect brine shrimp as
their intermediate hosts and cause a change in host behaviour and colour by means
of increased lipid contents, positive phototaxism and increased carotenoid contents.
This makes the shrimp more vulnerable to predation by foraging birds (the parasites’
definitive hosts) (Georgiev et al., 2007; Sánchez et al., 2007, 2009; Sanchez et
al., 2009). Such manipulation affects the strength of trophic interactions and the
flow of energy through a food web, hence influencing the community structure
and functioning in this system. Complex life cycle parasites are unique in that
they provide important ecological information about their host and its interactions
within the food web and ecosystem (Marcogliese and Cone, 1997; Overstreet,
1997; Marcogliese, 2003). In addition, these parasites can be a tool for obtaining
information regarding long-term host feeding ecology; parasite composition can
indicate ontogenetic changes in host diet, resolve inconsistencies about food web
theories, reveal persistent ecological interactions within food webs and be useful
indicators of ecosystem stability (Marcogliese, 2005). The wealth of knowledge we
can obtain from resolving the complex life cycles of parasites and combining trophic
links within food webs is essential for complete and fully integrated food webs, and
to provide insight into ecosystem dynamics and stability (Marcogliese and Cone,
1997; Lafferty et al., 2008; Sukhdeo, 2010; Dunne et al., 2013; Thompson et al.,
2013).

1.3 Elasmobranchs as definitive hosts

Elasmobranchs (sharks, skates and rays) are high trophic level, ecologically
important predators in the marine ecosystem, and also act as significant definitive
hosts to marine parasites (Paine, 1980; Crooks and Soulé, 1999; Pace et al., 1999;
Duffy, 2002; Myers et al., 2007; Heithaus et al., 2008a; Baum and Worm, 2009).
Elasmobranchs are often top predators and directly regulate the populations of
lower trophic level species through predation. For instance, within the Bering Sea
food web, the elasmobranch top predators (Somniosus microcephalus and Lamna
ditropis) have been found to directly regulate the abundance and distribution
of the lower level trophic species (teleost fishes such as Gadus chalcogrammus,
G. macrocephalus and Reinhardtius hippoglossoides) through predation (Figure.
1.1) (Aydin et al., 2007). Parasites with complex lifecycles exploit this process
of predation, where parasites are transmitted from one host to another through
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Figure 1.1: a) Trophic interactions between predators and prey species in the Bering
Sea; b) Potential trophic transmission routes of parasites in a partial food web from
the Bering Sea. Trophic interactions based on (Aydin et al., 2007).

predation, and the parasites are able to use these different hosts to complete their
lifecycle (Figure. 1.1). Considering the importance of elasmobranchs as predators,
little is known about the process of trophic transmission of the parasites within
marine food webs, a fact that is reiterated each time the subject is raised (e.g.
Chambers et al., 2000; Chervy, 2002; Caira and Reyda, 2005; Jensen and Bullard,
2010).
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Small and medium-sized elasmobranchs are able to fill the role of both
predators and prey (mesopredators) and, therefore, connect trophic links between
apex predators, such as large sharks, and lower trophic levels (Myers et al., 2007;
Heithaus et al., 2008a; Ritchie and Johnson, 2009). This also means elasmobranchs
may serve as a means for bridging trophic gaps for parasites between intermediate
and definitive hosts. Unfortunately, elasmobranch mesopredators have received little
ecological or parasitological attention in the literature (Ebert and Compagno, 2007).
One group in particular that has been largely neglected are batoids (skates and
rays), despite the fact that there are more species of them than all other groups
of elasmobranchs combined (Ebert and Compagno, 2007). Despite relatively scant
literature, several studies have suggested that batoids may be important components
of soft-bottom marine communities, not only through predation, but also as agents of
bioturbation (Peterson et al., 2001; Myers et al., 2007). Given the lack of information
on the ecological role of batoids, including their importance as definitive hosts to
marine parasites, further research is required to fill these gaps.

The New Zealand rough skate, Zearaja nasuta (Müller and Henle, 1841), is
one of two endemic skates inhabiting New Zealand waters. The other skate, Dipturus
innominatus shares its distribution with Z. nasuta, and is significantly larger in size
(D. innominatus reaches 130 cm and Z. nasuta reaches 70 cm pelvic length (Francis
et al., 2001). The genus Zearaja, of the family Rajidae, comprises four recognised
species found in New Zealand, Tasmania and South America (Froese et al., 2006;
Weigmann, 2016). This genus is based on key external and internal morphological
features, such as the disc width/length ratio, presence of a strong rostral cartilage,
orbital and midline thorn patterns and skeletal characteristics (Last and Gledhill,
2007). Rough skates are most abundant in the inner shelf waters of the South
Island but occur throughout mainland waters surrounding New Zealand (Figure.
1.2). These skates are most abundant in water shallower than 200m, but have been
reported at a depth of up to 990m (Cox and Francis, 1997; Francis, 1997; Beenjes
and Stevenson, 2001; Morrison et al., 2014). There are no data recorded on stock
structure or movement patterns for rough skates. It is also not known if stocks from
different catch areas are connected or what movement patterns rough skates exhibit.
During a recent risk assessment of New Zealand elasmobranchs, Z. nasuta attained
the highest risk score compared to all 84 species considered, suggesting they are
at very high risk of overexploitation through commercial fishing pressure (Clark et
al., 2015). Furthermore, whether or not the recent catch levels are sustainable is
not known (Ministry for Primary Industries, 2017). The only ecological parameters
that have been studied for this species so far are ones that are relevant to population
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parameters (Francis, 1997; Francis et al., 2001; Francis, 2005), with the ecological
role of this predator including its importance as a definitive host to marine parasites
yet to be determined.

Figure 1.2: The known distribution of rough skates (all Zearaja spp. combined)
in New Zealand waters from trawl data. (Modified from NIWA NABIS map URL:
https://maps.mpi.govt.nz)

1.4 The importance of tapeworms

Tapeworms (Platyhelminthes: Cestoda) are one of the most successful groups
of parasitic helminths, including over 5000 described species and 740 genera
(Waeschenback et al., 2012). Tapeworms could be considered the most important
group of parasites, also having a great impact (and cost) to humans. One of the
best known examples is human Echinococcus (genus: Echinococcus), a tapeworm
that infects humans through ingestion of parasitic eggs in contaminated water, food
or soil, and is estimated to affect more than 1 million people worldwide at any
one time. The annual cost associated with Echinococcus is estimated to be US
$3 billion for treating cases and losses to the livestock industry in North America
(Budke et al., 2006). The lifecycles of tapeworms remain relatively undescribed
(bar a few species that have global medical and veterinary significance, e.g. Taenia
and Echinococcus) (Hoberg, 2002). Resolution of tapeworm lifecycles requires the
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appropriate knowledge of trophic interactions between the hosts, and evidence
of parasite occurrence and development within each successive host. Although
tapeworm discovery continues, current scientific effort toward resolving life cycles
is decreasing (Blasco-Costa and Poulin, 2017). There is a particularly large gap
in the literature regarding tapeworms that parasitise elasmobranchs (sharks and
rays), with about 1000 species of such tapeworms described, although fewer than 10
species have their complete lifecycle resolved (e.g. Sakanari and Moser, 1989; Caira
and Jensen, 2014).

The tapeworms that parasitise elasmobranchs represent nine of the 19 orders
of tapeworms, including over 1000 species and 201 genera (Caira and Reyda, 2005;
Caira and Jensen, 2017). The spiral intestine of elasmobranchs holds the highest
diversity of parasites compared to the rest of the body, and tapeworms are the most
common parasites in the intestine. Seven of these nine orders exclusively parasitise
elasmobranchs (with the exception of members of the Chimaerocestidae family which
parasitise closely related taxa (see Williams and Bray (1984)). Many species in these
tapeworm orders are extremely host specific, with some species only parasitising a
single elasmobranch species (e.g. Caira, 1990; Caira and Jensen, 2001; Caira and
Healy, 2004). Different tapeworm orders vary in diversity, from fewer than ten (e.g.
Cathetocephalidea with only 7 species and 3 valid genera), to hundreds of species per
order (e.g. Lecanicephalidea with at least 90 species and 29 valid genera)(Caira and
Jensen, 2017). With this great diversity comes a large variation in degree of host
specificity as well. This is displayed in the tapeworm order Litobothriidea which
are very host specific and will only parasitise a subset of lamniform shark species.
Comparatively, species in the tapeworm order Trypanorhyncha are known to be
very relaxed in host specificity, parasitising a wide variety of elasmobranch species
(Palm and Caira, 2008). It has been estimated that only a small fraction of the true
tapeworm diversity has been described to date, primarily due to these parasites
living within their definitive hosts’ intestinal tract giving them a somewhat ’hidden
existence’ (Caira and Littlewood, 2013). In fact, Randhawa and Poulin (2010)
estimate that there are at least 3600 tapeworm species that parasitise elasmobranchs
yet to be described. Below is one of the only complete life cycles of an elasmobranch
tapeworm (Sakanari and Moser, 1989) (Figure. 1.3). It is worth mentioning that
this was completed within experimental conditions and natural hosts cannot be
confirmed without emperical evidence for natural infections. In this proposed life
cycle, adult worms of Lacistorhynchus dollfusi are found in the spiral intestines
of leopard sharks, Triakis semifasciata, where they develop and reproduce. The
proglottids (pieces of the worm’s body) pass out with the shark’s faeces and release
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eggs into the water. These eggs are eaten by copepods, Tigriopus californicus, in
which development into a larval stage occurs. Infected copepods are then ingested
by teleosts such as the white croaker, Genyonemus lineatus. This complex life cycle
is then completed when an infected fish is eaten by T. semifasciata (Sakanari and
Moser, 1989).

Figure 1.3: Proposed life cycle of the tapeworm Lacistorhynchus dollfusi. Modified
from (Sakanari and Moser, 1989).

The lack of completed elasmobranch tapeworm life cycles is the result of a
deficiency in sampling effort, and because larval stages cannot be reliably identified
to species level. Tapeworm classification is largely determined morphologically, by
the shape of the scolex (an anchoring structure located at the anterior end of the
tapeworm). Larval tapeworms within their intermediate hosts often do not possess a
scolex that resembles that of their adult counterparts within the definitive host. This
has been found in larval forms obtained from a variety of invertebrates, teleosts and
other low trophic level species (Feigenbaum and Carnuccio, 1976; Williams et al.,
1994; Marcogliese, 2002; Caira and Reyda, 2005; Jensen and Bullard, 2010). The one
exception is trypanorhynchs (Order Trypanorhyncha), the larval stage of which has
an armed scolex apparatus that is identical to that of the adult stage and therefore
diagnostic at the species level (for example, see Figure. 1.4). As tapeworms are
characterised to species level based on their adult form, descriptions of larval stages
not possessing a scolex in intermediate hosts cannot be classified to an appropriate
taxonomic level without emperical evidence of transmission and development into
adult stages within definitive hosts (Jensen and Bullard, 2010). Furthermore,
attempts to assign larval descriptions to higher taxonomic levels often fail because
larval tapeworms almost always lack morphological clues to their taxonomy. In
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addition, the disproportionate scientific effort aimed at parasites in vertebrates, in
particular marine fish, birds and mammals compared to invertebrates, means we
know little in terms of the life cycles of complex parasites further than being able to
name their definitive hosts (Poulin et al., 2016b). It is clear that scientific resolution
is required in this field of parasitology in order to advance our knowledge of the role
that parasites play in natural systems.

Figure 1.4: Adult and larval form of Prochristianella hipsid, a complex life
cycle trypanorhynch that infects the shrimp Penaeus azrecus and P. setiferus
as intermediate hosts, and the stingray Dasyatis sabina as its definitive
host (Fiegenbaum and Carnuccio, 1976). The larval and adult scoleces are
morphologically identical, allowing for resolution of this life cycle. Pictures not
to scale.
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1.5 Genetics as a tool

The advent of molecular tools has overcome some of the associated challenges with
our inability to track tapeworm life cycles (Poulin and Keeney, 2008). Over the
last 15 years, some specific larval types have been successfully genetically matched
with their adult counterparts (e.g. Brickle et al., 2001; Agusti et al., 2005; Aznar
et al., 2007; Holland and Wilson, 2009; Randhawa, 2011; Randhawa and Brickle,
2011). Parasitologists are beginning to utilise online databases such as GenBank to
access tapeworm sequences worldwide (Brickle et al., 2001; Agusti et al., 2005;
Aznar et al., 2007; Jensen and Bullard, 2010). In addition to resolving some
life cycles, the increase in availability of genetic sequences has been valuable for
phylogenetic systematics. In the last two decades, substantial inroads have been
made in our understanding of the evolution, classification, and host associations of
tapeworms (e.g. Olson et al., 2001; Waeschenbach et al., 2007; Olson et al., 2008;
Jensen and Bullard, 2010; Olson et al., 2010; Littlewood, 2011; Waeschenbach et
al., 2012; Jensen et al., 2016). Although some resolution has been achieved for
complex life cycles, this area is in its infancy and much work is left to be done.
A general lack of adult tapeworm taxa that have been genetically sequenced is a
limitation in the interpretation of tapeworm interrelationships. Also, the probability
of finding sequence matches between larval and adult forms is relatively low (Brickle
et al., 2001; Agusti et al., 2005; Aznar et al., 2007; Jensen and Bullard, 2010). A
large number of larval sequences online cannot be matched to their adult forms
because their adult counterparts have simply not yet been sequenced (Brickle et
al., 2001; Agusti et al., 2005; Aznar et al., 2007; Jensen and Bullard, 2010). Other
limitations arise from the access to reliable phylogenies. Parasite phylogenies at
a higher taxonomic level typically include few taxa from each order, causing some
orders to remain in conflict at lower taxonomic levels (Olson et al., 2001). Even
when phylogenies are created for individual families, some groups remain in conflict
at this level (e.g. Brabec et al., 2006; Waeschenbach et al., 2007; Olson et al., 2008).
A resolved phylogeny for tapeworm relationships is an important goal to improve
our interpretation of tapeworm evolution and for the understanding of parasites’ role
in shaping the ecology and evolution of their hosts. Resolving trophic transmission
through phylogenetic methods is an appropriate next step for matching adult and
larval counterparts from different hosts. This may also be next step in assessing the
role and positioning of parasites within food webs, and also to assess which hosts
are most important for tapeworm life cycles.
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1.6 Thesis Motivation

As discussed above, both parasites and elasmobranchs are important components
of natural systems. A call has been made for parasitologists to resolve trophic
transmission pathways in order to expand our knowledge of parasite and host
evolution, control of parasitic diseases, integrative taxonomy and food web ecology
(Blasco-Costa and Poulin, 2017). Both elasmobranchs and parasites may be
threatened by anthropogenic changes to the marine ecosystem meaning this research
is of great importance to better understand how these organisms may react to such
changes (Dulvy et al., 2000; Randhawa et al., 2015; Last et al., 2016). New Zealand’s
endemic skate, Z. nasuta, is an important commercially fished skate, yet nothing is
known about the ecological role this predator has in parasite transmission and in
the local marine community. Tapeworms can be effectively used as a tool to infer
dietary habits and trophic interactions of their hosts (Valtonen et al., 2010; Münster
et al., 2015), in the same way that feeding ecology may be an effective tool used to
infer trophic transmission pathways of associated tapeworms. So in obtaining skate
specimens from local fishermen, an opportunity to elucidate the ecological role of
Z. nasuta arose. Overall, this work will provide valuable information for ecological
inferences about the role that tapeworms and intermediate and definitive (Z. nasuta)
hosts have within ecological systems. I hope that the information gathered in this
thesis will influence future studies aiming to resolve trophic transmission pathways
within food webs. In addition, this thesis will illustrate the importance of combining
different ecological disciplines of work to fully elucidate the ecological role of a
predator and it’s parasites in natural systems.

1.7 Thesis structure

The main objective of this thesis is to further our understanding of parasite
transmission through investigating the feeding ecology and parasitic links of a
relatively understudied elasmobranch; Zearaja nasuta (Figure. 1.5).

Chapter 2 - Feeding ecology of Zearaja nasuta The main objective of
Chapter 2 is to characterise the trophic interactions between Z. nasuta and its prey
and make inferences about the species’ ecological role as a predator in the New
Zealand marine ecosystem. In order to achieve this aim the following was covered:

• Characterise and quantify dietary composition of Z. nasuta using stomach
content analysis and compound indices relevant to dietary analysis
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• Infer the type of feeding strategy of this predator

• Investigate if sex has any effect on the diet of Z. nasuta

• Investigate whether dietary shifts occur during the ontogeny of Z. nasuta

• Infer the ecological role of Z. nasuta within the New Zealand marine
environment

• Infer the consequences of commercial fisheries on Z. nasuta, based on its
dietary composition and ecological role

Chapter 3 - Revealing trophic transmission pathways The main objective
of Chapter 3 is to resolve trophic transmission pathways used by tapeworms to move
from prey species to Z. nasuta using a ribosomal rDNA gene. In order to achieve
this objective, the following was covered:

• Characterise the tapeworm parasite assemblage within the spiral intestine of
Z. nasuta using morphological types

• Calculate prevalence, intensity and abundance indices for each morphological
type

• Use a molecular marker to identify tapeworm species within Z. nasuta

• Use a molecular marker to identify larval tapeworms within prey items of Z.
nasuta

• Identify the predation links (between Z. nasuta and its prey items) that are
exploited by trophically transmitted tapeworms to complete their life cycles

• Infer the significance of Z. nasuta as a definitive host

• Investigate possible cryptic species within Z. nasuta’ s tapeworm assemblage

• Infer the significance of the prey items as intermediate hosts

• Infer the significance of the tapeworms found within the food web

Chapter 4 - General discussion This chapter illustrates the importance of
taking multi-disciplinary approaches in addressing ecological questions. Combining
feeding links obtained using ecological methods and parasitic links obtained using
molecular techniques, the role that parasites and their hosts play in food web ecology
can be better understood.
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Figure 1.5: Graphical representation of the aims of Chapter 2 and 3.
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Chapter 2

Feeding ecology of Zearaja nasuta

2.1 Introduction

Elasmobranch fishes (sharks, skates and rays) are apex predators in the marine
ecosystem and one of the most ecologically important groups of animals.
Elasmobranchs occupy a range of important roles influencing the dynamics of
marine communities, although these roles are not universal (Heithaus et al., 2008a,
2010). The ecological role of individual elasmobranch species is dependent on
trophic interactions, geographical distribution, species present in the community
and type of feeding guild of the particular species (Vaudo and Heithaus, 2011).
Standardised elasmobranch trophic levels and ecological roles are likely to provide a
relative estimate for higher taxonomic levels, care may be required when interpreting
ecological roles between species, or within a species between locations or stocks
(Vaudo and Heithaus, 2011). However, care may be required when interpreting
these ecological roles between or within geographical areas of individual species.
Recently, a call for studies on ecological roles of individual elasmobranch species
has been made to substantiate or revise these generalisations (Treloar et al., 2007;
Vaudo and Heithaus, 2011).

Despite the presumed importance of elasmobranchs on marine communities,
our understanding of these roles is limited by the lack of knowledge surrounding
elasmobranch feeding ecology (Ebert and Compagno, 2007; Carrier et al., 2012).
This is especially true in Batoids (skates), which receive much less attention
than Selachimorpha (sharks) in the literature despite being the most speciose
elasmobranch superorder. Prior to 2007, less than 25% of the 245 described skate
species had any quantitative dietary information reported, with just a single study
conducted for most of these species (Ebert and Compagno, 2007). In addition, for
those species that have dietary information recorded, relatively few of these provide
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knowledge about how feeding ecology varies with space, time and ecological factors,
all crucial in elucidating ecological importance of these fishes (Cortés, 1997; Braccini
and Perez, 2005; San Martin et al., 2007). Ecologists are also recognising the
non-consumptive effects of predators such as anti-predator behaviour, mesopredator
release or predator-induced habitat shifts (e.g. Werner and Peacor, 2003; Schmitz
et al., 2004; Berger and Conner, 2008; Creel and Christianson, 2008; Heithaus et
al., 2008a,b).

Further complicating and enhancing the importance of elasmobranch
dietary studies is the well documented worldwide decline of elasmobranchs(Stevens
et al., 2000; Dulvy et al., 2014; Randhawa et al., 2015; Davidson et al., 2016).
Global assessments estimate that at least 25% of the world’s sharks, skates and
rays are threatened with extinction (Dulvy et al., 2014). Considering the well
documented detrimental consequences that elasmobranch declines have on their
prey and communities, it is important to fill the knowledge gap of unknown
trophic interactions and classify the ecological roles of individual elasmobranch
species (Paine, 1980; Estes and Duggins, 1995; Schmitz et al., 2004; Knight et
al., 2005; Heithaus et al., 2008a; Ritchie and Johnson, 2009; Ferretti et al.,
2010; Simpfendorfer et al., 2011; Randhawa et al., 2015; Davidson et al., 2016;
Davidson and Dulvy, 2017). Extending our knowledge on trophic interactions of
elasmobranchs within localised marine ecosystems is crucial to our understanding of
how marine systems function. It is also important for creating sustainable models
used in informing management decisions for commercial marine fisheries (Link, 2002;
Corrales et al., 2015). Sustainability of elasmobranch fisheries is often hindered
by a lack of biological information pertaining to trophic interactions, population
parameters and landing statistics (Bornatowski et al., 2014). Increasing scientific
effort in this area would increase the number of quantitative diet studies and also
provide valuable ecological data useful for assessing the role that marine predators
play in these systems (Heithaus et al., 2008a).

New Zealand’s rough skate, Zearaja nasuta (Banks, 1841), is endemic to
New Zealand waters. Rough skates are widely distributed around New Zealand but
most abundant around the South Island, down to a depth of 500 meters (Cox and
Francis, 1997). These skates are a demersal species, inhabiting the continental shelf
and upper slope usually in coastal waters (Cox and Francis, 1997). Zearaja nasuta
is a relatively understudied elasmobranch, with studies to date focusing on basic
life-history statistics relevant to population productivity. Males reach maturity at
52.0 centimeters and four years, and females reach maturity at 59.0 cm and six
years (Francis et al., 2001). The maximum age reported is nine years, meaning
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females are reproductively active for approximately three years. Females lay two
eggs at a time in spring to summer, however it is not known how many times this
happens in a year (Francis et al., 2001). Despite being part of New Zealand’s quota
management system, this species holds little value to the commercial fisheries in
New Zealand and much catch is through commercial by-catch (Ministry for Primary
Industries, 2014). Reported national total landings have risen from 352 tonnes in
1996 to 1889 tonnes in 2012, although this includes information for both rough
and smooth skates (Dipturus innominatus) as they are landed together in one quota
(Ministry for Primary Industries, 2014) (Figure. 2.1). There is no available estimate
of the current biomass for this species and it is not known if current catch levels
and total allowable catches are sustainable (Ministry for Primary Industries, 2014).
Many important ecological aspects such as feeding interactions, parasitism, effects
of fisheries by-catch, trophic positions, stock structure or movement patterns and
consequently the ecological role of this species remain largely unknown.

Figure 2.1: Total reported landings in tonnes (t) of rough skates in all quota
management areas in New Zealand from 1997 to 2016 (data extracted from Ministry
for Primary Industries, 2014).

In this chapter...

In this chapter, the first quantitative diet analysis of New Zealand’s rough skate
is conducted. Several methods have been used for assessing the diets and trophic
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ecology of fishes, each with their own limitations and biases. Direct observation
of feeding behaviour provides the most accurate information on food ingested.
However, this is impractical in the case of most elasmobranchs, because they are
difficult to observe, highly mobile and wide ranging in their environment. Stomach
content analysis (SCA) is the most common, convenient and traditional technique to
assess food web interactions between different species and construct food webs with
comparative studies (e.g. Preti et al., 2001; Trites, 2003). The methodology of SCA
has been refined to appropriately quantify the dietary importance of specific species
and taxonomic groups to a predator’s diet (Pinkas et al., 1970; Cortés, 1997). Some
authors have criticized SCA for being merely a snapshot sample of diet (e.g. Baker
et al., 2014) with biases occurring from regurgitation during capture (Vignon and
Dierking, 2011) or from differential digestion rates of prey (Cortés, 1997), however it
is considered an effective way to infer short term feeding habits and is still the main
assessment method used in elasmobranch feeding studies (Hyslop, 1980; Cortés,
1999; Wetherbee et al., 2004). Additional methods such as stable isotope analysis
provide longer term resolution although they have their own limitations when prey
species of comparable trophic levels share similar isotopic signatures, making it
difficult to differentiate and estimate relative contribution to the predator’s diet
(Phillips et al., 2005).

The primary aim for chapter 2 was to characterise the diet composition
of rough skates, infer trophic interactions and the ecological role that this species
plays within New Zealand’s marine environment. I hypothesise that benthic
crustaceans will be the most important prey in the rough skate’s diet.
There are four skates in the Zearaja genus, Z. nasuta, Z. chilensis (Guichenot 1848),
Z. argentinensis (Diaz de Astarloa et al., 2008) and Z. maugeana (Last and Gledhill,
2007). Zearaja chilensis from the south-western Atlantic Ocean is an ichthyophagous
species that primarily feeds on demersal teleost species (Belleggia et al., 2016).
Zearaja maugeana, from brackish water systems in Tasmania primarily feeds on
small crustaceans and few teleost fish (Treloar et al., 2017). The teleost-based diets
tend to be reported for larger-sized skate species (Treloar et al., 2007; Carrier et al.,
2012; Forman and Dunn, 2012) and crustacean or benthic invertebrates tend to be
reported for smaller skate species (Braccini and Perez, 2005; San Martin et al., 2007;
Carrier et al., 2012). Zearaja nasuta is considered a relatively small bodied species,
therefore I expect them to follow Z. maugeana in terms of dietary composition and
consume primarily benthic crustaceans.

In addition to characterising the diet composition, assessment of ontogenetic
and sex effects on rough skate’s diet will be investigated. This information ultimately
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increases our ability to make inferences on the ecological role of skates (e.g. Koen
Alonso, 2001; Muto et al., 2001; Braccini and Perez, 2005; San Martin et al., 2007;
Barbini et al., 2010). This chapter will provide valuable information that will help
infer the ecological role of rough skates and their associated prey items in the New
Zealand marine environment.

My secondary aim for chapter 2 was to investigate any variability of rough
skates’ diet composition in relation to encountered biological factors. In particular,
total length (TL), maturity stage (MS), and sex of the skates were investigated.
I hypothesise that rough skates will exhibit an ontogenetic shift where
younger, immature skates will prey primarily on crustaceans and larger,
more mature skates will primarily feed on teleosts. Ontogenetic shifts with
increasing body size and maturity are common in majority of elasmobranchs and can
be related to various life history traits such as limited gape, denture morphology,
foraging ability, and prey experience (Scharf et al., 2000; Lucifora et al., 2001;
Karpouzi and Stergiou, 2003; Higham, 2007; Barbini and Lucifora, 2016).

I hypothesise that diet composition will not differ between female
and male skates. Typically, there are no differences between male and female
skate diet compositions. When differences are observed, they are explained by size
dimorphism, differences in prey capability, spatio-temporal foraging activity and
dimorphic dentition between males and females (e.g. Braccini and Perez, 2005;
Schmitt et al., 2015). No studies to date have investigated dentition patterns and
foraging activity in Z. nasuta. Due to rough skates being considered a relatively
small-bodied skate species (maximum pelvic length, PL (snout tip to posterior
margin of pelvic fins) of 79.0 cm) and with little differences in size between males
and females (maturity of males is at 52.0 cm PL and females at 59.0 cm PL) I would
expect little to no differences in male and female diet composition (Ministry for
Primary Industries, 2017).
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2.2 Methods

2.2.1 Specimen collection and dissection

In total, 35 rough skates (23 females, 12 males), were sampled between
approximately 0 and 40 kilometers offshore from Nugget Point, off the east coast
of the South Island of New Zealand on three different sampling occasions (March,
May and June, 2017)(Figure. 2.2). Specimens were collected at an approximate
depth of 40m with the use of a commercial bottom trawl. Dead skates with
their wings removed for commerical sale were provided by fishermen. The Otago
University Animal Ethics Committee was advised of the skate dissections, but no
ethics approval was required as the skates were dead at the time of collection.

Figure 2.2: Graphical representation of approximate Z. nasuta collection site,
approximately 0 to 20 kilometers offshore from Nugget Point, East coast of New
Zealand.

Total length (TL) was measured from the tip of the snout to the end of the
tail, and disc length to pelvis (PL) was also measured from the tip of the snout to
the end of the claspers (in males) and end of the pelvic fins (in females), rounded
to the nearest centimeter. Specimens were sexed and classified in maturity stages
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(MS) (Immature (A), Maturing (B), Mature (C), or Active (D)), based on McCully
et al’s skate maturity scale (McCully et al., 2012)(Table. 2.1).

Figure 2.3: a) Skate dissection protocol (cut 1 - lateral incision approximately 1 cm
below and between the gill openings. cut 2 - ventral incision from centre of cut 1
to 1cm above anus. cut 3 – parallel incision to cut 1 perpendicular to cut 2.); b)
photograph of a skate specimen open with stomach exposed (stomach marked with
*).

Skates were dissected as per Figure. 2.3, following cuts 1, 2 and 3 (Figure.
2.3a). Stomachs were ligatured at both ends, removed and weighed to the nearest
gram (g) (Figure. 2.3b). The stomach state (SS) was recorded, being either
empty or not. Any stomachs that were empty were excluded from any dietary
analysis. The stomach contents were rinsed with water to remove the majority of
mucus, fluids and fine material. Prey items that were recognisable (e.g. whole prey
specimens, cephalopod beaks, otoliths, bones or other hard identifiable structures)
were carefully separated, blotted with tissue paper and weighed to the nearest gram.
The stomach contents were then counted, and identified to the lowest possible
taxonomic ranking with the aid of reference guides (Naylor et al., 2005; Tracey
et al., 2005; McMillan et al., 2011a,b). When only partial fragments of prey were
found, the number of individuals was recorded as the smallest possible number of
individuals from which the fragments could have originated.
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Table 2.1: Maturity scale used for rough skates in this study (Taken from (McCully
et al., 2012))
Maturity
Stage (MS)

Males Females

A
(Immature)

Claspers undeveloped, shorter
than extreme tips of posterior
margin of pelvic fin. Testes small
and thread-shaped.

Ovaries small, gelatinous, or
granulated, but with no
differentiated follicles visible.
Oviducts small and
thread-shaped, width of oviducal
gland not much greater than the
width of oviduct.

B
(Maturing)

Claspers longer than posterior
margin of pelvic fin, their tips
more structured, but claspers
soft and flexible and
cartilaginous elements not
hardened. Testes enlarged,
sperm ducts beginning to
meander.

Ovaries enlarged and with more
transparent walls. Follicles
differentiated in various small
sizes (ca. <5 mm). Oviducts
small and thread-shaped, width
of oviducal gland greater than
width of the oviduct, but not
hardened.

C (Mature) Claspers longer than posterior
margin of pelvic fin,
cartilaginous elements hardened,
and claspers stiff. Testes
enlarged, sperm ducts
meandering and tightly filled
with sperm.

Ovaries large with enlarged
follicles (ca.>5mm), with some
very large, yolk-filled follicles
(ca. 10 mm) also present. Uteri
enlarged and wide, oviducal
gland fully-formed and hard.

D (Active) Clasper reddish and swollen,
sperm present in clasper grove,
or flowing if pressure exerted on
cloaca.

Egg-capsules beginning to form
in oviducal gland, partially
visible in uteri, or egg capsules
fully-formed and hardened and
in oviducts/uteri, or egg-case
being exuded from cloaca.
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2.2.2 Stomach content analysis and sample size sufficiency

The quantitative importance of each different prey item to the diet of the rough
skate was quantified by numerical importance (%N), frequency of occurrence (%O)
and relative weight importance (%W), all defined below:

Frequency of occurrence (%O) – The number of skate stomachs containing
one or more individuals of each prey item, expressed as a percentage of the total
skate stomachs:

%O = Ai/NX100

Numerical importance (%N) – The number of individuals of each prey item,
expressed as a percentage of the total number of individuals of all prey items in all
skate stomachs:

%N = Ni/NtotalX100

Relative weight importance (%W) – The weight of individuals of each prey
item, expressed as a percentage of the overall weight of all stomach contents of all
skate stomachs:

%W = Wi/WtotalX100

where Ai is the number of skates preying on prey species i, N is the total
number of skates examined excluding individuals with empty stomachs, Ni is the
number of prey i, Ntotal is the total number of prey individuals, Wi is the mass of
prey i, and Wtotal is the total mass of prey individuals.

The Index of Relative Importance (IRI) (Pinkas et al., 1970) was then used
to incorporate all three of the above indices to a single compound measure for each
prey item:

IRI = %O(%N +%W )

The standardized value (%IRI) was also calculated from the IRI value to
allow for comparison among other diet studies and expressed as a percentage (%IRI;
Cortés, 1997):

%IRI = IRIi/
n∑

i=1

IRIX100
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where n is the total number of food items considered at a given taxonomic
level.

To assess the diet variability of rough skates, the prey items were aggregated
into taxonomic groups. To estimate the 95% confidence intervals around the relative
importance dietary statistics I used bootstrap methods, consisting of 1000 replicates
of random samples with replacement of stomachs from the original data set and
stratified these by sampling tow (Tirasin and Jørgensen, 1999).

To assess the adequacy of the skate sample sizes, the cumulative diversity
(Brillouin index of diversity, H) and cumulative number of prey species was plotted
against the cumulative number of non-empty skate stomachs (Brilloin, 1956). The
95% confidence intervals were calculated based from 1000 curves of different random
orders of the stomachs. The total sample was considered adequate once the mean
sample diversity (H ) reached 95% of the asymptotic diversity (Ha), estimated from
a fitted curve:

H =
an

(1 + bn)

where a and b are constants, n is the number of stomachs sampled and a/b
is the asymptote given following Dunn (2009).

2.2.3 Assessment of feeding strategy

Feeding strategy was identified by plotting the prey-specific abundance (Pi) of the
three main prey groups against the mean %O (Costello et al., 1990; Amundsen et
al., 1996). Prey-specific abundance refers to the relative abundance among prey
species found in the stomachs. This was calculated as the number of prey i divided
by the total number of prey in the stomachs that contained prey i, expressed as a
percentage:

Pi =
(∑

Si/
∑

Sti
)
X100

where Pi is the prey-specific abundance of prey i, Si is the number of prey
i in each skate stomach, and Sti is the total number of prey in skates that contain
prey i.

To interpret the graphical diagram, points along the diagonal and axes of the
graph were examined. The diagonal from the lower left to upper right corner provides
a measure of prey importance, with the most dominant prey at the top, and rare or
unimportant prey at the lower end. The vertical axes represents the feeding strategy
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of the predator in terms of specialisation or generalisation. Predators are specialised
on prey that is positioned in the upper part of the graph, whereas prey positioned
in the lower part have been eaten only occasionally (representing generalisation).
So any prey located close to 100% Pi and 100% O are dominant in the predator’s
diet, indicating specialisation on that prey type (Amundsen et al., 1996).

2.2.4 Statistical analysis of diet variation

Due to the total sample size being too small to test for differences in diet between the
three-main prey taxon (Malacostraca, Actinopterygii and Cephalopoda), generalised
linear models (GLMs) were created using total number, mass and diversity of prey
instead of splitting the data into the three prey taxa. Statistical analyses were
carried out considering the number, mass and diversity of prey consumed by skates.
These tests were run using R Studio (R Core Team, 2017) using the packages foreign
v.0.8-70 (R Core Team et al., 2018), ggplot2 v.2.2.1 (Wickham et al., 2016) and
MASS v.7.3-50 (Riplet et al., 2017). Dietary shifts with sex, maturity stage and
total length were evaluated using general linear models for each of the response
variables considered. An interaction term between maturity stage and total length
was included in the models. Collection date was considered unlikely to be important
for diet composition, and was left out of the models. Models with count data
(number of prey as the response variable), where there are too many zeros in the
data set and the variance is often greater than the mean have a negative binomial
distribution. Visual inspection of residual plots did not reveal any obvious deviations
from homoscedasticity or normality.
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2.3 Results

2.3.1 Sample description

The number of skates collected per collection date ranged from 10 to 14 individuals
and the skates ranged in size from 65.0 cm to 95.0 cm in total length. Of the
35 stomachs examined, three were empty. Twelve specimens were male and 23
were female. The collection dates, number of skates, percentage with non-empty
stomachs, numbers of males and females and total length range are listed in Table
2.2.

For the overall diet, cumulative prey diversity reached a stable level at
approximately 10 stomachs (Figure. 2.4 b). The cumulative prey species curve did
not quite reach stable level (Figure.2.4 a). A total of 35 skates were collected during
this study.

Table 2.2: Sampling occasion, total number of specimens (N), percentage of
non-empty stomachs, number of males and females, and total length range (cm)
of Zearaja nasuta off the coast of Nugget Point, New Zealand (N = 35).

Sampling
Occasion

N Percentage
with

non-empty
stomachs

N Males N
Females

Total length
range (cm)

March 2017 11 91% 2 9 81.0 - 95.0
May 2017 10 80% 2 8 79.0 - 94.0
June 2017 14 100% 8 6 65.0 - 90.0
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Figure 2.4: Number of non-empty skate stomachs plotted against a) the cumulative
number of prey species identified, and b) the cumulative Brillouin diversity (H)
of prey items. The 95% confidence intervals are indicated by shaded areas. The
straight line indicates the asymptotic diversity ±0.05.

2.3.2 Diet composition

Thirteen different prey species were identified from the 32 skates analysed. A
qualitative examination of Z. nasuta diet composition revealed consumption of
a variety of prey taxa including Malacostraca (five species), Actinopterygii (six
species) and Cephalopoda (two species) (Table. 2.3). The %N, %O, %W and
%IRI revealed that the diet of Z. nasuta was dominated by Malacostraca (93.9,
69.8, 53.9 and 89.9%, respectively) (Table. 2.3). However, the Malacostraca
component of Z. nasuta diet was dominated by one species of crab only, Nectocarinus
antarcticus with %N, %O, and %IRI of 82.2, 50.9 and 95.7%, respectively. The
other species contributing to the Malacostraca group including, Nemmatocarcinus
huttoni, Pleisonika marita, Squilla armata and Leptomithrax garricki had less
relative importance than N. antarcticus. Actinopterygii accounted for considerably
less of the overall diet making up; 9.9% of the %IRI despite accounting for 43.7% of
the %W. The most important species of Actinopterygii was the yellowtail horse
mackerel, Trachurus novaezelandiae, contributing 0.8% to the %N, 3.8% to the
%O, 16.2% to the %W and 0.9% to the %IRI for the overall diet composition.
Cephalopoda contributed less to the overall diet of Z. nasuta in terms of all
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indices (1.1 %N, 7.0 %O, 2.1 %W and 0.2 %IRI, respectively) compared to both
Malacostraca and Actinopterygii.

Table 2.3: Diet composition by percentage number (%N), occurrence (%O), weight
(%W) and index of relative importance (%IRI) for prey taxa observed in stomachs
(N = 35) of rough skates caught between March and June 2017. Broad taxonomic
groups (Malacostraca, Actinopterygii and Cephalopoda) are bolded with 95%
confidence intervals calculated through 1000 bootstrapping replicates.
Prey taxa n %N %O %W %IRI

Malacostraca 248 93.94(51.05-100) 69.77(52.28-97.30) 53.88(32.64-74.02) 89.94(44.26-100)

Nectocarcinus

antarcticus
217 82.20 50.94 47.07 95.74

Nemmatocarinus

huttoni
1 0.38 1.89 2.24 0.07

Pleisonika martia 22 8.33 7.55 0.67 0.99

Squilla armate 7 2.65 13.21 2.01 0.90

Leptomithrax

garricki
1 0.38 1.89 1.89 0.06

Actinopterygii 13 4.92(4.41-5.91) 23.36(20.32-28.70) 43.72(37.62-55.75) 9.87(9.72-10.40)

Genypterus

blacodes
2 0.76 3.77 5.75 0.36

Trachurus

novaezelandiae
2 0.76 3.77 16.18 0.93

Sprattus

antipodum
4 1.52 3.77 0.62 0.12

Peltorhamphus

novazealandiae
2 0.76 1.89 17.22 0.49

Macruronus

novaezealandiae
1 0.38 1.89 3.44 0.10

Unidentifiable

Teleost spp.
2 0.76 3.77 0.52 0.07

Cephalopoda 3 1.14(0.83-1.97) 6.98(5.46-11.09) 2.13(2.01-4.62) 0.20(0.19-0.39)

Chranchiidae sp. 1 0.38 1.89 0.27 0.02

Octopoda sp. 2 0.76 3.77 2.13 0.16

2.3.3 Feeding strategy

The diet of Z. nasuta had almost 100% prey specific abundance and 80% frequency of
occurrence. Few rough skates preyed on cephalopods and Actinopterygii, illustrated
by the prey-specific abundance being less than 10% for both prey types. However,
Actinopterygii was preyed upon more often than cephalopods (23.4 and 7.0 %O,
respectively) (Figure. 2.5).

32



Figure 2.5: Graphical representation of the feeding strategy of rough skates. Prey
specific abundance (%Pi) plotted against percentage frequency of occurrence (%O).
N = 13.

2.3.4 Factors affecting number, mass and diversity of prey

ingestion

Generalised linear models were created for response variables of average number
of prey items ingested, average mass of prey items ingested and diversity of prey
ingested (Table. 2.4). The results of the generalised linear model suggest that
maturity stage, total length and the interaction between maturity stage and total
length have an effect on the number of prey items ingested by Z. nasuta (Table.
2.4). As skates mature and increase in total length, number and mass of prey items
ingested decrease (Figure. 2.6).

33



Table 2.4: Results from the generalised linear model, testing if sex, maturity stage
(MS, A = immature, B = maturing, C = mature and D = active) and total length
(TL) have any effect on the number, mass and Brillouin index of diversity of prey
consumed by Z. nasuta. Note that MSA (MS=A) and SexF (Female skate) are the
reference categories for categorical variables. * denotes significance based on a 0.05
alpha level.
Response
variable

Predictor variable Estimate Standard Error z value Pr(>|z|)

Number
(Intercept) 9.90 2.77 3.58 0.00*
SexM - 0.54 0.31 - 1.77 0.08
MSB - 3.54 3.49 - 1.02 0.31
MSC - 9.98 4.46 - 2.24 0.02*
MSD - 5.90 3.53 - 1.67 0.94
TL - 0.01 0.00 - 2.57 0.01*
MSB:TL 0.00 0.00 0.99 0.32
MSC:TL 0.01 0.01 2.10 0.03*
MSD:TL 0.01 0.00 1.62 0.10

Mass
(Intercept) 7.64 4.07 1.88 0.06
SexM - 0.23 0.44 - 0.52 0.60
MSB - 5.56 5.31 - 1.05 0.29
MSC - 10.91 5.86 - 1.86 0.06
MSD - 6.31 5.20 - 1.21 0.22
TL - 0.00 0.05 - 0.95 0.34
MSB:TL 0.00 0.01 1.05 0.29
MSC:TL 0.01 0.01 1.95 0.05*
MSD:TL 0.01 0.01 1.28 0.20

Diversity
index

(Intercept) 8.73 18.64 0.47 0.64
SexM 0.78 1.11 0.70 0.48
MSB - 14.58 20.65 - 0.71 0.48
MSC - 11.67 20.65 - 0.57 0.57
MSD - 17.91 20.52 - 0.87 0.38
TL - 0.01 0.03 - 0.54 0.59
MSB:TL 0.02 0.03 0.68 0.49
MSC:TL 0.01 0.02 0.54 0.59
MSD:TL 0.02 0.03 0.81 0.42
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Figure 2.6: The average number of prey items consumed per rough skate for each
maturity stage (A = immature, B = maturing, C = mature and D = active). Error
bars represent ± 1 standard error. Symbols a and b represent significance between
maurity stages. N = 32.

2.4 Discussion

2.4.1 Diet composition

Zearaja nasuta inhabiting the eascoast of southern New Zealand are primarily
benthic feeders, specialising on one species of crustacean, Nectocarcinus antarcticus.
This species of crab dominated the diet contributing to over 95.0% of the total
composition. The prey group Malacostraca contributed almost 90.0% IRI of Z.
nasuta diet, however majority of this was from N. antarcticus as the remaining
Malacostraca species contributed less than 1.0% IRI combined. A crustacean
dominated diet is a trait that is shared with many small-bodied skates (Ebert et
al., 1991; Walmsley-Hart et al., 1999; Braccini and Perez, 2005; San Martin et al.,
2007; Carrier et al., 2012). This has been primarily attributed to smaller skates
being generally slower, having smaller gape sizes and being limited in swimming
capabilities that constrain the speed and size of prey species they are able to
consume compared to larger skates (Scharf et al., 2000; Higham, 2007). This diet
composition is comparable to other small-bodied skates such as the Southwestern
Atlantic Psammobatis bergi (max recorded TL: 60.5 cm), Zearaja mageana (max
recorded TL: 72.0 cm), Atlantoraja cyclophora (max recorded TL: ~70.0 cm) and
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Eastern North Pacific Bathyraja kincaidii (max recorded TL: 63.5 cm), that are
commonly reported to consume small benthic crustaceans as a primary food source
(Bizzarro et al., 2007; San Martin et al., 2007; Treloar et al., 2017; Viana and Vianna,
2014). In contrast, large-bodied skates, such as the North Pacific Bathyraja aleutica
(max recorded TL: 161.0 cm) and Bathyraja parmifera (max recorded TL: 129.0 cm)
both primarily consume teleosts, cephalopods and large crustaceans (Orlov, 1998;
Dolgov, 2005; Antonenko et al., 2007).

The remaining prey groups, Actinopterygii (9.9%IRI) and Cephalopoda
(0.2%IRI) both have relatively little importance to the rough skate’s diet, with
cephalopods being consumed considerably less than Actinopterygii. Ingestion of
these prey items may be an opportunistic behavior of Z. nasuta, incidental, and/or
particular prey species may be rare to encounter for skates off the coast of Otago
to explain their unimportance to the diet. It has also been suggested that skates
may have the opportunity to hunt in the pelagic zone, and even reach the surface to
exploit prey (Muto et al., 2001). Therefore, I suggest that consumption of teleosts
and cephalopods is rare for Z. nasuta.

2.4.2 Feeding strategy of Z. nasuta

Zearaja nasuta is a continious feeder that eats frequently, and primarily on prey
living on the substrate surface and intermediate subsurface layer (Wetherbee et al.,
1990, 2004; Jacobsen and Bennett, 2013). This is due to the consistent observation
of multiple prey items at different stages of digestion, in combination with a low
percentage of empty stomachs (9.1%) during the dissections of rough skates. This
feeding strategy is consistently found for majority of skate species in the literature
(Wetherbee et al., 1990; Ebert et al., 1991; Muto et al., 2001; Motta, 2004;
Wetherbee et al., 2004; Wilga et al., 2012).

Amundsen et al.’s (1996) graphical method was implemented to obtain
information on dietary niche width. Zearaja nasuta were found to have a specialised
feeding strategy on Malacostraca, resulting from a narrow dietary niche width.
Other skates tend to vary in their dietary niche width, with some specialising
on particular species and others being generalists throughout their lifetime. For
example, New Zealand’s smooth skate, Dipturus innominatus, does not exhibit a
specialised feeding strategy, and instead generalises on various species of crustaceans
and teleosts (Forman and Dunn, 2012), whereas Bathyraja macloviana exhibits
specialisation on polychaetes (Scenna et al., 2006). Investigating the feeding strategy
of skates is an important component in revealing the ecological role of a predator
because niche breadth varies between skate species.
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2.4.3 Dietary shifts

Evidence was found for an ontogenetic shift in feeding habits for Z. nasuta, where as
skates mature and grow, they tend to consume significantly fewer prey. The majority
of elasmobranch species exhibit some ontogenetic shift in feeding composition over
their lifetime (Wetherbee et al., 2004; Kadri et al., 2013), typically moving from a
crustacean to teleost-based diet (Treloar et al., 2007; Carrier et al., 2012; Forman
and Dunn, 2012). As crustaceans are generally smaller than teleosts, this may
explain why fewer prey items are consumed for larger, more mature individuals.
Changes in the diet may be caused by various life history traits such as limited gape
or tooth morphology that may limit the size of prey that can be ingested (Lucifora
et al., 2000; Scharf et al., 2000). Increased mobility, experience with particular prey,
strength and overall foraging ability as body size and maturity increases can also
underlie such ontogenetic shifts. In addition, skates may have higher capture rates
of favoured prey and more experience as they grow older.

It is important to consider that specimens were caught by commercial
fishermen so an associated size bias for larger individuals will be present, and
in addition, the entire length range is not representative of the full Z. nasuta
population. Number of prey items ingested was the only factor for which an
ontogenetic shift was detected in these skates. Mass and diversity of prey consumed
did not have a significant effect on the diet of Z. nasuta. If a larger size range of
skates and an un-size-bias sampling method used, I would expect an ontogenetic shift
to be easier to detect. Studies that investigate ontogenetic shifts tend to use a much
larger range of skate total length. For example, Barbini et al. (2010) found discrete
shifts in feeding behaviour with increasing body size of Bathyraja magellanica using
specimens between approximately 9.0 - 80.0 cm; a much larger range of skate lengths
than what was used in this study (65.0 - 95.0 cm).

In terms of feeding habits, much less is know about the effect of skate
maturity than body size (e.g.(e.g. Ellis and Keable, 2008; McCully et al., 2012).
Like body size, immature individuals may be less efficient predators than mature
individuals due to prey capture experience. It is proposed that an increase in the
metabolic requirements that mature individuals need for reproductive success could
also contribute to an ontogenetic pattern (Barbini et al., 2013). Also complex
behavioural response to maturation and other factors involving sexual maturity
may be at play in ontogenetic shifts (Koen Alonso, 2001; Barbini et al., 2010).
Maturity levels in this study were based on MuCully et al.’s (2012) measures and
and mature rough skates (MS=C) had a significantly lower consumption of prey
items than immature skates (MS=A). Male and female rough skates are found to
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mature at 52.0 and 59.0 cm PL, and 4 and 6 years, respectively (Francis et al.,
2001). Of the four female individuals that were classified at MS=A, one of these
individuals had a pelvic length of 64.0 cm, which according to Francis et al. (2001)
should be reproductively mature. Skates may have been misclassified for maturity
level, or thresholds for maturity levels of skates show more variation than reported
in McCully et al. (2012). Additionally, the maturity stages may not be specific
enough for this particular skate species. Individuals of maturity level A (Immature)
(56.0 - 64.0 cm PL) overlapped with individuals at maturity level D (Active) (56.5 -
72.0 cm PL), which questions the repeatability of McCully et al.’s (2012) maturity
stage index for this particular species. Also, within the maturity scale there was
no classification for females in reproduction recovery stage, i.e. females that have
had their young, and are in a recovery stage before their next reproductive cycle.
Reproduction of Z. nasuta is poorly known, as it is not known how many eggs are
laid annually or how long the gestation period is (Francis et al., 2001). Individuals
that are reproductively active but in a post-laying phase can have oviducal glands
that are reduced in size and are characteristic of an immature, developing female.
In addition, one of the criteria for MS=D (Active female) is that egg capsules are
present. Therefore, skate individuals could have been misclassified if they have
just laid their young and show no evidence of follicles or egg capsules. Therefore,
the resulting effect of maturity stage on diet of Z. nasuta may be clouded by the
limitations associated with the maturity stage criteria used.

Although few skate species exhibit sexual spatial segregation and females
grow to bigger sizes than males (Feduccia and Slaughter, 1974; Ellis and Shackley,
1995; Wearmouth and Sims, 2010), no effect of sex on the feeding habits of Z.
nasuta were found in this study. There was also no evidence for spatial segregation
because both males and females were captured during the trawls. In addition, the
size at maturity for male and female Z. nasuta is relatively similar (males maturing
at 52.0 cm PL and females mature at 59.0 cm PL). Therefore, it is possible that
male and female rough skates possess similar prey capture capabilities (San Martin
et al., 2007) and thus have similar ecological roles within the New Zealand marine
ecosystem. Such findings are common for the majority of skate species (Braccini
and Perez, 2005; San Martin et al., 2007).

Many elasmobranch species exhibit seasonal variation in feeding ecology,
reflecting seasonal environmental changes that influence the distribution of and
abundance prey items (Muto et al., 2001; Braccini and Perez, 2005). Temporal
variation was not assessed in this study because Z. nasuta specimens were collected
from three sampling expeditions within four months, which would not provide a
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large enough temporal range to exhibit any difference in diet, if any. Therefore,
this dietary information collected provides a snapshot of the diet of rough skates
between summer and autumn months. There is very little information on the
relative abundance of crustaceans and particularly the most important prey species,
N. antarcticus for the studied area. Conclusions can be drawn however, that N.
antarcticus is the dominant prey item consumed by Z. nasuta throughout the
summer and autumn months. This consumption coincides with the period of new
recruits in many New Zealand decapod species, which may be present at this time
of the year in high densities (e.g. Annala et al., 1980; Zeldis, 1985; Berkenbusch and
Rowden, 1998; Martel and Chia, 1991).

2.4.4 Ecological interactions of Z. nasuta

Mesopredators, defined as mid-level predators, can have profound effects on
ecosystem structure, because they provide a crucial link between upper and lower
trophic levels (Myers et al., 2007; Heithaus et al., 2008a; Ritchie and Johnson, 2009).
Zearaja nasuta are known to be preyed upon by higher trophic level predators such
as New Zealand sea lions (Phocarctos hookeri) and possibly orcas (Orcinus orca)
(Visser, 1999; Meynier et al., 2009; Roberts and Lalas, 2015). The population
status of New Zealand sea lions is ’endangered’ according to the IUCN Red List of
Threatened Species (Chilvers, 2015) and further knowledge on trophic interactions
within this marine food web would allow resolution of the top-down effects that
continued declines in sea lions may have on this community. Furthermore, there is
a lack of information surrounding the feeding habits of other potential predators to
the rough skate. Sharks distributed throughout New Zealand such as, sevengill
sharks (Notorhynchus cepedinus), great white sharks (Carcharodon carcharias),
mako sharks (Isurus oxyrinchus) and blue sharks (Prionace glauca) are all known
to predate on small elasmobranchs in other geographical areas where they occur
(Ebert, 2002; Hussey et al., 2012; Preti et al., 2012). Further investigation into the
diet of these top predators in New Zealand’s marine environment would help resolve
the role rough skates play in connecting energy between lower and higher trophic
level species.

Additionally, recent declines in top predator abundances cause an increase
in abundance of mesopredators, an occurrence known as "Mesopredator release"
(Crooks and Soulé, 1999; Ritchie and Johnson, 2009; Berger and Conner, 2008).
Such releases cause mesopredator prey populations to collapse, and sometimes
communities may become destabilised or local extinctions of lower level trophic
species may occur (Crooks and Soulé, 1999; Ritchie and Johnson, 2009; Berger and
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Conner, 2008). For example, in the Atlantic Ocean, overharvesting of sharks led to
population explosions of cownose ray (Rhinoptera bonasus), which in turn reduced
bay scollop (Argopectin irradians) populations to such low levels that a century-old
scallop fishery was recently forced to close (Myers et al., 2007). This example
demonstrates the kind of "ecological meltdown" that can affect lower trophic level
species in the absence of apex predators (Terborgh et al., 2001). Rough skates have
the potential to directly affect the comminity structure through predation of N.
antarcticus. Associated changes in abundances of Z. nasuta and N. antarcticus with
top predator declines in New Zealand waters may potentially cause destabilisation of
the food web community and local extinctions of N. antarcticus. Of course, further
research associated with feeding ecology of New Zealand’s top marine predators is
needed to further our knowledge in this area.

New Zealand waters host at least four species of endemic skates (Z. nasuta,
D. innominatus, Bathyraja shuntovi and Raja hyperborea). There is no evidence for
geographical separation of Z. nasuta and D. innominatus, although D. innominatus
can be found at slightly deeper depths (Stevenson and Hanchet, 2010). There is a
large size difference between D. innominatus and Z. nasuta, with D. innominatus
growing considerably larger (up to 133 and 70 cm female PL, respectively (Francis
et al, 2001)). Both B. shuntovi and R. hyperborea are deep water skates that are
relatively uncommon and little is known about the biology, feeding habits or ecology
of these species. The diet habits of D. innominatus were studied and it was found
that these skates primarily consume benthic crustaceans and teleosts including a
variety of discarded fishes from commercial fishermen (Forman and Dunn, 2012).
At least 21 crustacean species were present in the 321 specimens of D. innominatus
examined, none of which overlapped with prey species found in the stomachs of rough
skates in this study (Forman and Dunn, 2012). Considering both species share an
almost complete habitat range, it is interesting that their crustacean prey species
do not overlap to any degree. In addition, D. innomanitus exploit crustaceans and
teleosts as their main prey items, where Z. nasuta’ s teleost consumption is minimal
(up to 10% IRI). Elasmobranchs often exhibit resource partitioning when sharing
distribution in order to reduce competition (Platell et al., 1998; Silva and Uieda,
2007; O’Shea et al., 2013). Exploiting different food sources could be allowing both
skate species to share extensive habitat overlap within New Zealand waters.

Zearaja nasuta may also influence the community structure and nutrient
dynamics through bioturbation, where the feeding behaviour (i.e. digging in the
bottom layer in search of prey) can result in physical disturbance of soft-bottoms
(VanBlaricom, 1982; Thrush et al., 1991; Peterson et al., 2001; Myers et al., 2007;
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O’Shea et al., 2012). This disturbance can affect the benthic community structure by
removing species, providing secondary predators with access to typically unavailable
prey and creating new opportunities for colonisation (Zajac et al., 2003). In addition,
such disturbances can create sheltered habitats for other taxa (such as crabs that
reuse the disturbed areas for protection) and is even thought to affect the nitrogen
cycle through oxygen penetration of deeper sediment (Gilbert et al., 1995; Cross
and Curran, 2000; Kogure and Wada, 2005; O’Shea et al., 2012). Rough skates
have the capability to dig into the bottom in search of prey (evident by personal
observations of sand commonly found in skates’ stomachs) so Z. nasuta may play
a unique role in influencing the benthic community and nutrient dynamics through
its feeding behaviour.

2.4.5 Consequences for fisheries

New Zealand’s quota management system regulates rough and smooth skates under
one commercial fishery quota (Francis, 2005). This type of management system of
skates (i.e. managing them as one unit instead of individual species units) occurs in
other countries too (Wakeford et al., 2004; Winter, 2017). For example, almost 20
skate species commercially exploited in Falkland Island fisheries and are considered
as one management unit (Falkland Government, 2016). Zearaja nasuta and D.
innominatus however, exhibit different feeding strategies and may subsequently have
different ecological roles as predators. Smooth skates are important for controlling
populations of piscivorous fish in the pelagic zone, whereas rough skates primarily
prey on benthic crustaceans (Forman and Dunn, 2012). The smooth skate is
considered larger and later-maturing relative to other skates (Dulvy ad Reynolds,
2002), reaching a maximum of 160 cm PL. Compare this to rough skates that
are considered a small-bodied, short-lived skate, reaching a maximum 79.0 cm PL
(Francis et al., 2001; Ministry for Primary Industries, 2014). The two species are
managed in the same quota, but have varying life history characteristics, relatively
large differences in population productivity parameters and most likely differing
ecological roles as predators which raises questions about whether these species
should be managed separately in New Zealand’s quota management system. If
managed separately, the sustainability may be increased for each species by taking
into account the life history characteristics relevant to population productivity and
important ecological interactions.

Rough skates are becoming an increasingly important fish resource within
New Zealand’s commercial fisheries, with the total catch landings increasing from
352 tonnes in 1996 to 1889 tonnes in 2012 (Ministry for Primary Industries, 2014).
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According to the most recent government fisheries report, it is not known if the
current catch levels and total allowable catch are sustainable (Ford et al., 2015). This
information is unavailable due to the lack of biological and ecological parameters
reported for this species (Ministry for Primary Industries, 2017). An increased
understanding of the ecological role of Z. nasuta and its prey species found in
this chapter is an important step in designing ecosystem-level management and
conservation plans to prevent the collapse of, or to reduce the risks of extinction of
this species and the associated species within New Zealand’s marine community.

2.4.6 Sample size

Small sample sizes and large variation in food categories greatly influences the
inference of dietarSmall sample sizes and large variation in food categories greatly
influences the inference of dietary importance of the different prey items (Hyslop,
1980). Therefore, the minimum number of stomachs required for a precise
description of the dietary importance of a predator needs to be determined, to
ensure the interpretation of diet composition is appropriate. Diversity curves have
been used to determine the sample size required for a precise description of diet in
elasmobranchs (e.g. Alonso et al., 2002; Bethea et al., 2004). For this sample of
skates, approximately nine stomachs (not including empty stomachs) were required
to reach a stable prey diversity asymptote and 32 stomachs were sampled containing
prey, suggesting the sample size of Z. nasuta in this study sufficiently describes the
diet composition. Others have used additional approaches to assess the adequate
sample size of elasmobranchs needed to investigate feeding ecology. For example,
Ebert and Bizzarro (2007) suggesting a minimum of 20 stomachs, and Braccini and
Perez (2005) suggesting at least 30 stomachs are required. Considering both sample
size minimums, my sample size surpassed these values suggesting it is large enough
to appropriately assess the dietary composition of New Zealand’s Z. nasuta.

2.4.7 Stomach content analysis caution

Stomach content analysis uses broad taxonomic categories for ease of interpretation
and comparison between studies. As a result, taxonomically similar prey species,
but trophically distinct prey items are combined in the same broad category. Zearaja
nasuta predominantly fed on one species of crab, N. antarcticus and although four
other crustacean species were found in the diet, none contributed more than 1.0%
to the diet. New Zealand’s smooth skate which shares extensive distribution with
Z. nasuta also feeds on benthic crustaceans but generalises on the various speicies
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(Forman and Dunn, 2012). Although comparable to Z. nasuta at a higher taxonomic
level, D. innominatus is considerably more generalistic in which species it consumes
(Forman and Dunn, 2012). For D. innominatus, crustaceans contribute at least
62.4% IRI to the overall diet and for Z. nasuta, they contribute 89.9% IRI. At the
broad taxonomic level, these species diets may be considered comparable, although it
is known that they exploit different species within the same environment. Therefore
caution is advised when assessing trophic levels based on taxonomic categories.
Stable isotopic analysis does not require dietary information, thereby avoiding this
issue. However, for the scope of this study the primary goal was to assess the dietary
composition of Z. nasuta and stable isotopic analysis is not without its own issues in
such assessment (e.g. Post, 2002; McCutchan et al., 2003; Vanderklift and Ponsard,
2003).

2.4.8 Overall conclusions

Zearaja nasuta is a specialised and continuous feeding mesopredator that preys
primarily on one species of crab, N. antarcticus. Other prey items are unimportant
and likely incidentally or opportunistically ingested. Larger, more mature skates
tended to consume fewer prey. However, this trend was not significant in terms of
mass and diversity of prey consumed. This trend is biologically plausible because
most skate species exhibit ontogenetic changes in diet composition as they become
increasingly mature. This trend is typically caused by larger skates being more
efficent predators. Biases in the sampling method and maturity scale considered
may cloud the results of an ontogenetic shift because trawling is selective to larger
individuals and the maturity scale does not take into account reproductively active
post-birth females.

I conclude that rough skates are important marine predators, despite being
considered small in size, which indicates they have a unique functional role in
New Zealand marine food webs. The smooth skate, which shares habitat with
rough skates, but is much larger in size and grows to a much older age, exploits
different prey items than rough skates. These two species are managed together
under the same quota for New Zealand commercial fisheries, but exhibit different
feeding ecologies, thus may have differing roles in the marine community. Zearaja
nasuta may also play an important role in affecting the benthic communities
through predation, bioturbation and nutrient transfers. These results bring together
information about trophic interactions that allow inference on the ecology of this
important mesopredator.
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Despite rough skate’s importance in this environment, the life history of Z.
nasuta is still poorly known. Studies on reproductive success, trophic interactions,
parasite interactions, food web analyses, age and growth parameters are very
relevant for appropriate elucidation of the ecological role that this species plays
in the New Zealand marine ecosystem. Also, studies of this sort are crucial for
creation of conservation measures of this species, because Z. nasuta is an important
commercially fished species and considered very vulnerable to overexploitation in
New Zealand’s marine environment (Ford et al., 2015).
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Chapter 3

Revealing trophic transmission
pathways

3.1 Introduction

Understanding how food webs are structured and function is fundamental to
ecological research (Pascual et al., 2005). Parasites are important components
of natural systems, regulating host population dynamics, mediating species
compositions of free-living communities, and redirecting energy flow within and
between food webs (Huxham et al., 1995; Lafferty and Morris, 1996; Hudson and
Greenman, 1998; Mouritsen and Poulin, 2005; Thompson et al., 2005; Lafferty et al.,
2006; Wood et al., 2007; Hernandez and Sukhdeo, 2008; Amundsen et al., 2009; Sato
et al., 2012). Considering the importance of parasites in natural systems, relatively
little is known about the transmission pathways that some types of parasites exploit
within food webs (Cirtwill et al., 2017). Resolving the trophic transmission pathways
between hosts that parasites exploit is a crucial stepping stone to better resolve the
role that parasites have within natural systems.

Feeding links among free-living organisms within food webs represent
potential transmission routes for some parasites. Tapeworms are trophically
transmitted within food webs, meaning they are passed from one host to another
through predation of the current host by a host at a higher trophic level. The
definitive hosts are vertebrates at the top of the food chain, and it is within their
digestive tract that tapeworm attachment, adult development and maturation take
place. Rapid reproduction occurs within the definitive host, with as many as
thousands of proglottides (reproductive units that contain eggs) being released with
the host faeces from just one individual worm (Esch and Fernández, 1993). Once
excreted, these larval stages will need to parasitise one, two, three and sometimes
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four intermediate hosts, often in a particular order to make their way back up
the food web to an vertebrate definitive host. Intermediate hosts can be either
paratenic, in which a larval stage remains undeveloped awaiting predation by the
definitive host, or they can support developmental stages of trophically transmitted
parasites. Trophically transmitted parasites are intimately connected to their hosts,
and rely on them being eaten by the correct next host in the tapeworm’s life cycle
(Choisy et al., 2003; Parker et al., 2003).

Elasmobranchs occupy high trophic levels within marine food webs and
are significant definitive hosts to many marine tapeworms. Our knowledge about
trophic transmission of elasmobranch tapeworms is extremely limited, a fact that
is reiterated each time the subject is raised (Fuhrmann, 1931; Chervy, 2002; Caira
and Reyda, 2005; Chambers et al., 2000; Jensen and Bullard, 2010; Caira and
Jensen, 2014, 2017). It is documented that teleosts, molluscs and crustaceans are
common intermediate hosts, accumulating a range of tapeworm larval stages (Jensen
and Bullard, 2010). Tapeworms that parasitise elasmobranchs include nine of the
19 tapeworm orders, 202 genera and at least 1034 described species (Caira and
Jensen, 2017). One of the primary reasons why there is a large knowledge gap in
this research area is because tapeworms are classified using morphology but have
varying morphologies between life stages (Olson and Tkach, 2005). The larval stages
of elasmobranch tapeworms lack distinctive morphological features that would allow
them to be properly identified, and do not resemble their adult counterparts (with
the exception of trypanorhynch tapeworms whose larval stages exhibit distinctive
hooks that are identical to their adult counterparts (Campbell and Beveridge, 1994)).
The literature is filled with descriptions of larval and adult tapeworms although
most remain unmatched. In addition most larvae that are described have not been
assigned to species, genus or sometimes even family level (see Jensen and Bullard,
2010). Therefore, few complete elasmobranch tapeworm life cycle has been resolved
(e.g. Sakanari and Moser 1989).

Some advances in the identification of trophic transmission pathways have
been accomplished in the past few decades. Genetic sequences of adult elasmobranch
tapeworms have been compiled, typically with the aim of inferring evolutionary
relationships between taxa (e.g. Mariaux, 1998; Olson and Caira, 1999; Kodedová
et al., 2000; Waeschenbach et al., 2007, 2012; Caira et al., 2014). This has been a
big step in helping to resolve the difficulties of a morphological classification system.
However, relatively few confirmed examples of trophic transmission pathways exist
and a large gap remains in the knowledge of tapeworm life cycles (Brickle et al.,
2001; Agusti et al., 2005; Aznar et al., 2007; Holland and Wilson, 2009; Jensen and
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Bullard, 2010). In addition, where life cycles have been resolved molecularly these
have encompassed only one order parasitising elasmobranchs (Order Tetraphyllidea,
sensu lato), meaning the current inferences about trophic transmission are probably
incomplete without resolution from other taxonomic representatives (e.g. Hamilton
and Byram, 1974; Avdeeva and Avdeev, 1980; Chambers et al., 2000). In 2010,
Jensen and Bullard compiled a large dataset of adult and larval tapeworms in
various intermediate hosts (teleosts, molluscs and shrimp) and definitive hosts
(various elasmobranchs) within the Gulf of Mexico marine food web (Jensen and
Bullard, 2010). They resolved a further 27 cases of trophic transmission by using a
molecular approach to match up larval to existing adult sequences. Such advances
in trophic transmission resolution have helped our understanding of how parasites
fit into natural systems. It is now well established that parasites can reflect host
phylogenetic relationships (Locke et al., 2013), respond to environmental impacts
(Pérez-del Olmo et al., 2007, 2009) and can be used as discriminators of fish
populations (MacKenzie and Abaunza, 1998) and in addition, elucidation of trophic
transmission is beginning to reveal the role that particular intermediate host taxa
play in the life cycles of parasites (Jensen and Bullard, 2010). For these reasons, and
considering the lack of knowledge surrounding the study of trophically transmitted
parasites and their life cycles, it is important to improve our understanding of how
parasites fit into food webs and have evolved to exploit them (Lafferty et al., 2008).

In this chapter...

In this chapter, the tapeworm assemblage within the spiral intestines of New
Zealand’s endemic rough skate, Zearaja nasuta is investigated. This species is
commonly found throughout New Zealand waters at depths of a few meters to
200 m. The results from chapter 2 suggested that Z. nasuta is an important
benthic predator possessing a unique role in its associated food web. Zearaja nasuta
exhibits a specialised diet, with one species of crustacean, Nectocarcinus antarcticus
dominating over 90% of the diet composition (see chapter 2). Therefore, I
hypothesise that the majority of tapeworms infecting Z. nasuta will
be exploiting the predation link between the skate and the crab N.
antarcticus.

Like most other elasmobranchs, relatively little is known about the parasite
assemblages within Z. nasuta, except for a few documented species (Figure. 3.1).
Tapeworms can be effectively used as a tool to infer dietary habits and trophic
interactions of their hosts (Valtonen et al., 2010; Randhawa and Brickle, 2011;
Münster et al., 2015), in the same way as feeding ecology may be an effective
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Table 3.1: Known tapeworm parasites of rough skates within New Zealand.
Species Reference
Acanthobothrium filicolle Alexander, 1963
Acanthobothrium wedli Alexander, 1963
Clydonobothrium elegantissimum Alexander, 1963
Clydonobothrium leioformum Alexander, 1963
Echeneibothrium affine Alexander, 1963
Echinobothrium coenoformum Alexander, 1963
Nybelina lingualis (Larval stage) Palm, 2004

tool to infer trophic transmission pathways of the associated tapeworms. Presence
of an adult tapeworm within the spiral intestine of Z. nasuta and its conspecific
larva within a prey species of Z. nasuta provides convincing evidence for trophic
transmission of that parasite. Therefore, in this study, prey items of Z. nasuta,
when relatively intact, were examined for larval tapeworms. The 28S rDNA gene
is a commonly used molecular marker for tapeworm phylogenetic studies, because
it exhibits regions of sufficient variability to distinguish between species, but is also
conserved enough to discern higher taxonomic levels (e.g.Zehnder and Mariaux,
1999; Olson et al., 2001; de Chambrier et al., 2004; Caira and Reyda, 2005;
Waeschenbach et al., 2007; Healy et al., 2009; Jensen and Bullard, 2010). In
addition, it is the most commonly used marker for identification of tapeworm larvae
(e.g. Brickle et al., 2001; Agusti et al., 2005; Aznar et al., 2007; Holland and Wilson,
2009; Randhawa and Brickle, 2011). This marker was therefore employed in this
study to allow for distinction of species present within Z. nasuta spiral intestines, and
genetic matching of larvae and adult worms. This chapter aims to provide molecular
evidence to identify and resolve trophic transmission pathways of tapeworms which
exploit the predation link between Z. nasuta and its prey items.
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3.2 Methods

3.2.1 Obtaining rough skate’s parasites

Skates were collected in one geographic area around Nugget Point off the East
coast of the South Island, New Zealand, on three separate sampling dates between
March and June 2017. A total of 35 skates were collected. Dissection protocols
are described in chapter 2. The spiral intestines were ligatured at both ends
and removed by cutting away from the pyloric stomach anteriorly and the rectum
posteriorly. The spiral valves were placed in 1 litre containers and cut open with a
mid-ventral incision along the ventral blood vessel, exposing the surfaces of each
spiral chamber. The spiral valve intestines were cut into between three to six
sections depending on the total length of each spiral valve, and placed in 500ml of
a saline mixture (two parts seawater: nine parts tap water) with one tablespoon of
sodium bicarbonate. Each container was shaken briskly for one minute and rested
for at least four hours to allow intestinal mucus to degrade. After four hours,
the mixture (including spiral valve pieces, mucus and liquid) was examined for
parasites, under a dissecting microscope. All metazoan parasites were taken, cleaned
in saline water and separated into individual eppendorf tubes filled with 70% ethanol
to be considered for morphological and molecular identification. Although few
nematodes and trematodes were found in the skates’ spiral valves, only tapeworms
were considered for this study because they account for the majority of parasite
assemblage present. To count the number of tapeworms, an individual was defined
when one scolex was found. This avoided double counting of individuals, as mature
proglottides were often found separated from each other and from the main strobila.
Therefore, the total number of tapeworms was taken as the minimum number of
individuals present in the spiral valves. For each individual, a two millimetre section
was taken from just below the strobila behind the scolex for DNA extraction. This
section was preserved in 95% ethanol, whereas the remaining piece was left in 70%
ethanol as a voucher. Each voucher was categorised into a morphotype category.
These morphotypes were categorised based on tapeworm morphological traits such
as number of bothridia, presence and number of apical suckers, presence and number
of scolex hooks, and presence and number of armed tentacles. In addition, the aid of
tapeworm identification guides helped group individual vouchers into morphotype
categories (e.g. Schmidt et al., 1986; Khalil et al., 1994).
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3.2.2 Obtaining larval parasites

While weighing and identifying prey items in the stomachs of the skates, selected
prey individuals that were relatively intact were also dissected for larval parasites.
For crustacean prey items, the carapace was removed and internal organs, such
as muscle tissue, stomach and gills were checked for parasites. For teleost prey
items, muscle tissue was macerated with a scalpel and tweezers, the body cavity
was examined, and intestines were dissected to find larval parasites. When larval
parasites were found within a skate’s prey individual, they were washed in saline
water and put aside in individual eppendorf tubes containing 95% ethanol for
molecular identification. No morphological identification was attempted in larval
individuals due to most tapeworm larvae lacking morphological features.

3.2.3 Parasite assemblage characterisation

Basic ecological description of tapeworm assemblage such as prevalence (the
proportion of infected hosts among all the hosts examined), mean intensity
(the mean number of parasite individuals found in infected hosts) and mean
abundance (mean number of parasites found in all hosts examined) were calculated.
Clopper-Pearson exact 95% confidence limits were calculated for prevalences
(Clopper and Pearson, 1934) and bias-corrected and accelerated bootstrapped 95%
confidence limits (number of bootstrap replicates = 2,000) were calculated for mean
intensities and abundances (Efron, 1987). All these calculations were done with the
use of Quantitative Parasitology 3.0 software (Reiczigel and Rózsa, 2005).

3.2.4 DNA extraction, amplification and sequencing

The tissues used for genetic analysis were taken from the corresponding eppendorfs
and air dried to remove most of the surrounding ethanol. Each time a parasite was
dried and moved to a new eppendorf, the forceps and scalpel used were cleaned and
sanitised to minimise chances of contamination between the samples.

The extraction technique employed was the Fish Buffer method (Devlin et
al., 2004). Added to each sample was 13μL of a master mix containing 1μL of water,
1μL of Proteinase-K (Roche), 10μL of fish buffer and 1μL of Tween 20 (20%) per
sample. Eppendorfs were all placed in a 65°C hotplate for two hours. Eppendorfs
were vortexed and centrifuged at 20 minute intervals during the two hours in order
to return condensed solution on the top of the tube to the mixture, thus aiding
the extraction process. The Proteinase-K was then denatured during a 10-minute
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incubation of the samples on a 95°C hotplate, and the samples were cooled to room
temperature and stored at 4°C before undergoing amplification.

The Chelex extraction method (Walsh et al., 1991) was employed for 40%
of the samples when the ’fish buffer’ method did not successfully extract DNA
from the samples. Added to each sample was 650μl of chelex mixture containing
aqueous 5% Chelex 100 (BioRad), followed by 2μL Proteinase-K (Roche) per sample.
Eppendorfs were vortexed and incubated at 55°C overnight. Following incubation,
tubes were vortexed and centrifuged briefly, then incubated at 95°C on the hotplate
for 10 minutes to denature the Proteinase-K. Eppendorfs were then centrifuged at
14,000 rotations per minute for 10 minutes to separate the pellet of Chelex resin and
undegraded tissue, from DNA extract. The top 20 μL of supernatant was removed
into a new eppendorf tube and allowed to cool to room temperature before being
stored at 4°C until the amplification process.

For all parasite individuals, a partial fragment of the D2 domain of the
large subunit (LSU) was amplified with forward primer T16 (T16 (5’-GAG ACC
GATAGCGAA ACA AGT AC-3’) (Harper and Saunders, 2001) and reverse primer
T30 (5’-TGTTAG ACT CCT TGG TCC GTG-3’) (Harper and Saunders, 2001).
The amplification process targeted a DNA fragment of approximately 750 bp. This
region of the LSU has proved informative for both diagnostic and phylogenetic work
in tapeworms and related taxa (e.g. Brickle et al., 2001; Olson et al., 2001; Reyda
and Olson, 2003; Randhawa et al., 2007b; Holland and Wilson, 2009; Caira et al.,
2013).

Polymerase chain reactions (PCRs) were performed in a final volume of
25μL and were cycled using an Eppendorf Mastercycler Pro thermal cycler. For
extractions done with the Fish Buffer method, the reaction mixture per sample
consisted of 5μL of extracted DNA, 5μL of buffer, 12.45μL water, 2μL of each primer,
0.4μL bovine serum albumin (BSA, New England Biolabs) and 0.15μL MyTaq™
Red 5x reaction buffer (Bioline, Bioline Pty Ltd, Alexandria, NSW, Australia). For
extractions done using the Chelex method, the quantity of DNA was 10µL with
7.45µL water, and all other reagent volumes as described above.

The amplification protocol for both Chelex and Fish Buffer extractions
used the same conditions, consisting of an initial denaturation period (94 °C), 38
cycles of denaturation (30 seconds at 94 °C), primer annealing (30 seconds at 50
°C) and extension (2 minutes at 72 °C), and a 7- minute final extension (72 °C)
(Harper and Saunders, 2001). All PCR products were visualised by running 2μL
of the sample reactions on a 2% agarose gel with 1.5% of gelred (Eur Biophys J,
2014) and imaging with a UVITEC HD5 gel imager (Cambridge, United Kingdom).
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Successfully amplified products (bands corresponding to the target fragment) were
sequenced in the forward direction (unless otherwise stated), using the same primer
as for amplification. PCR product purification and Sanger sequencing by capillary
electrophoresis were performed by an international commercial facility (Macrogen
Inc., Seoul, Republic of Korea).

3.2.5 Sequencing phylogenetic analysis

Raw chromatogram files were uploaded into Geneious v8.1.9 (Kearse et al., 2012).
Sequences with low quality extremities were automatically trimmed with a default
error probability limit of 0.05 (i.e. bases with poor quality as reported in
chromatogram quality report, which likely represent erroneous base calls). All
sequences were manually edited for incorrect or ambiguous base calls. If there
was ambiguity in the identity of a base the reverse sequence was obtained to
allow clarification (using the same reverse primer as for amplification). In these
cases, a contiguous sequence was assembled for each pair of forward and reverse
sequences. A subset of each sequence was uploaded into the BLAST online
search tool (www.ncbi.nlm.nih.gov, Zhang et al., 2000) to ensure species identify.
Sequences were then aligned using MAFFT (Katoh and Standley, 2013), using the
E-INS-i algorithm with default settings(Katoh and Standley, 2013). Sequences were
inspected further for obvious incorrect base calls.

The final dataset used in the phylogenetic analysis included 48 amplified
tapeworm specimens (35 adult specimens found in skates, 9 larval specimens
found in various prey items and 4 adult specimens from Z. nasuta caught in the
same geographical location provided by Dr. H Randhawa (unpublished data)).
When BLAST searches were undertaken, sequences with greater than 90 per cent
similarity between the query and subject sequences were downloaded and included
as ingroups. In addition, sequences representing all orders of tapeworms parasitising
elasmobranchs according to recent studies (Waeschenbach et al., 2012; Caira and
Jensen, 2014; Caira et al., 2014) were also included as ingroups for the final dataset
in this analysis. A total of 4 outgroup taxa were selected based on previous studies:
Diclidophora denticulata as a representative from another class (Monogenea), and
three cestode species: Gyrocotyle rugosa (Gyrocotylidea), G. urna (Gyrocotylidea)
and Gigantolina magna (Amphilinidea) (Waeschenbach et al., 2012; Caira and
Jensen, 2014; Caira et al., 2014). Thus, 201 downloaded ingroup sequences, 4
outgroup sequences and 48 tapeworm sequences from this study were included in
the final dataset.
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To infer the phylogenetic relationships between the studied specimens
and establish trophic transmission routes, Bayesian Inferences (BI) analysis
was conducted in MrBayes, version 3.2.6 (Huelsenbeck and Ronquist, 2001).
This method was implemented in Cyberinfrastructure for Phylogenetic Research
(CIPRES) Science Gateway (Miller et al., 2009). PartitionFinder v2.1.1 (Landear
et al., 2012) was used to estimate the best model of evolution restricted to models
available in MrBayes. The greedy algorithm (Lanfear et al., 2012) was implemented
in the software PhyML v3.0 (Guindon et al., 2010). The best inferred model of
evolution was the General Time Reversible Model with proportion of invariable
sites, and with a gamma distribution (GTR+I+G). The analysis was performed
with random starting trees for two runs (each 1 cold and 3 heated chains),
employing a Markov Chain Monte Carlo (MCMC) approach for sampling the joint
posterior probability distribution across 100,000,000 generations sampling every
10,000 generations. A heating chain parameter value of 0.04 was selected after
preliminary analysis. The first 25% of samples were discarded as burnin.

Mixing and convergence of each run were monitored through the statistics
provided in MrBayes [values of standard deviations of partition frequencies (<0.01),
potential scale reduction factors (PSRF)(1.00), effective sample sizes (ESS) (>200))]
and in Tracer v1.6.0 (Rambaut et al., 2014. Tracer v1.6, available from
http://beast.bio.ed.ac.uk/Tracer). Resulting trees were summarised in a 50%
majority-rule consensus tree with clade credibility support values (Bayesian posterior
probability, BPP) and branch length information. The consensus tree was visualised
in FigTreev1.4.3.(http://tree/bio.ed.ac.uk/software/figtree) and BPP higher than
0.95 was considered strong support for nodal positions.

To calculate the genetic divergence between the sequenced tapeworms from
this study and their closest relatives inferred in the Bayesian consensus phylogenetic
tree, uncorrected pairwise genetic distances were calculated in MEGA v7 (Kumar et
l., 2016). Defining genetic divergence threshold values for within-species variability is
problematic. However, the proportion of genetic divergence for the LSU lower than
0.03 is considered to reflect within species genetic variability. Values above 0.03
are usually interpreted as inter-species variability. For example, Bueno and Caira
(2017) investigated the genetic divergence between three Echeneibothrium species
(E. williamsi, E. multiloculatum and E. megalossoma) finding the interspecific
variation of the 28S rDNA gene ranging between 0.034 - 0.057 proportion of genetic
divergence.
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3.3 Results

3.3.1 Assemblage description

A total of 267 tapeworms were recovered from the spiral valves of 29 of the 35 rough
skates analysed. These tapeworms were assignable to seven different morphotypes
(Figure. 3.1). The prevalence and intensity of infection (range) for each morphotype
is presented in Table. 3.2. The morphotype with the highest prevalence (77.1%)
was morphotype C, parasitising 27 of the 35 skates and having a mean intensity of
five parasites per host. Morphotype C also has the highest abundance within the
skate assemblage (3.6 per host). The parasite morphotype with the highest mean
intensity was morphotype B (9.0 per host), although only infecting seven of the 35
skates.

Figure 3.1: Morphotypes classified in this study. Letters on top left of pictures
represent morphotypes (A-G).
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Table 3.2: Prevalence and intensity of adult tapeworms found in the 35 rough
skates. For each morphotype, this includes total number of tapeworm individuals,
number of skates infected, percentage prevalence (and confidence intervals based on
the Clopper-Pearson method), mean intensity of tapeworms (and 95% confidence
intervals based on 2000 bootstrap replicates) and mean abundance (and 95%
confidence intervals based on 2000 bootstrap replicates).
Morph
type

Total
N

Skates
infected

Prevalence % (CI) Mean Intensity
(95% CI)

Mean Abundance
(95% CI)

A 11 5 14.3 (4.8 - 30.3) 2.2 (1.0 - 3.4) 0.3 (0.5 - 1.0)
B 63 7 20.0 (8.4 - 36.9) 9.0 (5.1 - 18.4) 1.8 (0.7 - 4.8)
C 125 27 77.1 (59.9 - 89.6) 4.6 (2.9 - 7.3) 3.6 (2.1 - 5.9)
D 1 1 2.9 (0.1 - 14.9) 1.0 0.0 (0.0 - 0.1)
E 27 12 31.4 (16.9 - 49.3) 2.5 (1.5 - 4.7) 0.8 (0.3 - 1.7)
F 36 9 25.7 (12.5 - 43.3) 4.6 (2.8 - 6.2) 1.2 (0.5 - 2.2)
G 4 2 5.7 (0.7 - 19.2) 2.0 0.1 (0.0 - 0.3)

3.3.2 Molecular identification and evidence for trophic

transmission

The inferred phylogeny placed Z. nasuta tapeworms in four tapeworm orders:
Onchoproteocephalidea, Rhinebothriidea, Trypanorhyncha and Diphyllidea (Figure.
3.2) with strong Bayesian posterior support (BPP > 0.95). Unfortunately, no
representatives were successfully amplified for two of the morphotypes (morph B
and F). Of the five successfully sequenced morphotypes, morphotype C, D, E and G
were all clustered within at least other known genera or species with high Bayesian
posterior probability values (BBP > 0.95). The remaining morphotype (morphotype
A) was clustered only to order level with high Bayesian posterior probability support
(BBP > 0.95). In three cases involving two different lineages, there was positive
confirmation of the presence of the same tapeworm species parasitising both prey and
skates (Figure. 3.3 and Figure. 3.4). In four cases I found tapeworms parasitising
the prey items but not the skates (Figure. 3.5 and Figure. 3.6), and in five cases
tapeworms found in skates were not found in any of their prey items (Figure 3.3,
Figure. 3.4, Figure. 3.5, Figure. 3.7). Below I present a detailed description for
each morphotype and larvae amplified in this study, and classify each to the lowest
taxonomic level possible according to the inferred genetic distances.
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Figure 3.2: Bayesian inference phylogenetic tree resulting from analysis of partial
gene sequence of 28S rDNA. Colours and letters represent tapeworm orders and the
tree portions shown in greater detail in subsequent figures, respectively. Red arrows
represent positions of sequenced tapeworms from this study, whereas skate, crab and
fish silhouette represent the type of host for sequences amplified in this study.
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A total of 16 adult tapeworm sequences were obtained for morphotype
C, with 15 of these assignable to the Acanthobothrium genus (herein considered
Acanthobothrium sp. Type 1), within the order Onchoproteocephalidea (BPP >
0.95)(Figure. 3.3). The genetic divergence among these 15 sequences is 0.00
and comparing this cluster with the closely related species Acanthobothrium sp.
Type 1, gives a divergence of 0.01. The remaining adult sequence obtained for
morphotype C clustered with two larval sequences, one from a crab (N. antarcticus)
and jack mackerel fish specimen (Trachurus novaezelandiae) and a sequence of
Onchobothrium antarcticum (BPP > 0.95)(Figure. 3.3). The genetic divergence
among the sequences from the skate, crab and fish (C_22CG, Larval_Crab_23HCB
and Larval_Mackerel_28FCC, respectively) was 0.00, and the estimated genetic
divergence between these three sequences and O. antarcticum is 0.02. These
sequences are herein considered as O. antarcticum.

Figure 3.3: Enlarged section of Figure. 3.2 a) representing the order
Onchoproteocephalidea. Bayesian inference phylogenetic tree resulting from analysis
of partial gene sequence of 28S rDNA. Skate, crab and fish silhouettes represent
the type of host for sequences amplified in this study. Silhouette shades represent
tapeworm stage, dark for adult forms and grey for larval forms.
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Ten morphotype A sequences and two larval sequences from two fish
specimens (Genypterus blacodes) were assigned to the Order Rhinebothriidea (BPP
> 0.95)(Figure. 3.4). The genetic distance between morphotype A and the two
larval G. blacodes sequences is 0.01, suggesting these sequences are conspecifics.
There are no closely related species to this cluster. Herein this cluster is referred to
as Echeneibothrium sp. Type 1. Also within the order Rhinebothriidea, sequence
Randhawa_P1035 found in skates is assignable to the species Echeneibothrium
williamsi, with a genetic divergence of 0.02 between these two sequences (BPP
> 0.95)(Figure. 3.4). Similarly, within the order Rhinebothriidea, 10 sequences
of morphotype E clustered together with the sequence Randhawa_P1023, with
100% sequence similarity (BPP > 0.95)(Figure. 3.4). The closest related species to
this cluster in the inferred phylogeny is Echeneibothrium sp., presenting a genetic
divergence of 0.05. Hereafter I will refer to this cluster as Echeneibothrium sp. Type
2. It is worth mentioning however, that specimens assigned to this genus do not
form a monophyletic group.
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Figure 3.4: Enlarged section of Figure. 3.2 b) representing a section of the order
Rhinebothriidea. Bayesian inference phylogenetic tree resulting from analysis of
partial gene sequence of 28S rDNA. Skate, crab and fish silhouettes represent type
of host for sequences amplified in this study. Silhouette shades represent tapeworm
stage, dark for adult forms and grey for larval forms.
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Three different lineages within the order Trypanorhyncha has sequences
from this study. Sequences of Randhawa_P1026 and Randhawa_P1025 are
clustered with a Trypanorhynch species, Tentaculariidae sp., and have a genetic
divergence of 0.00 between them (BPP > 095)(Figure. 3.5). Two larval sequences,
one from a crab (N. antarcticus) and one from a ling fish specimen (Genypterus
blacodes), are clustered with two sequences of Tentaculariidae sp. 1 and 2, with a
genetic divergence of 0.00 between the four sequences (BPP > 0.95)(Figure. 3.5).
Additionally, one larval sequence obtained from a crab specimen (N. antarcticus) was
assigned to a trypanorhynch species, Grillotia erinaceus, with a genetic divergence
of 0.00 (Figure. 3.5).

Figure 3.5: Enlarged section of Figure. 3.2 c) representing Trypanorhyncha Order.
Bayesian inference phylogenetic tree resulting from analysis of partial gene sequence
of 28S rDNA. Skate, crab and fish silhouette represent type of host for sequences
amplified in this study. Silhouette shades represent tapeworm stage, dark for adult
forms and grey for larval forms.
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Within the order Bothriocephallidea, both larval and adult sequences found
infecting one fish specimen (G. blacodes) are assignable to Anoncocephalus chilensis,
with a genetic divergence of 0.00 between the three sequences (BPP > 0.95)(Figure.
3.6).

Figure 3.6: Enlarged section of Figure. 3.2 d) representing the order
Bothriocephallidea. Bayesian inference phylogenetic tree resulting from analysis of
partial gene sequence of 28S rDNA. Skate, crab and fish silhouettes represent type
of host for sequences amplified in this study. Silhouette shades represent tapeworm
stage, dark for adult forms and grey for larval forms.
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Within the order Diphyllidea, one adult tapeworm sequence for morphotype
G is assignable to the genus Echinobothrium, which does not appear to be
monophyletic (BPP > 0.95)(Figure. 3.7). Genetic distances were calculated for this
sequence against the three closest related Echinobothrium species, none of which had
a genetic distance that would classify morphotype G as the same species (genetic
divergence > 0.10). The only Echiobothrium sp. described parasiting Z. nasuta is
Echinobothrium coenoformum (Alexander, 1963) and it is possible that morphotype
C is E. coenoformum.

Figure 3.7: Enlarged section of Figure. 3.2 e) representing orders Caryophyllidea,
Haplobothriidea, Diphyllobothriidea, Diphyllidea and the outgroups. Bayesian
inference phylogenetic tree resulting from analysis of partial gene sequence of 28S
rDNA. The skate silhouette represents type of host for the sequence amplified .
Silhouette shades represent tapeworm stage, dark for adult form.
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3.4 Discussion

Tapeworms have complex life cycles where they exploit feeding links among
free-living organisms within food-webs to complete their life cycles. Previously, our
knowledge about which trophic links are exploited by tapeworms has been limited
due our inability to distinguish different life stages using morphological criteria.
Parasitologists are beginning to overcome this by using genetic techniques to match
larval and adult forms of tapeworms (e.g. Brickle et al., 2001; Jensen and Bullard,
2010; Randhawa and Brickle, 2011). Resolving trophic transmission pathways and
life cycles of marine tapeworms is an important next step in advancing our knowledge
on how parasites fit into food webs (Blasco-Costa and Poulin, 2017). The inferences
in this study were based on a specific fragment of the D2 region of the 28S rDNA
gene. While this fragment is relatively short in comparison to other tapeworm
studies that use it, I found that the main high-level taxonomic relationships within
the class Cestoda were similar to those previously reported in other studies (e.g.
Olson et al., 2001; Waeschenbach et al., 2007; Caira et al., 2014; Ruhnke et al.,
2015).

The main goal of this study was to provide evidence for trophic transmission
of tapeworms that exploit the predation link from prey items to rough skates, Zearaja
nasuta. Trophic transmission pathways between prey items and the skate were
resolved in three cases where the same parasite was found parasitising prey items
and the skate. In other cases, transmission pathways were not resolved and skates
hosted parasites that were not found in the investigated intermediate hosts. Other
instances occurred where parasites were found parasitising the prey items but not
skates. Considering the importance of the crab Nectocarcinus antarcticus to the
diet of Z. nasuta, it is surprising that the hypothesis that this trophic link would
harbour the most parasites and be the most important link for transmission was not
supported. These results allow inferences about the ecological role of various hosts
in supporting trophically transmitted parasites and inferences about the positioning
that various trophically transmitted tapeworms have within the New Zealand marine
food web.

3.4.1 Trophic transmission of Onchobothrium antarcticum

The tapeworm Onchobothrium antarcticum is trophically transmitted from
intermediate hosts N. antarcticus and Trachurus novaezelandiae to its definitive
host Z. nasuta. This tapeworm also parasitises a range of Rajidae species as an
adult (Zdzitowiecki et al., 1998; Laskowski and Rocka, 2014) and a range of teleosts
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in its 63 larval stage (Laskowski and Rocka, 2014; Gordeev and Sokolov, 2016).
The findings from this study suggest that crustaceans may be the natural first
intermediate host for O. antarcticum with teleosts being paratenic hosts. This is
supported by observations of the same life stage of O. antarcticum in both the crab
and in the fish, in combination with the fact that the crab makes up over 90%
of the trophic links to the skate, compared to the fish making up less than 1%.
This essentially extends the known life cycle of O. antarcticum as it has not been
previously found within a crustacean intermediate host. In addition, host species
with high vulnerability to predators tend to be important in parasite transmission
(Chen et al., 2008) and the fact that N. antarcticus is heavily exploited by Z. nasuta
supports this idea.

Onchobothrium antarcticum exploits various transmission routes within
at least two food webs, which may have implications for inference on what role
trophically transmitted parasites have in the natural environment. The distributions
of N. antarcticus and Z. nasuta overlap extensively, whereas other Rajidae definitive
hosts are all relatively restricted within the Southern Ocean (Smith et al., 2008).
There are no reports of host distribution overlap with the sampled area of this
study. Onchobothrium antarcticum may therefore connect these food webs that are
otherwise considered separate. This could have further implications for how we
classify food webs as ’separate’, and parasites may have more important roles in
connecting food webs than anticipated. Due to the extensive lack of data relating to
parasites of marine species, our knowledge on this topic may only be substantiated
when full documentation of who parasitises whom, within and between previously
unrelated food webs, is determined.

It seems O. antarcticum does not follow the highly host specific nature
usually reported for species of the family Onchobothriid (Zdzitowiecki et al., 1998;
Laskowski and Rocka, 2014). Caira and Jensen (2001) suggested that errors in
morphological identification of tapeworms play a part in incorrect conclusions
about host specificity (assuming a conspecific when geographical variation causes
uncertainty e.g. Yamaguti, 1952; Euzet, 1954; Alexander, 1963; Caira, 1985; Nasin
et al., 1997). Molecular techniques confirmed descriptions of O. antarcticum within
definitive hosts which means such morphological limitation errors do not apply to
this study (?). Diversity and true host specificity of the Onchobothriid family
may currently be significantly underestimated because the potential host species
examined among different geographic localities remains limited (only approximately
20% of recognised elasmobranch species have been examined for onchobothriids, see
Caira and Jensen (2001)).
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It is interesting that the sequence of O. antarcticum that matched to the
sequences from this study is placed within Acanthobothrium because it belongs to
Onchobothrium. Some misidentifications in the molecular identification of species
have been known to occur (e.g. Trilocularia sp., see Randhawa (2007)), and this
may have occurred with the original identification of O. antarcticum (Latowski
and Rocka, 2014). Further investigation of detailed morphological and molecular
identifications will resolve any uncertainties in the positioning of O. antarcticum
within the inferred phylogeny. Finally, once resolved, inferences can then be made
about the importance of Z. nasuta for O. antarcticum’ s transmission through this
food web.

Infection prevalence and intensity estimates were not obtainable for O.
antarcticum because it was morphologically categorised with Acanthobothrium sp.
Type 1 as morphotype C. Morphologically, these species have seemingly identical
scolexes and full molecular identification and a detailed description of all individuals
of this morphotype will allow further differentiation and prevelance and intensity
estimates. Acanthobothrium sp. that have been previously described in the literature
as parasitising rough skates include, A. filicolle and A. wedli but due to no
genetic sequences being readily available they were not included in the phylogenetic
analysis. It is therefore possible that Acanthobothrium sp. Type 1 could be one of
these previously described species. Within the Acanthobothrium genera there are
differences in species that must be investigated at a microscopic level (Maleki et al.,
2013).

3.4.2 Trophic transmission of Echeneibothrium sp.

Members of the Rhinebothriidea exclusively parasitise batoids as definitive hosts and
have a relatively cosmopolitan distribution (Caira and Jensen, 2014). The tapeworm
Echeneibothrium sp. Type 1 was found to be trophically transmitted from the teleost
intermediate host G. blacodes to the skate definitive host Z. nasuta. Of course the
feeding of G. blacodes by Z. nasuta seems incidental or opportunistic of the skate,
based on the low importance of this fish to the skates diet. This implies that prey
links that are seemingly unimportant to the skate may, in fact be important for
tapeworm transmission, more than previously thought.

There is little molecular resolution for relationships within Echeneibothrium,
with only one study to date including more than one representative (Caira and
Jensen, 2014). This study also found this clade to be polyphyletic (Caira and
Jensen, 2014). The two additional Echeneibothrium species parasitising Z. nasuta
were E. williamsi and Echeneibothrium sp. Type 2. These species were not identified
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within any potential intermediate hosts assessed in this study suggesting they may
be important intermediate hosts for definitive hosts other than Z. nasuta. These
three Echeneibothrium species are not each other’s closest relatives within the genus
based on the inferred phylogeny. Multiple colonization events by each species to
the rough skate may have occurred, rather than speciation within this definitive
host. This has also been found for Echeneibothrium spp. within other batoid
hosts (e.g. Williams, 1966; Carvajal and Dailey, 1975; Bueno and Caira, 2017).
Although this is the first study to molecularly characterise this many representatives
of of Echeneibothrium, only eight representatives of the 24 currently described
Echeneibothrium species are included, and it is unlikely that it reflects the true
sister group relationships. Including more taxa and employing additional molecular
markers would add taxonomic resolution to this clade, furthering our inference on
tapeworm colonisation histories and diversification patterns, clarifying principles of
host switching and specificity (Hoberg, 1999; Caira, 2011).

The tapeworms Echeneibothrium sp. Type 1 and Type 2 were not assignable
to a taxonomic level lower than the genus. Either no molecular sequences for this
fragment are readily available on GenBank yet, or this species has not been described
in the literature to date. There is a possibility that the Echeneibothrium sp. Type
1 and Type 2 parasitising Z. nasuta could be Clydonobothrium representatives
because there are two species of Clydonobothrium (C. elegantissimum and C.
leioformum) that have been found to parasitise Z. nasuta previously (Alexander,
1963). Additionally, Clydonobothrium was described as a genus by Alexander (1963)
within the same family as Echeneibothrium (Healy et al., 2009; Ruhnke, 2011;
Caira and Jensen, 2017), but recently there has been debate about this genus being
dissolved if it is indeed part of the Echeneibothrium instead (Dr. Randhawa, pers
comm). There are however, no molecular sequences of Clydonobothrium available on
GenBank to substantiate this claim yet. Sequencing more type specimens from type
hosts and type localities would further resolve the identification of Echeneibothrium
sp. Type 1 and Type 2. Also this would help resolve the taxonomic discrepancies
between Echeneibothrium and Clydonobothrium genera.

3.4.3 Importance of intermediate hosts

Intermediate hosts are essential in the development and transmission of parasites
to the definitive host (Marcogliese, 1995). However, identification and deducing
information about individual host importance is proven difficult, especially in marine
species (Bush et al., 1993). We may not yet be past the surveying stage of both
parasitology and feeding ecology of species within the marine ecosystem (Caira,
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2011). It is suggested that intermediate hosts with higher vulnerability to predators,
being at a network position close to many predator species, or being involved in many
different food chains, tend to be important in parasite transmission (Chen et al.,
2008; Thompson et al., 2013). Possible factors that influence which transmission
pathways are exploited have been suggested (e.g. Cirtwill et al., 2017). However,
these inferences are food web specific, where host specificity, host phylogeny and
feeding links are important to consider, and potentially cloud any general trends
related to identifying intermediate host importance.

There are many predation links that exist in the New Zealand marine
ecosystem, and some instances occurred where the prey items harboured larval
parasites not found in Z. nasuta. These prey species may be important intermediate
hosts for tapeworms that aim to exploit other definitive host species. For instance,
T. novaezelandiae harboured tapeworms that were not found parasitising Z. nasuta
meaning the definitive host of the adult parasites remains undetermined. There is
the possibility that prevalence of such parasites in Z. nasuta is low, so absence of
adult forms may be a consequence of the small skate sample size.

Both larval and adult forms of the parasite Anonchocephalus chilensis
were found in the ling fish, Genypterus blacodes. The few known members of
Anonchocephalus genera have been documented to use marine teleosts as definitive
hosts (Grabda and Slosarczyk, 1981; Campbell and Gartner, 1982; Anglade and
Randhawa, 2018). The presence of G. blacodes within Z. nasuta stomachs illustrate
the unfortunate fate of A. chilensis where it was consumed by the unsuitable host,
Z. nasuta and it’s life cycle would have naturally ended here.

In the case of the crab, N. antarcticus, it was found harbouring Grillotia
erinaceus (a common, cosmopolitan and relatively generalist trypanorhynch that
parasitises a range of teleosts and crustaceans as intermediate hosts and a range
of rajid skates as definitive hosts (Palm and Caira, 2008)) but this species was not
found to parasitise Z. nasuta. As a result of investigating both trophic links and
parasitic links within the present food chain, we are able to infer possible ecological
interactions. Presence of G. erinaceus within N. antarcticus may signify either:
(i) considering the number of suitable Rajidae hosts and the generalist nature of
the adult G. erinaceus, Z. nasuta is a suitable final host but the parasite was not
detected due to low prevalence; or (ii) N. antarcticus is an important intermediate
host of G. erinaceus to another suitable definitive host; or (iii) N. antarcticus is
not an important intermediate host to G. erinaceus and infection is accidental.
According to Dr. Randhawa (pers comm) the first scenario should be disregarded
as he has dissected over 100 rough skates and never recovered this parasite. I suggest
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that scenario two is most likely, where N. antarcticus is an important intermediate
host for the transmission of G. erinaceus to pass to another definitive host. Dr
Randhawa, having dissected different species of Bathyraja in south-west Atlantic,
found that all harbour representatives of the genus Grillotia (Dr Randhawa, pers
comm). Considering that the parasite fauna from New Zealand’s other skate
species (especially B. shuntovi) have not been described (nor feeding ecologies),
it seems logical to hypothesise that B. shuntovi will likely be the definitive host
for G. erinaceus. Further investigation into this hypothesis may reveal the real
transmission route of G. erinaceus within New Zealand’s marine environment.

3.4.4 Inferences regarding Z. nasuta tapeworm assemblage

This study placed each morph into distinct clades. While it can not be concluded
how many tapeworm species parasitise Z. nasuta, this study provides evidence
for at least seven different species among at least four different tapeworm orders.
Sequences provided by Dr. Randhawa from Z. nasuta collected in the same study
region were not all found in the assemblage of skates from this study. It is possible
that the current list of tapeworms parasitising Z. nasuta is not representative of the
true assemblage due to seasonal effects of prey availability and therefore potential
transmission pathways (Muto et al., 2001; Braccini and Perez, 2005). Additionally,
sequences were not obtainable for two morphotypes in this study and it is possible
that these could have been assigned to Dr. Randhawa’s sequences, had they been
sequenced.

Many environmental and biological factors may be influencing the helminth
assemblages in elasmobranchs (Tanzola and Botté, 1998). Host species with
specialised diets are generally expected to have a low diversity of parasites (Chen
et al., 2008). Considering Z. nasuta’ s specialist feeding mainly on one species
of crab, it is surprising that at least seven species from four different tapeworm
orders were found parasitising Z. nasuta. This is especially surprising because only
one of these tapeworms seems to be trophically transmitted from N. antarcticus
to Z. nasuta. Of course, in terms of infection parameters, one morphotype that
parasitised both Z. nasuta and N. antarcticus (morphotype C including both O.
antarcticum and Acanthobothrium sp. Type 1) dominated the assemblage in terms of
prevalence and abundance, with a relatively high intensity. Unfortunately, without
full genetic identification of all specimens, the true importance of N. antarcticus
as an intermediate host for O. antarcticum is not yet obtainable. If the molecular
results are taken at face value, considering that 16 morphotype C individuals were
sequenced and only one of these 16 sequences was assigned to O. antarcticum, this
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proportion suggests only a small number of morphotype C belong to O. antarcticum.
Moreover, N. antarcticus, although the most important prey item, may not be as
important an intermediate host compared to the undetermined intermediate host
species that transmit Acanthobothrium sp. Type 1 to Z. nasuta. This could have
consequences for how we predict what intermediate hosts will be important for
tapeworm transmission.

Trypanorhynch tapeworms commonly parasitise elasmobranchs, and this
study provides the first evidence for an adult trypanorhynch parasitisng Z. nasuta.
Finding rough skate to harbour the same Tentaculariidae sp. that also parasitises
New Zealand sole, Peltorhamphuus novazeelandiae Anglade and Randhawa, 2018),
in combination with the finding that rough skates consume P. novazealandiae
provides convincing evidence for trophic transmission of this tapeworm. This
transmission route was predicted in Anglade and Randhawa, 2018), and this
thesis confirms such transmission route. There is one other trypanorhynch found
parasitising Z. nasuta (Nybelina lingualis, see Palm (2004)) however this infection
was a larval stage suggesting infection is probably paratenic or accidental.

The size of a host can also be an important determinant of tapeworm
richness in elasmobranchs (Randhawa and Poulin, 2010). Smaller-bodied hosts tend
to have less parasites, possibly explained by the small surface area of intestines for
parasites to attach to, and by smaller species consuming lower quantities of prey
(resulting in lower probabilities of trophic transmission) (Rohde, 2005; Randhawa
and Poulin, 2010). Zearaja nasuta is considered a small bodied skate (with total
length in this study ranging 65.0 - 95.0 cm) meaning it should harbour a relatively
low diversity of tapeworms. Zearaja nasuta hosts at least seven species from four
different tapeworm orders, suggesting this assemblage is consistent for a small-bodied
skate species, compared to an overall average of 6.2 ± 7.4 tapeworm species per
batoid (Randhawa and Poulin, 2010).

3.4.5 Potential cryptic species

There are some reports of cryptic species for tapeworms, although without molecular
resolution of every species, there is potential for many more cryptic species to
be uncovered (e.g. Chambers et al., 2000; Macnish et al., 2002). In this study,
specimens of morphotype C were genetically assigned to two Onchoproteocephalidea
species, Acanthobothrium sp. Type 1 and O. antarcticum. The possible presence
of cryptic species within morphotype C, may mask a greater diversity than
what is currently recognised in these skates. Onchoproteocephalideans exhibit a
diverse range of scolex morphologies, and differentiation between species occurs

69



at a microscopic level that was not investigated within this study. This study
classified the tapeworm specimens into morphotypes using scolex morphology,
without consideration of strobila and proglottid anatomy, commonly used in proper
morphological species descriptions There are some reports of cryptic species for
tapeworms, although without molecular resolution of every species, there is potential
for many more cryptic species to be uncovered (e.g. Chambers et al., 2000; Macnish
et al., 2002). Therefore the assignment of morphotype C to O. antarcticum and
Acanthobothrium sp. Type 1 should not be accepted without further investigation.
It is also possible that the specimen that was successfully sequenced as O.
antarcticum was misclassified to morphotype C. However no other specimen was
genetically assigned to O. antarcticum for clarification. Further elucidation of the
true nature of this potential cryptic diversity within batoid tapeworm assemblages
is required to understand the individual roles that morphologically identical
species play within the parasite assemblage. Lastly, the evolutionary history of
morphologically identical species remains to be elucidated to better characterise the
parasite assemblage in this skate host.

3.4.6 Conclusions

By using a molecular approach, trophic transmission pathways of tapeworms were
identified and resolved. In particular, three transmission routes were resolved
between the definitive host Z. nasuta and its prey items, the crab N. antarcticus,
the fish G. blacodes and the fish T. novaezelandiae for the two tapeworm species
O. antarcticum and Echeneibothrium sp. Type 1. While trophically transmitted
parasites rely intimately on feeding links between free-living species, not all
parasites ingested by one host will consequently develop and complete their life
cycle. Evidence for this scenario was found in this study where intermediate hosts
harboured tapeworms that were not found parasitising Z. nasuta. The presence
of these parasites in the intermediate hosts suggest they may be important for
other definitive hosts within the New Zealand marine environment. This is the
likely case of G. erinaceus which commonly parasitise Bathyraja skates as definitive
hosts. New Zealand has a Bathyraja species and I hypothesise that this is the
likely transmission route for this parasite. Molecular techniques also potentially
resolved one morph type that may consist of cryptic species, genetically assigned to
two Onchoproteocephalidea tapeworms, O. antarcticum and Acanthobothrium sp.
Type 1. However, proper morphological resolution may help if the morphotype
classification criteria in this study were not specific enough for differentiation
between species. Host size and feeding ecology may be important in determining the
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assemblage in this species. Zearaja nasuta is a specialised feeder and a small-sized
skate suggesting it should harbour a low diversity of tapeworms. Indeed, this
species harbours the expected species richness of tapeworms for skates but more
than expected for a specialised feeder.

This chapter illustrates the importance of quantifying both feeding links
within food webs for better assessment of the importance of intermediate and
definitive hosts. This chapter provides an example of resolving trophic transmission
through phylogenetic methods, the appropriate next step for matching adult and
larval counterparts from different hosts. Increased scientific effort in elucidating
the parasitic and feeding links in New Zealand marine predators would allow
better inference about how these parasites are transmitted in this system. A
resolved molecular phylogeny would especially help to improve the interpretation of
tapeworm evolution, and for the understanding of the roles of parasites in shaping
the ecology and evolution of their hosts.
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Chapter 4

General Discussion

Understanding how natural systems are structured and function is a central goal
in ecology. Food webs have long been used by ecologists to dismantle species
interactions, dynamics, and processes that govern diversity, stability, and function
of ecological systems (e.g. (Cohen, 1977; Dunne et al., 2002; Pascual et al.,
2005; Pauly and Palomares, 2005)). Due to the sheer number and complexity
of interactions within food webs, it is hard to isolate these processes without
consideration of all components present. Within food webs, predators directly and
indirectly influence the diversity of species occupying lower trophic level positions
(Hudson and Greenman, 1998). Predator roles within food webs vary between
geographical locations and among species (Ebert and Cowley, 2004; Ebert and
Bizzarro, 2007). Recently, a call for studies assessing the individual ecological role of
marine predators has been made (Ebert and Bizzarro, 2007). Batoids are especially
lacking in diet studies that resolve ecological roles (Ebert and Bizzarro, 2007),
despite being considered important mesopredators linking high and low trophic level
species (Ferretti et al., 2010; Heithaus et al., 2010; Vaudo and Heithaus, 2011).
Increased scientific effort toward resolving the feeding interactions of predators is a
next step for resolving the role of predator species, bettering our understanding
of how natural systems are structured. Parasites are another very ecologically
important group of organisms that strongly influence food webs (Lafferty and Morris,
1996; Thompson et al., 2005; Sato et al., 2012; Dunne et al., 2013; Thompson
et al., 2013; Amundsen et al., 2016). Some parasites have evolved within food
webs to exploit trophic links between different species to complete their life cycles.
In fact, parasites can comprise a substantial proportion of total biomass in some
ecosystems, and control energy flow within and between food webs (Lafferty and
Morris, 1996; Kuris et al., 2008; Sato et al., 2012; Preston et al., 2013). Furthermore,
within food webs, parasites can also make up to 75% of the total trophic links
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present (Lafferty et al., 2006).Our knowledge about how and by whom parasites are
transmitted within different food webs is very limited. This is in part due to our
inability to morphologically identify different life stages of parasites, causing this
area of research to stagnate at the basic surveying stage. Our limited knowledge
of the diversity of trophically transmitted parasites and how they fit within and
connect food webs directly hinders our ability to understand ecosystem structure
and functioning (Jensen and Bullard, 2010; Poulin et al., 2016a,b; Blasco-Costa and
Poulin, 2017).

In this thesis, I unravelled the trophic links exploited by tapeworm parasites
in an ecologically important predator and its prey items within New Zealand’s
marine ecosystem. Specifically, I investigated New Zealand’s endemic rough skate,
Zearaja nasuta, its role as a predator, and how its tapeworm assemblage is shaped
by predation links. First, I quantified the importance of specific prey species to
the diet of Z. nasuta. Then, I identified which predation links are exploited by
tapeworms. The data presented herein provides unique insight into how parasites
are transmitted between their intermediate and definitive hosts in a local context
within New Zealand. This research ultimately contributes to our knowledge of
marine ecosystems, food webs that include rough skates, and the transmission of
tapeworms that infect elasmobranchs as definitive hosts.

This study illustrates the importance of investigating the ecological role
of elasmobranchs at an individual species level, and will have implications for
researchers making predictions and generalisations about the trophic level of skates.
Generalisations have been made to characterise general patterns observed in different
types of elasmobranchs (i.e. skates, rays and sharks) (e.g. Cortés, 1999; Ebert and
Bizzarro, 2007). Although important to consider, these generalisations should not
be used to infer the individual ecological roles of skates at a species level. As
shown in this thesis, Z. nasuta is a specialised feeder, exploiting one species of crab,
Nectocarcinus antarcticus. This role is exceptionally different to the other species
in the Zearaja genus, which tend to be more generalist in their feeding (Belleggia
et al., 2016; Treloar et al., 2017). Furthermore, Z. nasuta’s predatory role is also
different to another skate species that has extensive distribution overlap with Z.
nasuta (Forman and Dunn, 2012), and more specific compared to species that are
also considered small-bodied (San Martin et al., 2007; Viana and Vianna, 2014).
Future studies on skate feeding ecology should consider empirically investigating
the diet instead of using generalisations to assume trophic roles of these predators.

Following the identification of the specific-species links between the skate
and its prey items, I then set out to identify trophic transmission pathways
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that tapeworms exploit among these species to complete their life cycle. Before
investigation of the parasitic links themselves, I hypothesised that the most likely
transmission route would be the predation link between Nectocrcinus antarcticus
and Z. nasuta as this link accounts for over 90% of the total prey items of
Z. nasuta. As a result of investigating both predation and parasitic links, N.
antarcticus may be a less important intermediate host than expected when using
information from the predation links alone. In fact, multiple transmission routes
from multiple intermediate hosts tended to be just as important for marine
tapeworms. Furthermore, this included multiple teleost species that are considered
to be incidentally or opportunistically preyed upon by the skate. Thompson et al.
(2013) suggested prey species with higher biomass may be important in trophic
transmission. Prey categories Malacostraca and Actinoptergyii had comparable
importance in terms of mass in the diet of the skate. Therefore, host importance
may be more complex to decipher than previously thought, and more predictors than
simply abundance and mass of prey should be considered when trying to infer which
intermediate hosts will be important transmitters within food webs. Zearaja nasuta
also hosted parasites that were not identified within its examined prey items. Either
the prevalence of those parasites is low in the intermediate hosts, or this species has
more complex feeding interactions than what I was able to infer. In some cases,
parasites found in the prey items were not found infecting Z. nasuta, suggesting
these species may be important for transmitting parasites to other definitive hosts.
Of course, investigating the parasitic links between free-living species can allow
inferences about the true complex nature of food webs. The combination of both
ecological, parasitological and molecular tools allowed unravelling of several links
that are exploited by parasites in New Zealand’s marine ecosystem. However, it is
clear that many more predation links await to be characterised for their importance
in parasite transmission within marine food webs. Additional sampling of the prey
species themselves would be an appropriate next step to advance this research. If
prevalence and intensity estimates of tapeworm infection would be obtained for prey
species this would further resolve the importance of each prey item for tapeworm
transmission. Investigating the prey populations could therefore indicate whether
parasitism strengthens certain trophic links over others. For example, if prevalence
is greater among individuals that were caught by skates than in the population at
large, this would suggest that infection biases the probability of a prey being caught
by a predator.

There are multiple aspects of a predator that can be studied in order to infer
its ecological role within the environment. Even parasitological tools can be used to
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further characterise the ecological role of rough skates within New Zealand’s marine
system. Nothing is known of the stock movements and home ranges of rough skates,
yet generally speaking, skates tend to exhibit a high degree of philopatry and have
small home ranges (Walker et al., 1997; Dulvy et al., 2000). Over three collection
dates within one geographical area, N. antarcticus consistently dominated their
diet composition. However, only one parasite is transmitted using this predation
link. Differences in prey availability within different geographical areas would
provide opportunities for the transmission of different parasites. Depending on the
skates’ home ranges, they may exhibit feeding variation based on prey availability
in different geographical areas. This assumption would not have come about
without the parasitological results suggesting the skates acquire parasites from prey
items different to their main prey species. Future research could substantiate this
prediction by using multiple study sites throughout the rough skates’ whole range.
Furthermore, using stable isotope analysis and applying tagging methods would
resolve diet composition and home ranges of Z. nasuta.

From a taxonomic perspective, this study also contributes to the global
survey of tapeworm assemblages within elasmobranchs. In fact, to the best of
my knowledge, this is the first quantitative and molecular study investigating the
intestinal tapeworm assemblage within rough skates. In the process of molecular
characterisation of the tapeworm individuals within Z. nasuta, possible cryptic
species were discovered. Few cases of cryptic species have been described in
elasmobranch assemblages (Chambers et al., 2000; Macnish et al., 2002). As
many parasite assemblages are only described using morphological criteria, greater
resolution is still needed at a molecular level to identify possible cryptic species as
they may disguise the true diversity of elasmobranch tapeworms. The existence of
cryptic species suggested by this study may encourage researchers to use molecular
techniques as a standardised tool when sampling parasite assemblages. This study
adds to the growing list of elasmobranch species that have been surveyed for
tapeworms. As this list grows with studies on individual species assessments,
resolution of patterns of diversity, specificity and evolution of elasmobranch
tapeworms will improve with higher confidence and resolution.

The research conducted here provides valuable information on the
transmission pathways exploited by elasmobranch tapeworms, and the ecological
role that both rough skates and its prey items play as intermediate and definitive
hosts. Specifically, the ecological role of Z. nasuta as a predator and definitive host
was resolved. The importance of various intermediate hosts in the transmission
of tapeworms was explored. One life cycle was essentially extended further
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than previously known. The unknown tapeworm assemblage of Z. nasuta was
characterised using molecular techniques. Of course, further research is required to
elucidate many of the remaining trophic transmission pathways for the parasites in
this studied food web. Ultimately, I have provided valuable information on some key
species in this food web and unravelled some of the existing predatory and parasitic
interactions. Furthermore, these predatory and parasitic interactions further
illustrate how complex food web dynamics can be. It is my hope that this thesis
will encourage future researchers to engage in elucidating the trophic transmission of
parasites through food webs. Additionally, the skates were opportunistically sampled
through fishermen who were discarding the bodies. I strongly encourage others to
make the most of opportunities like this in order to advance our knowledge on how
these small and commonly forgotten animals fit into ecological systems. Much more
knowledge can be obtained from studies like the present one.
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This appendix contains supplementary material for Chapter Two and Three.
Figures commence on the following page.
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Table 1: Number and Mass of prey items and higher prey taxonomic categories for
each skate that had non-empty stomachs.

Number SK1 SK3 SK4 SK5 SK6 SK7 SK8
Nectocarcinus antarcticus 7 6 7 5 16 12
Macruronus novaezelandiae 1
Neommatocarcinus huttoni 1
Trachurus novaezelandiae 1

Genypterus blacodes
Unidentifiable Teleost spp 1

Sprattus antipodum
Plesionika martia
Squilla armata

Leptomithrax garricki
Peltorhamphus novaezeelandiae

Octopoda spp.
Cranchiidae spp.

Malacostraca 7 6 7 6 16 12
Actinopterygii 1 1 1
Cephalopoda

Mass SK1 SK3 SK4 SK5 SK6 SK7 SK8
Nectocarcinus antarcticus 88.61 62.3 60.79 44.85 22.3 57.7
Macruronus novaezelandiae 64.5
Neommatocarcinus huttoni 42.05
Trachurus novaezelandiae 280.5

Genypterus blacodes
Unidentifiable Teleost spp 6.2

Sprattus antipodum
Plesionika Martia
Squilla Armata

Leptomithrax garricki
Peltorhamphus novaezeelandiae

Octopoda spp.
Cranchiidae spp.

Malacostraca 88.61 62.3 60.79 86.9 22.3 57.7
Actinopterygii 64.5 280.5 6.2
Cephalopoda
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SK9 SK10 SK11 SK12 SK13 SK15 SK16 SK17 SK18 SK19 SK20
13 2 13 12 15 2 1 5 5

1
1

1
1

2

14 2 13 1 12 15 1 2 1 5 5
1 2

SK9 SK10 SK11 SK12 SK13 SK15 SK16 SK17 SK18 SK19 SK20
21.47 35.11 53.4 21.9 30.8 18.2 10.61 21.69 18.7

7.03
0.41

12.8
35.51

323.2

21.88 35.11 53.4 12.8 21.9 30.8 35.51 18.2 10.61 21.69 18.7
7.03 323.2
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SK21 SK22 SK23 SK24 SK25 SK26 SK27 SK28 SK29 SK30 SK31
8 6 10 6 11 13 6 6 2

1
1 1

1
3
13 4

1 1 1 1

1 1

8 7 11 6 12 26 6 7 6
1 1 1 1 3

1 1

SK21 SK22 SK23 SK24 SK25 SK26 SK27 SK28 SK29 SK30 SK31
37.68 13.62 73.07 24.16 28.63 37.95 17.81 20.12 1.67

23.071
49.3 58.53

3.63
4.56
8.2 1.08

3.5 2.8 2.3 3.36

7.306 32.61

37.68 17.12 75.87 24.16 30.93 46.15 17.81 23.48 2.75
23.071 49.3 58.53 3.63 4.56

7.306 32.61
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SK32 SK33 SK34 SK35
14 1 13

4
1 1

1

15 1 5 13

1

SK32 SK33 SK34 SK35
33.87 2.3 23.96

2.9
10.08 2.9

5.14

43.95 2.3 5.8 23.96
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Table 2: All parasites from Z. nasuta including the skate number that they
originated from, the eppendorf parasite ID’s, resulting taxonomy from phylogeny
in Chapter 3, and which morphotype they were characterised to and number of
individuals in eppendorf.
Skate Parasite

ID
Molecular ID Morphological

ID
Number

of
Individuals

SK1 1CA Echeneibothriidae sp A A 1
SK1 1CB Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK10 10CA Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK11 11CN Echeneibothriidae sp A B 5
SK11 11CB Acanthobothrium sp. Type 1 C 1
SK11 11CD Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK11 11CF Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK11 11CH Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK11 11CK Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK11 11CL Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK11 11CM Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK11 11CO Acanthobothrium sp. Type 1 C 5
SK11 11CQ Acanthobothrium sp. Type 1 C 1
SK11 11CA Echeneibothriidae sp B E 1
SK11 11CE n.a. F 1
SK11 11CJ n.a. F 1
SK11 11CP n.a. F 1
SK13 13CD Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK13 13CE Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK13 13CH Acanthobothrium sp. Type 1 C 1
SK13 13CA Echeneibothriidae sp B E 1
SK13 13CC Echeneibothriidae sp B E 1
SK13 13CI Echeneibothriidae sp B E 1
SK14 14CP Echeneibothriidae sp A B 7
SK14 14CA Acanthobothrium sp. Type 1 C 1
SK14 14CE Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK14 14CI Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK14 14CJ Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK14 14CK Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK14 14CL Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK14 14CM Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK14 14CO Acanthobothrium sp. Type 1 C 11
SK14 14CQ n.a. D 1
SK14 14CB Echeneibothriidae sp B E 1
SK14 14CG Echeneibothriidae sp B E 1
SK15 15CB Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK15 15CE Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK15 15CA n.a. G 1
SK15 15CC n.a. G 1
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Skate Parasite
ID

Molecular ID Morphological
ID

Number
of

Individuals
SK16 16CA Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK18 18CB Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK18 18CC Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK18 18CD Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK18 18CE Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK18 18CF Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK18 18CG Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK18 18CH Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK18 18CI Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK19 19CA Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK19 19CB Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK19 19CC Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK2 2CD Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK20 20CA Acanthobothrium sp. Type 1 C 1
SK20 20CB Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK20 20CD Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK20 20CE Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK20 20CF Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK21 21CD Acanthobothrium sp. Type 1 C 1
SK21 21CB n.a. G 1
SK21 21CC n.a. G 1
SK22 22CA Acanthobothrium sp. Type 1 C 1
SK22 22CC Echeneibothriidae sp B E 1
SK22 22CD Echeneibothriidae sp B E 1
SK22 22CE Echeneibothriidae sp B E 1
SK22 22CH Echeneibothriidae sp B E 1
SK22 22CI Echeneibothriidae sp B E 1
SK22 22CJ Echeneibothriidae sp B E 1
SK22 22CL Echeneibothriidae sp B E 1
SK22 22CM Echeneibothriidae sp B E 1
SK22 22CN Echeneibothriidae sp B E 1
SK22 22CB n.a. F 2
SK22 22CF n.a. F 1
SK22 22CK n.a. F 1
SK22 22CO n.a. F 1
SK22 22CP n.a. F 1
SK22 22CG Onchobothrium antarcticum C 1
SK23 23CC Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK23 23CD Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
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Skate Parasite
ID

Molecular ID Morphological
ID

Number
of

Individuals
SK24 24CA Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK24 24CB n.a. F 7
SK26 26CI Echeneibothriidae sp A A 1
SK26 26CJ Echeneibothriidae sp A A 1
SK26 26CK Echeneibothriidae sp A A 1
SK26 26CL Echeneibothriidae sp A A 1
SK26 26CM Echeneibothriidae sp A A 1
SK26 26CN Echeneibothriidae sp A A 1
SK26 26CQ Echeneibothriidae sp A A 1
SK26 26CE Echeneibothriidae sp A B 3
SK26 26CF Echeneibothriidae sp A B 2
SK26 26CA Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK26 26CB Acanthobothrium sp. Type 1 C 1
SK26 26CC Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK26 26CD Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK26 26CP Acanthobothrium sp. Type 1 C 1
SK26 26CS Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK26 26CT Acanthobothrium sp. Type 1 C 1
SK26 26CR Echeneibothriidae sp B E 1
SK26 26CG n.a. F 7
SK26 26CH n.a. F 1
SK26 26CV n.a. F 1
SK27 27CC Echeneibothriidae sp A B 18
SK27 27CF Echeneibothriidae sp A B 10
SK27 27CA Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK27 27CB Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK27 27CG Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK27 27CD n.a. F 1
SK27 27CE n.a. F 1
SK28 28CC Echeneibothriidae sp A A 1
SK28 28CE Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK28 28CB Echeneibothriidae sp B E 1
SK28 28CD Echeneibothriidae sp B E 1
SK29 29CA Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK3 3CB Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK3 3CF Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK30 30CB Echeneibothriidae sp A A 1
SK30 30CD Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK30 30CC n.a. F 1
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Skate Parasite
ID

Molecular ID Morphological
ID

Number
of

Individuals
SK31 31CA Echeneibothriidae sp A B 3
SK31 31CC Echeneibothriidae sp A B 6
SK31 31CB Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK31 31CD Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 20
SK32 32CB Echeneibothriidae sp A B 2
SK32 32CC Acanthobothrium sp. Type 1 C 1
SK32 32CD Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK32 32CA Echeneibothriidae sp B E 1
SK33 33CC Echeneibothriidae sp A B 7
SK33 33CA Echeneibothriidae sp B E 1
SK33 33CB n.a. F 1
SK34 34CB Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK34 34CC Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 4
SK34 34CA Echeneibothriidae sp B E 1
SK35 35CD Echeneibothriidae sp A A 1
SK35 35CA Acanthobothrium sp. Type 1 C 1
SK35 35CJ Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK35 35CC Echeneibothriidae sp B E 1
SK35 35CE Echeneibothriidae sp B E 1
SK35 35CG Echeneibothriidae sp B E 1
SK35 35CH Echeneibothriidae sp B E 1
SK35 35CI Echeneibothriidae sp B E 1
SK35 35CB n.a. F 1
SK35 35CF n.a. F 6
SK5 5CA Echeneibothriidae sp B E 1
SK8 8CA Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK8 8CF Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK9 9CA Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK9 9CB Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK9 9CC Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK9 9CD Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK9 9CE Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK9 9CF Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK9 9CG Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK9 9CH Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK9 9CI Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK9 9CJ Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK9 9CK Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
SK9 9CL Acanthobothrium sp. Type 1/Onchobothrium antarcticum C 1
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Skate Parasite
ID

Molecular ID Morphological
ID

Number of
Individuals

SK9 9CM Acanthobothrium sp. Type
1/Onchobothrium antarcticum

C 1

SK9 9CO Acanthobothrium sp. Type
1/Onchobothrium antarcticum

C 1

SK9 9CP Acanthobothrium sp. Type
1/Onchobothrium antarcticum

C 1

SK9 9CQ Acanthobothrium sp. Type
1/Onchobothrium antarcticum

C 1

SK9 9CR Acanthobothrium sp. Type 1 C 1
Skate P1001 Rhodobothrium sp A Dr Randhawa
Skate P1023 Echeneibothriidae sp B Dr Randhawa
Skate P1035 P. williamsi Dr Randhawa
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Table 3: Table of parasites used in phylogenetic analysis
Accession
numbers

Species In/Outgroup Reference

KC860101.1 Echinobothrium euterpes in (?)
KC860120.1 Echinobothrium sp. n. 6 in (?)
EF095253.1 Monobothroides chalmersius In (?)
EF095255.1 Didymobothrium rudolphii In (?)
EF095260.1 Pachybothrium hutsoni In (?)
EF095261.1 Proteocephalus macrocephalus In (?)
AF286930.2 Litobothrium janovyi In (?)
AF286934.2 Nippotaenia mogurndae In (?)
AF286949.2 Spathebothrium simplex In (?)
AF286950.2 Tetrabothrius erostris In (?)
AF286952.2 Tetrabothrius sp. In (?)
AF286967.2 Grillotia erinaceus In (?)
AF286975.2 Nybelinia queenslandensis In (?)
EF207788.1 Pseudanthobothrium purtoni In (?)
KT148970.1 Tetraphyllidea sp. 1 In (?)
KF685773.1 Potamotrygonocestus cf.

fitzgeraldae
In (?)

KF685774.1 Rhoptrobothrium cf. gambangi In (?)
HQ269833.1 Rhinebothriidea sp. type 2 In (?)
KP729390.1 Proteocephalus fluviatilis In (?)
KP729397.1 Pangasiocestus romani In (?)
KP729398.1 Rostellotaenia nilotica In (?)
KP729407.1 Amphoteromorphus piraeeba In (?)
KP729408.1 Marsypocephalus heterobranchus In (?)
KP729409.1 Australotaenia bunthangi In (?)
KP729412.1 Gibsoniela mandube In (?)
KM387399.1 Frezella vaucheri In (?)
KP729402.1 Ophiotaenia saphena In (?)
KY798870.1 Synbranchiella mabelae In (?)
EF095264.1 Acanthobothrium

parviuncinatum
In (?)

EF095257.1 Adelobothrium cf. aetiobatidis In (?)
AF286909.2 Balanotaenia bancrofti In (?)
AF286910.2 Breviscolex orientalis In (?)
HQ437683.1 Acanthobothrium margieae In (?)
KY909258.1 Anoncocephalus chilensis In (?)
KY909272.1 Tentaculariidae sp. in (?)
KY909274.1 Tentaculariidae sp.1 In (?)
KY909273.1 Tentaculariidae sp.2 In (?)
AY193881.1 Rhinebothrium sp. In (?)
GQ470193.1 Rhinebothrium sp. 3 In (?)
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Accession
numbers

Species In/Outgroup Reference

GQ470175.1 Rhodobothrium paucitesticulare In (?)
GQ470180.1 Rhabdotobothrium

anterophallum
In (?)

GQ470187.1 Spongiobothrium sp. In (?)
KP729410.1 Amphoteromorphus_peniculus In (?)
EF207822.1 Pseudanthobothrium hanseni In (?)
EF207842.1 Echeneibothrium canadensis In (?)
EF207863.1 Echeneibothrium vernetae In (?)
DQ642765.1 Grillotia rowei in (?)
DQ642786.1 Nybelinia africana in (?)
DQ642787.1 Kotorella sp. in (?)
DQ642790.1 Nybelinia aequidentata in (?)
DQ642791.1 Nybelinia sphyrnae in (?)
FJ843594.1 Acanthobothrium

oceanharvestae
In (?)

FJ843596.1 Acanthobothrium rodmani In (?)
FJ843598.1 Acanthobothrium romanowi In (?)
FJ843604.1 Acanthobothrium masnihae In (?)
HQ917927.1 Acanthobothrium mattaylori In (?)
HQ917928.1 Acanthobothrium jeanneae In (?)
HQ917929.1 Acanthobothrium

hypermekkolpos
In (?)

EF095269.1 Tentacularia coryphaenae in ?
AB559560.1 Paraechinophallus japonicus In (?)
AF286956.1 Prosobothrium armigerum In (?)
AF286907.1 Austramphilina

elongata_OUTGROUP
Outgroup (?)

AF286911.1 Caryophyllaeus laticeps In (?)
AF286912.1 Hunterella nodulosa In (?)
AF286913.1 Caryophyllaeides cf. ergensi In (?)
AF286914.1 Raillietina australis In (?)
AF286915.2 Dilepis undula In (?)
AF286916.1 Fimbriaria sp. In (?)
AF286917.1 Hymenolepis diminuta In (?)
AF286918.1 Hymenolepis microstoma In (?)
AF286919.1 Wardoides nyrocae In (?)
AF286920.1 Mesocestoides corti In (?)
AF286921.1 Echinobothrium harfordi In (?)
AF286922.2 Echinobothrium chisholmae In (?)
AF286923.1 Macrobothridium sp. In (?)
AF286924.1 Gyrocotyle urna_OUTGROUP Outgroup (?)
AF286925.1 Gyrocotyle

rugosa_OUTGROUP
Outgroup (?)

AF286926.1 Haplobothrium globuliforme In (?)
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Accession numbers Species In/Outgroup Reference
AF286927.1 Cephalobothrium aetobatidis In (?)
AF286929.1 Tylocephalum sp. In (?)
AF286931.1 Litobothrium amplifica In (?)
AF286932.1 Amurotaenia decidua In (?)
AF286933.1 Nippotaenia chaenogobii In (?)
AF286936.1 Nomimoscolex piraeeba In (?)
AF286937.1 Peltidocotyle rugosa In (?)
AF286938.1 Rudolphiella sp. In (?)
AF286939.1 Zygobothrium megacephalum In (?)
AF286940.1 Proteocephalus perplexus In (?)
AF286941.1 Anantrum tortum In (?)
AF286943.2 Diphyllobothrium

stemmacephalum
In (?)

AF286944.1 Schistocephalus solidus In (?)
AF286945.1 Abothrium gadi In (?)
AF286946.1 Anchistrocephalus microcephalus In (?)
AF286947.1 Eubothrium crassum In (?)
AF286948.1 Cyathocephalus truncatus In (?)
AF286951.1 Tetrabothrius forsteri In (?)
AF286953.1 Acanthobothrium sp. 1 In (?)
AF286954.1 Phoreiobothrium sp. In (?)
AF286954.1 Phoreiobothrium sp.2 In (?)
AF286955.1 Platybothrium auriculatum In (?)
AF286958.1 Crossobothrium longicolle In (?)
AF286959.1 Marsupiobothrium sp. In (?)
AF286960.1 Phyllobothrium lactuca In (?)
AF286962.1 Rhinebothrium maccallumi In (?)
AF286963.1 Thysanocephalum sp. In (?)
AF286965.1 Dollfusiella sp. In (?)
AF286966.1 Gilquinia squali In (?)
AF286968.1 Pseudolacistorhynchus

heroniensis
In (?)

AF286969.1 Hepatoxylon sp. In (?)
AF286970.1 Callitetrarhynchus gracilis In (?)
AF286971.1 Floriceps minacanthus In (?)
AF286972.1 Pseudotobothrium dipsacum In (?)
AF286973.1 Pterobothrium lintoni In (?)
AF286974.1 Sphyriocephalus sp. In (?)
KC786015.1 Barsonella lafoni In (?)
KC786016.1 Scholzia emarginatum In (?)
KC786020.1 Macrobothriotaenia ficta In (?)

113



Accession
numbers

Species In/Outgroup Reference

KF882021.1 Onchobothrium antarcticum In (?)
EU170363.1 Acanthobothrium brevissime In (?)
DQ642763.1 Grillotia pristiophori in (?)
FJ572931.1 Heteronybelinia cf. estigmena in (?)
FJ572932.1 Heteronybelinia yamagutii in (?)
FJ572952.1 Grillotia yuniariae in (?)
FJ572953.1 Grillotiella exilis in (?)
AF286942.2 Bothriocephalus scorpii In (?)
KR780884.1 Clestobothrium crassiceps In (?)
KR780885.1 Bothriocephalus timii In (?)
KR780881.1 Probothriocephalus alaini In (?)
KR780886.1 Bothriocephalus australis In (?)
KR780887.1 Bothriocephalus manubriformis In (?)
KR780888.1 Bothriocephalus cf. carangis In (?)
KR780896.1 Bothriocotyle solinosomum In (?)
KR780897.1 Neobothriocephalus aspinosus In (?)
KR780898.1 Parabothriocephalus gracilis In (?)
KR780901.1 Clestobothrium cristinae In (?)
KR780911.1 Glossobothrium nipponicum In (?)
KR780917.1 Triaenophoridae gen. n. sp. n In (?)
KR780918.1 Amphicotyle heteropleura In (?)
KR780920.1 Clestobothrium splendidum In (?)
KR780921.1 Bothriocephalus celineae In (?)
AJ388594.2 Proteocephalus percae In (?)
KM272991.1 Clistobothrium montaukensis In (?)
KU724058.2 Clistobothrium sp. In (?)
KR780882.1 Bathycestus brayi In (?)
KF685751.1 Acanthobothrium santarosaliense In (?)
KF685864.1 Anteropora joannae In (?)
KF685865.1 Hornellobothrium sp. n. 1 In (?)
KF685867.1 Lecanicephalidea gen. n. 6 sp. n.

1
In (?)

KF685870.1 Polypocephalus sp. 1 In (?)
GQ470115.1 Acanthobothrium sp. In (?)
KF685748.1 Polypocephalus sp. 2 In (?)
KF685750.1 Pseudanthobothrium sp. In (?)
KF685761.1 Disculiceps sp. 1 In (?)
KF685765.1 Onchoproteocephalidea gen. n. 8

sp.
In (?)

KF685857.1 Anteropora leelongi In (?)
KF685858.1 Cephalobothrium sp. n. 1 In (?)
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KF685859.1 Eniochobothrium euaxos In (?)
KF685860.1 Eniochobothrium sp. n. 1 In (?)
KF685861.1 Flapocephalus sp. n. 1 In (?)
KF685862.1 Flapocephalus sp. n. 2 In (?)
KF685863.1 Anteropora patulobothridium In (?)
KF685866.1 Lecanicephalidea gen. n. 5 sp. n.

1
In (?)

KF685868.1 Paraberrapex manifestus In (?)
KF685869.1 Polypocephalus helmuti In (?)
KF685871.1 Tetragonocephalum passeyi In (?)
KF685872.1 Tetragonocephalum sp. 1 In (?)
KF685876.1 Echeneibothrium sp.2 In (?)
KF685878.1 Scalithrium sp. 1 In (?)
KF685884.1 Cathetocephalus thatcheri In (?)
DQ925329.1 Echinophallus wageneri In (?)
AF382084.1 Trilocularia sp. In (?)
AF382086.1 Echeneibothrium maculatum In (?)
FJ177100.1 Rhodobothrium sp. In (?)
FJ177124.1 Rhinebothrium sp. 2 In (?)
FJ177098.1 Echeneibothrium sp. In (?)
FJ177099.1 Anthocephalum cf. centrurum In (?)
FJ177107.1 Rhinebothriidea gen. 1 sp.A In (?)
FJ177107.1 Rhinebothriidea gen. 1 sp.B In (?)
FJ177118.1 Rhinebothrium

kinabatanganensis
In (?)

FJ177121.1 Rhinebothrium sp. 1 In (?)
FJ177123.1 Rhinebothrium sp. 11 In (?)
FJ177126.1 Rhinebothrium sp. 4 In (?)
FJ177127.1 Rhinebothrium sp. 5 In (?)
FJ177128.1 Rhinebothrium sp. 6 In (?)
FJ177130.1 Rhinebothrium sp. 8 In (?)
FJ177131.1 Rhinebothrium sp. 9 In (?)
FJ177133.1 Scalithrium sp. In (?)
KX768939.1 Proteocephalus plecoglossi In (?)

Randhawa_P1023 In This study
Randhawa_P1025 In This study
Randhawa_P1026 In This study
Randhawa_P1035 In This study

KY569545.1 Echeneibothrium williamsi In (?)
KY569549.1 Echeneibothrium multiloculatum In (?)
KY569550.1 Echeneibothrium megalosoma In (?)
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JX477442.1 Postgangesia inarmata In (?)
JX477429.1 Gangesia bengalensis In (?)
JX477432.1 Gangesia vachai In (?)
JX477433.1 Gangesia macrones In (?)
JX477443.1 Gangesia agraensis In (?)
JX477451.1 Gangesia oligonchis In (?)
KM658196.1 Anthocephalum philruschi In (?)
KM658193.1 Anthocephalum jensenae In (?)
KM658194.1 Anthocephalum decrisantisorum In (?)
KM658195.1 Anthocephalum meadowsi In (?)

Ling_Adult_24FCA In This study
Ling_Larval_24SC In This study

C_11CB In This study
C_11CO In This study
C_11CQ In This study
C_13CH In This study
C_14CA In This study
C_14CO In This study
C_20CA In This study
C_21CD In This study
C_22CA In This study
C_22CG In This study
C_26CB In This study
C_26CP In This study
C_26CT In This study
C_32CC In This study
C_35CA In This study
C_9CR In This study

D_Larval_Crab_30HA In This study
E_11CA In This study
E_13CA In This study
E_13CC In This study
E_14CB In This study
E_22CC In This study
E_22CD In This study
E_23CA In This study
E_35CC In This study
E_5CA In This study
G_35CD In This study

116



Accession
numbers

Species In/Outgroup Reference

Larval_Crab_23HCB in This study
Larval_Crab_35HAl in This study
Larval_Ling_27FCA in This study
Larval_Ling_28FCB in This study
Larval_Ling_28FCZ in This study

Larval_Mackerel_28FCC in This study
AY157169.1 Diclidophora

denticulata_OUTGROUP
Out (?)

KU249055.1 Eniochobothrium sp. n. 2 In (?)
KU249085.1 Tetragonocephalum sp. n. 2 In (?)
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