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Abstract

The aim of this thesis is to investigate the inter-relationships between host and
parasite specificity and aberrant larval migration, using the kiwi family (Apteryx spp)
and their nematodes as the study system. Kiwi are endemic to New Zealand, and
have been estimated to have declined by 90% since human settlement in New
Zealand. The effect of disease, mainly parasitism on kiwi populations have been a
minor issue compared to predation, however with intensive conservation
management the effect of parasites on kiwi are likely to increase. Very little is
known about parasites in kiwi and how they impact the birds, especially the

aberrant larval migrans syndromes.

| determined the prevalence of nematodes in all kiwi species from 1991-2012
(n=642) that were necropsied at Massey University, using the National Wildlife
Pathology Database (Huia), with a specific focus on larval migrans. Brown kiwi
(Apteryx mantelli) were found to have the highest prevalence of nematodiasis, and
were also the only species to show evidence of neural larval migrans. Visceral larval
migrans were found in brown, rowi (A. rowi) and little spotted kiwi (A. owenii). With
the brown kiwi showing the highest incidence of larval migrans, | focused on this
species for further investigation. It has previously been proposed that the larval
migrans could be caused by nematodes from the Toxocara spp, since wild kiwi can
share habitats with wild cats and dogs, which are the normal host of this
nematode). However, with specific PCR analysis conducted on archived tissue, |
concluded that neither Toxocara cati or T. canis was present in the tissues. | also
investigated the cause of cutaneous larval migrans (CLM) in rowi. Uniquely, CLM
has not been previously recorded in any avian host. A generic nematode PCR
analysis followed by DNA sequencing were used in this study to identify the
nematode involved in CLM as being closely related to a nematode from the

Trichostrongylus species.



My results suggest that introduced animal hosts are having an indirect effect on our
native bird populations, but to what extent is still unknown. The parasites
transmitted between the introduced species and our native species are causing
adverse effects to our native populations’ health, in the case of larval migrans; but
how often are these introduced parasites infecting our native population and could
our native species cope with this competition? From my study it can be presumed
that our native species are struggling to adapt to new parasites, and competition
between introduced and native species could be contributing to the decline in our

species.
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Chapter 1: Introduction

Chapter 1. General Introduction

1.1Ecology and current status of Kiwi

Kiwi (Apteryx spp) are endemic to New Zealand (Sales, 2005). They are nocturnal
birds that live mostly in native forests around New Zealand, however they can also
be found in pasture, low land tussock and even sand dunes (Sales, 2005). Kiwi
probe the forest floor for invertebrates and plant material with their highly

specialised long bills (Cunningham et al., 2007).

Kiwi have existed in their current form since at least 65 million years ago (Holzapfel
et al., 2008). The decline in the abundance and distribution of kiwi have gone
largely unnoticed until two decades ago (McLennan & Potter, 1992; Sales, 2005). All
five species, however, have been declining significantly in range and abundance
ever since there has been human settlement in New Zealand (McLennan et al.,
1996). For example, kiwi abundance has declined by at least 90% in the North
Island forests. It is suggested that former forest densities consisted of 40-100 adults
km?, whereas present densities are about four adult kiwi per km? (McLennan et al,
1996). This has led to all kiwi species having the status of being ‘threatened’ and
some are ‘critically endangered’ (Miskelly et al., 2008; Sales, 2005). The main causes
of decline in these populations are predation due to a variety of introduced
mammalian predators as kiwi have evolved in the absence of mammalian
predators. However, today they co-exist with many obligate or facultative
carnivores that have been introduced by Europeans and Polynesians (Sales, 2005).
Some of their carnivorous predators include cats, dogs, ferrets, pigs, possums,
stoats and weasels (Sales, 2005). The effect of disease and, in particular, parasitism
on kiwi populations has been minor in comparison to the rates of predation, but as
the intensive management of remnant populations increases, the effect of parasites
on the success of conservation efforts are likely to be increasing (Holzapfel et al.,

2008).
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1.1.1Taxonomy

Kiwi were first described in the early 19" century, and since then they have been
divided into as many as ten different species. This division of species was primarily
based on morphological features such as colouration and feathers (Potts, 1872).
However, with the development of technology and the ability to carry out genetic
testing, this has prompted a change in how we recognise different species of kiwi
(Burbidge et al., 2003). There are now five formally described species of kiwi
(Burbidge et al., 2003; Sales, 2005); the brown kiwi (Apteryx mantelli), rowi (A.
rowi), tokoeka (A. australis), great spotted kiwi (A. haastii) and the little spotted
kiwi (A. owenii ) (Holzapfel et al., 2008). The brown kiwi is found throughout the
North Island; Rowi at Okarito; Tokoeka in Fiordland, Haast Ranges and on Stewart
Island/Rakiura; Great spotted kiwi in the northern South Island; and the Little
spotted kiwi which is on several offshore island and at the Karori Wildlife Sanctuary
in Wellington (Burbidge et al., 2003; Holzapfel et al., 2008). The distribution of kiwi

around New Zealand is shown in figure 1.1 (Holzapfel et al., 2008).
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Figure 1.1 The distribution of kiwi in New Zealand. The locations of five kiwi

sanctuaries are also noted (Holzapfel et al., 2008).

Within the brown kiwi species, four genetically and geographically distinct forms
can be identified: Northland, Coromandel, Western and Eastern forms; and in
tokoeka there are the Haast, northern Fiordland, southern Fiordland, and Stewart
Island forms (Burbidge et al., 2003; Holzapfel et al., 2008). The other species do not
show a clear genetic variation among geographic lines, although it has been shown
that a North Island form of the little spotted kiwi did exist prior to its extinction in

the late 1800s (Holzapfel et al., 2008).
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1.2 Conservation management

The distribution and numbers of all five species of kiwi have declined substantially
since the occupation of Europeans in New Zealand (Colbourne et al., 2005). Less
than 5% of kiwi chicks survive into adulthood in unmanaged areas (McLennan et al.,
1996). The most critical factor affecting survival and security of kiwi populations on
the mainland of New Zealand is predation by stoats and in some places cats

(especially to kiwi that are less than six months old) (Colbourne et al., 2005).

The general aim of kiwi conservation has until recently been to prevent the
extinction of as many species as possible (Hunter Jr & Gibbs, 2009; Soulé, 1985).
While this goal is desirable, it is becoming clear that more and more species will
need to be managed intensively and therefore more pragmatic triage decisions
need to be based around this. For instance, only the Eastern brown kiwi is now
being bred in captivity. Kiwi are a national icon to New Zealanders and this has led

to intensive management to help preserve this species.

Several experimental management projects have been carried out to protect kiwi
populations. These generally aim to increase the productivity and survival of kiwi
through trapping and/or poisoning the main predators (Colbourne et al., 2005).
Another way of increasing productivity and survival is through captive management
of kiwi. This can include captive rearing programmes which aim to improve the

chances of recruitment of young kiwi into wild populations (Morgan et al., 2013).

Another approach to captive management is to remove eggs and/or chicks from
predation risk in the wild; this approach is dubbed as Operation Nest Egg (ONE)
(Colbourne et al., 2005). The eggs that are removed from the wild are artificially
incubated and the resultant juvenile kiwis are reared in captivity and/or in a
predator free environment “créche” (Colbourne et al., 2005). The kiwi are reared
until they reach a body weight of 800-1000g at which they are deemed large
enough to protect themselves against stoats. This is usually more than six months
old, after which they will then be released back into the wild (Colbourne et al.,

2005). Releasing captive-reared animals back into the wild is a widely-used
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conservation management technique world-wide. Kiwi have been held in captivity
for many decades, but the captive population have been barely self-sustaining

(Colbourne et al., 2005).

1.2.1 Effect of parasites on kiwi conservation

Captive management is a key management tool for kiwi conservation, with many
kiwi kept in captivity as part of the ONE programme, on display for advocacy
purposes or in off display breeding pairs (Barlow, 2011). However, intensive rearing
of young kiwi increases the likelihood of the exposure to pathogens, in particular
parasites, that are usually associated with high—density livestock situations (Morgan
et al., 2013). For example, the conservation management practice of putting young
kiwi together in outdoor créches that are used repeatedly over many years has led
to severe disease due to the protozoal parasite, coccidiosis (Morgan et al 2013).
Similarly, a cluster of avian malaria cases was recently seen in a captive rearing

facility for kiwi (Banda et al., 2013).

Alternatively, isolation of hosts from novel immunological challenges while in
captivity may lead to increases in host prevalence when individuals are released
back into the wild (Cunningham, 1996). It may be more beneficial for the animal to
have limited exposure to these parasites especially if they are present in reservoirs
in its natural habitat (Morgan, 2013). When pathogens are eliminated by veterinary
treatment or through small population processes, the host can lose herd immunity
thus creating a catastrophic effect if a disease breaks out in that animal (Lyles &

Dobson, 1993).

Immunocompetence is determined not only by the host’s genetic background, but
also by its history of disease exposure. This includes inherited maternal antibodies,
nutrition, environmental stress, behaviour patterns and many other factors (Lyles &

Dobson, 1993).
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1.3 Host and parasite specificity

Host specificity is one of the most fundamental properties of parasitic organisms.
Host specificity is inversely proportional to the number of host species that can be
used by a parasite at any given stage of its life cycle (Poulin & Keeney, 2008). The
number of hosts a parasite can infect is determined by physiological and ecological
factors, but is ultimately determined by the evolutionary and biogeographical
history of the parasite and its hosts (Poulin & Keeney, 2008). It also links to the
ability of the parasite to colonise new host species when the opportunity presents
itself. Thus, there is a strong negative correlation between host specificity and
parasites and their likelihood of ‘jumping’ to a novel host species and initiating an

emerging infectious disease (Poulin & Keeney, 2008).

Parasites that are highly host specific and only occur in one host, have their fate
very closely linked to that of the host species. This is in contrast to parasites that
are generalists: those that can persist through host extinction by exploiting other
alternative hosts (Poulin & Keeney, 2008). Parasites may be expected to become
adapted to their local hosts, because parasites are often more numerous and have
shorter generation times than their hosts. Therefore parasites should evolve faster
than their host as they need to increase their fitness at the expense of the host’s
(Lajeunesse & Forbes, 2002). Thus, one aspect of local adaptation can be defined as
the non-invasibility of a parasite population by competing foreign parasites (Kaltz &
Shykoff, 1998). However, in co-evolutionary host-parasite systems each of the

species will need to adapt in an ever-changing environment (Gandon, 2002).

Specialist parasites are less successful than generalists in invading new
environments. The former are less likely to encounter new hosts which they can
infect therefore reducing their potential impact on native fauna (Tompkins &
Poulin, 2006). The impact of exotic infectious agents are also more severe when
native species related to introduced hosts are present in the new environment
(Tompkins & Poulin, 2006). This may be due to relatedness being able to facilitate

host switching, yet the new hosts lack adaptive defences against the parasite of the
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traditional host and therefore can suffer serious pathogenic effects (Tompkins &

Poulin, 2006).

However, many parasites persist in multihost systems, making the identification of
infection reservoirs crucial for devising effective interventions. Failing to identify
such infection can lead to ineffective or counter-productive control measures with
costly implications (Viana et al., 2014). A reservoir can consist of multiple connected
populations of the same or different species. Assessing the ability of reservoirs to
assist with pathogen infection can be difficult. Therefore, assessing more than one
line of evidence of what comprises a reservoir is important in order to devise the

best intervention (Viana et al., 2014).

1.3.1 Host adaption versus parasite adaptation

Following the introduction to its host, the success of parasite colonisation is
controlled by three processes. Firstly, the parasite must be present on or in
individuals of the host founder population. It may simply fail because the parasites
could be aggregated across the host individuals in the founding population and the
host may not be infected with the parasite(MacLeod et al., 2010). Secondly, the
parasite’s host must persist and establish in the new region, if the host fails to
establish, so will the parasite. Finally, if the host persists, so must the parasite and

not fail for other reasons (MaclLeod et al., 2010).

Macleod et al (2010) have proposed three mechanisms which may explain how a
parasite species fails, despite the host successfully establishing. Firstly, the parasite
may require another host species as part of its lifecycle, and if this is absent in the
new area the parasite cannot persist. Secondly, parasite transmission amongst host
individuals at the new locality may be insufficient to offset the parasite losses when
the hosts dies. Insufficient transmission can include small founding populations,
high mortality rates and low levels of social interaction between the hosts.
Proposed parasite factors that contribute to insufficient transmission include low

vagility and high host-specificity. Thirdly, parasite persistence is likely to be
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influenced by the number of parasites that are introduced and their distribution

among hosts (MacLeod et al., 2010).

The invasive success of a particular parasite within a host species is often partly
contributed to the release of regulatory effects of parasites on their native range.
Such a release may allow introduced hosts that lose their parasites to attain
unnaturally high densities and become ‘pests’ in the new location. Also, many
parasite species can themselves cause harm outside their native range, and
understanding how parasites succeed in colonizing new regions is key to mitigating
their spread and impact (MacLeod et al., 2010). Despite this, we have very little
understanding of the mechanisms and processes that are important for
determining the success of parasite colonization in new regions following host

introduction (MacLeod et al., 2010).

1.4 Changes to Ecosystems

Parasites can have a strong influence on host populations, non- host populations,
and ecological processes (Blakeslee et al., 2012). However, parasites are often
studied over limited portions of their distributions. This makes understanding of
demographic patterns throughout geographical range very minimal. Understanding
these large-scale patterns is very important given the global movements of species

through human-transport mechanisms (Blakeslee et al., 2012).

There has been empirical evidence that demonstrates how human-mediated
introductions can strongly limit the abundance and diversity of parasites. The
process of introduction filters out some parasite species, while it enables others to

invade with their hosts, also known as ‘parasite escape’ (Blakeslee et al., 2012).
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1.4.1 Phylogeography

Phylogeography is the study of the historical processes that may be responsible for
the contemporary geographic distributions of individuals. Phylogeographical data
may be useful in understanding the history and colonisation of hosts and their
parasites in New Zealand. Theoretically, this kind of study could indicate possible
source populations of parasites; the timing of the invasions; or to test whether

multiple introductions or invasions have occurred (Criscione et al., 2005).

New Zealand has a rich exotic avifauna that comprises of more than 30 species
from 14 families, resulting largely from the efforts of Acclimatisation Societies.
These societies were founded in the Victorian period (mid to late 1800’s) with the
goal of ‘enriching’ the recipient country’s fauna and flora. New Zealand has
therefore had abundant opportunities for co-invasion by avian parasites (Ewen et

al., 2012)

However, there has been little phylogeographical studies done on parasites. Given
that parasites are more often than not closely tied to their host, it may be expected
that parasites and their host share similar phylogeographical patterns (Criscione et
al., 2005). Even if parasites were introduced with their hosts, they may still be lost.
This can be due to stochastic effects, or the new host population initially may be of

insufficient size or density (Tompkins & Poulin, 2006).

1.4.2 Parasite diversity and island ecosystems

Parasites are increasingly being spread by human activities and subsequently
establishing exotic populations in locations beyond the limits of their native
geographical ranges (Ewen et al., 2012). These exotic parasites may cause a major
disease threat to not only other animals but humans as well, especially if they can

jump between hosts at new localities to infect naive native hosts.

If pathogen loss positively affects host traits such as reproduction and survival, then

the likelihood that an exotic host population can become established may be
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increased; a process also known as the ‘Enemy Release Hypothesis’ (Ewen et al.,
2012). Conversely, an exotic host may benefit from the co-introduction of its
parasites, if those parasites subsequently infect and cause population declines in
the native species that would otherwise be competition to the exotic hosts; this is

known as Novel Weapon Hypothesis (Ewen et al., 2012).

1.5 Life cycle of parasitic nematodes

While there is considerable variation in some details of the life cycle of parasitic
nematodes, there are some general features in common which are outlined here. In
the Nematoda, the sexes are separate and the males are generally smaller than the
females, which lay eggs or larvae (Taylor et al., 2007). During development, a
nematode will moult at intervals, shedding its cuticle. The complete life cycle of all
nematodes consist of the egg and four larval stages (L1, L2, L3, L4) before becoming

an adult, which is the fifth stage (Lee, 2002; Taylor et al., 2007).
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Figure 1.2. Caenorhabditis. elegans life cycle as an example of a Nematode life
cycle. Taken from (Hall et al., 2012).

A feature of the basic life cycle of a nematode is that intermediate transfer of
infection from one final host to another will rarely occur. Some development will
take place normally in the faecal matter or in a different species of animal, the

intermediate host, before infection of the primary host can take place (Taylor et al
2007).

In the common form of the direct life cycle, the free-living larvae undergo two
moults after hatching and the infection is by ingestion of the free L3. There are
however, some important exceptions. Infections can sometimes be due to
ingestion of the egg which contain the larvae or through infection in mammals, or
through larval penetration of the skin (Taylor et al., 2007). Larval penetration of the

skin has not yet been recorded in birds. In indirect life cycles, the first two moults
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usually take place in an intermediate host and infection of the final host is either by
ingestion of the intermediate host or by inoculation of the L3, when the

intermediate host feeds, such as a blood-sucking arthropod (Taylor et al., 2007).

In general, parasitic nematodes enter the host when they are their third stage
larvae (L3), which is therefore referred to as the infective larval stage, and will enter
the host either orally or percutaneously. Oral infection takes place when the host
either eats or drinks the infected food that contains eggs or larvae. The larvae that
is swallowed or those that are hatched from eggs in the alimentary tract may then
immediately penetrate the epithelial layer to reach the mucosal tissue. Some
species of nematode may stay in the gut or start extensive migration through host
tissues which is known as aberrant larval migration (Maruyama & Nawa, 2002).
Percutaneous entry will be through the skin, and the parasite will travel to the gut

or carry out an extensive migration as well.

After the infection occurs, two further moults take place to produce the L5 stage or
immature adult parasite. Once maturation of these stages occurs, copulation and
oviposition takes place completing the life cycle. In gastrointestinal parasites, the
lifecycle may entirely take place in the gut lumen or with limited movement into

the mucosa (Taylor et al., 2007).

1.6 Larval migrans - aberrant

If an infective larvae enters a host in which it is not able to complete its life cycle,
instead of migrating to its appropriate final destination, it may migrate randomly
through the host’s tissues causing damage to the host cells and organs in its path
(Maruyama & Nawa, 2002). This is known as aberrant larval migration. An example

of this is shown in Figure 1.3.
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Figure 1.3. An example of aberrant larval migrans in humans through ingesting eggs

of Toxocara canis or T. cati. Taken from (Despommier, 2003).

In aberrant hosts, the completion of the life cycle of the nematode differs. The
infective larvae that are ingested will hatch, but the juvenile stage of the worm is
unable to develop into a mature adult worm. Therefore, the worm is left to wander
the body for days, months or several years, often causing extreme damage to any
tissues or organs that it enters (Despommier, 2003). Alternatively, Toxocara eggs
for example, if found in an aberrant host such as mice or humans, can remain in an
arrested state. The host ingests the eggs, and the emerging larvae migrate to
muscle and neurological tissues, where they can remain in the arrested state. Here
they will not grow, reproduce or differentiate. In mice, the dormant tissue larvae
can re-enter the transmission cycle by predation by a canid carnivore. In humans,
however, migrating larvae can invade visceral tissue causing eosinophilia and non-

pathogenic malaise, or move into the eye with some ocular larva migrans (Maizels
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et al., 2006). There are also reported cases of central nervous system invasion,

where larvae migrate into the brain (Maizels et al., 2006).

1.6.1 Visceral larval migrans

Visceral larval migrans (VLM) occurs when parasitic larvae migrate through the
internal organs of the host that does not include the intestines or stomach (see
Figure 4) (lowa State University, 2014). The clinical signs vary with the number of

parasite and the tissue(s) that is invaded in the animal.
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