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ABSTRACT
A new genus and species of protostrongylid lungworm Umingmahrrongylru

pallikurtkensis was described in muskoxen (Oviobm moscharus) from the westcentral
Canadian Arctic mainland in 1995. This parasite was considered unique among the
Protostrongylidae. A series of integrated experiments were designed to investigate
important aspects of the bioiogy of this parasite in the definitive and intermediate hosts
and in the mtic environment.
It was conhned that the U.pallikuukensis requires gastropod intermediate hosts
to deveiop from first-stage larvae (LL)to third-stage larvae (L3). The life cycle of U.
paliikr~ukensiswas completed in 3 captive muskoxen; 2 were infected with L3 which
were digested from slugs (Deruceras reticularum),the third with L3 that emerged from
slugs (D.reticulaturn and D. laeve). In 2 animds the prepatent period was 9 1 and 95
days, larval production peaked at 13-14 mo post-infection (Po,and the patent periods
extended to the time of euthanasia, 14 and 26 mo PI. The third muskox was euthanized
at patency. No clinical signs of respiratory compromise were apparent in any of the 3
experimentally infected muskoxen. At post rnortem on day 97 PI, parasitic cysts were
difficult to find and some parasites were not endosed in cysts, but by months 14 and 26
PI all parasites were within clearly defined cysts. Cyst size was posiuveiy correlated
with the number of adult parasites contained. Lung pathology appeared to be Locked
to the cysts, which had a thick fibrous capsule surrounding adult nematodes, larvae and
eggs. These lesions appear to be unique among the protostrongyiids. BronchioIes
penetrated the cyst capsule providing a direct route for larvae to leave the lungs. Thirdstage larvae of U.pallihukensis were given to domestic sheep, but adult pamites did
not establish.
Medical imaging techniques were used ro describe the lesions caused by U.
pallikuukensis. Parasite-associated lesions were detected with standard radiography by
178 and 19 1 days PI in 2 muskoxen. Lesions increased in size, then appeared to
stabilize or decrease in size. Post mortem radiography was useful for locating cysts in a
lightly irfected animal and post mortem computed tomography was useful for locating,
quantifying and characterizing cysts. These medical imaging techniques cadd be useful
for characterizing Iung nematodes in wild anirnaIs (e-g.muskoxen, bighorn or Daii's
sheep) at post mortem.
The phenomenon of emergence of L3 of U.pallikuukensis from gastropod
intermediate hosts was examined This phenomenon has been reported for some
protostrongylids, but the patterns aud significance have not been investigated in detaiI.

Third-stage larvae of U.pallikuukensis emerged from live specimens of D. ireve, 13.
reticitlam, and Carinella sp. in the laboratory, and from live or dead D.laeve in field
experiments on the tundra. In the laboratory, emergence occurred over a wide range of
infection intensities and patterns of emergence were independent of infection intensity.
In field experiments, L3 were found on vegetation by 10 wk PI, and were recovered
from the vegetation of some experiments after over-wintering. Emerged L3 survived in
tap water and distilled water for 13 mo at 0-4C. Emergence of L3 may increase the
temporal and spatial availability of L3 in the environment.
The morphologic and morphometric aspects of larval development of U.
pallikriukensis in D. laeve at 23.4 C were investigated and compared to other
protostrongylids. The majority of the larval growth of U.pallikuukensis occurs
immediately following the second molt. The featwes most useful for d e f i g lmal
stages are the separation of the cuticular sheaths, tail structure and viability following
digestion.
The rates of larval development for U.pallikuukensis in D. laeve and D.
rericularum at various temperatures in the laboratory were investigated. In D. laeve the
temperature threshold was 8.5 C, in D. reticularum it was 9.5 C and the degree-days
required to develop to L3 in both gastropod species was 167. These developmental
parameters were compared among several species of the Protosuongylidae and it is
hypothesized that they may be influenced both by the environment and by features of the
parasites and intermediate hosts, including phylogeny.
Understanding the development of U.pallikuukensis in D. laeve in the Arctic is
critical for understanding its epidemiology. Over a period of 2 years a series of
experiments was established in the tundra of the central Arctic mainland near Kugluktuk,
Nunavut, Canada. The locally abundant slug, D.laeve, was experimentally infected
with L1 of U.pallikuukensis and the slugs were placed in enclosures in the tundra every
1-2 wk. Microhabitat temperatures were measured both inside and outside enclosures.
Rates of larval development were determined by weekly or bi-weekly examination of the
slugs and larvae from a subset of enclosures. Some dugs were left in enclosures over
the winter. In 1997, L3 were recovered from slugs infected by 17 July at 4-6 wk postinfection. In 1998, slugs infected by 25 June contained L3 by the end of July. Slugs
containing larvae were recovered from the enclosures after over-wintering, and larvae
which probably entered the winter as second-stage larvae had resumed development to
L3. The greatest mean number of L3 in slugs occurred in August, after which time the
number of L3/slug decreased and L3 were found on the vegetation. Rates of larval
development in the Arctic corresponded with those predicted using surface microhabitat

temperatures and laboratory derived threshold temperatures (8.5 C) and thermal
constants (167 degree-days). This enclosure system has far-reaching applications for
investigation of other protostrongylids, in other geographic regions or under different or
changing climatic conditions (including global warming).
The distribution of U.pallihukensis is potentially linked to the distribution of
suitable intermediate hosts. The terrestrial and freshwater gastropod faunas were
surveyed on the Arctic mainland near Kugluktuk md on Victoria Island. The ability of
several of the species recovered to support development of U.pallikitukensis from L1
to L3 was then determined. On the mainland 6 terrestrial and 4 freshwater species were
found. On Victoria Island 1 terrestrial (D. laeve) and 3 freshwater species were found.
The terrestrial species; D. laeve, Carinella sp. C. alricola, and Euconulusfulvus, and the
freshwater species; A. hypnorum and possibly Physa jennessi jennessi, supported
development of I/. pallikuukensis from LI to L3. Deroceras laeve, because of its high
mobility, widespread distribution, and the high proportion of larvae which establish and
deveIop to L3 in a short time, may be the most important intermediate host. It is
possible that CJ. pallikuukensis could establish on Victoria Island if introduced. In
addition, it is likely that suitable intermediate hosts are present on rnainiand east of
Kugluktuk, and that the climatic conditions in this region (central and eastern mainland)
would support larval development.
It is apparent that U.pallikuukensis may utilize several strategies to successfulf y
maintain itself in the muskox population, including: localized pulmonary pathology; high
levels of L1 production; extended patency; use of a variety of terrestrial and freshwater
intermediate hosts; rapid development in the arctic environment; overwinter survival; and
larva1 emergence. This research has greatly increased our understanding of several
aspects of the biology of not only U.pallikuukensis. but other protostrongylids and
arctic parasites in general.
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1. INTRODUCTION

1.1 Background

In 1988 an unusual, unidentified nematode parasite was recovered from cysts in
the lungs of a muskox (Ovibos moschatus) found dead west of Kugluktuk, Nunavut,
Canada (67'49'N, 11S09'W) (Fig. 1) (Gum et al., 1991). Subsequently, between
November 1989 and November 1990, similar cysts were found in the lungs of 49 of 53
hunter-killed muskoxen in the region of the Rae and Richardson rivers west of
Kugluktuk (Gunn et al., 1991). Older bulls appeared to be the most heavily infected,
with more than 250 cysts in an individual animal, but all age and sex classes were
infected (Gunnet al., 1991; Gum and Wobeser, 1993). The parasite had not been
reported on the mainland east of Kugluktuk or on Victoria or Banks islands where
numerous animals had been examined in the course of commercial muskox harvests and
other research (Gunn et al., 1989; Gum et al., 1991), suggesting that the geographic
distribution of the parasite was restricted. The origin, identity, life cycle, and
signif~canceof this apparently new parasite were not known.

1.2 Parasite description

In 1995, Umingmakmongylus pallikurrkensis Hoberg, Polley, Gunn and Nishi
1995 was named as a new genus and species within the family Protostrongylidae
(Hoberg et al., 1995). The generic name was derived from the Inuinnaqtun name for
muskox 'Umingmak', and the Latin 'strongylus' for the strongylate nematodes. The
specific name was derived from the Inuimaqtun name 'Pallik' for the geographic
location in which the parasite was first found, and 'kuuk' referring to river (Hoberg et
al., 1995). Umingmakstrongyfuspllikucrkelrsis is a member of the subfamily
Muelleriinae (Carreno and Hoberg, 1999), morphologically most similar to the genus
Cystocadus (Hoberg et al., 1995). It represents the northern-most geographic
occurrence reported for a protostrongylid in North America (Anderson, 1992).

Umingrnakstrortgyl~rs
pallikrtrrkensis is an exceptionally large parasite (females
measuring up to 47 cm in natural infections) and the adults live in we11 defined cysts 910 mm in diameter in the lung tissue. These lesions are considered pathognomonic for
the parasite, differing significantly from those caused by species in the genera
Muelleriirs or Cysrocatrlrrs (Hoberg et al., 1995). Lung pathology associated with U.
pallikuukensis appears to be localized to the cysts. In naturally infected muskoxen,
reduced exercise tolerance has been observed and this may increase susceptibility to
predation (Gunn et al., 1991). The discovery of U.pallikrrukensis coincided with a
decline in the size of the affected muskox population between 1988 and 1994 (Fownier
and Gum, 1998). but the role of the parasite in this decline is undetermined.
As a member of the Protosuongylidae it was expected that U.pallikurrkensis
would require a gastropod intermediate host to complete its life cycle. Experimental
infections in the laboratory demonstrated that first-stage larvae (LI) from muskox feces
or lungs could develop to third-stage larvae (L3)in the slug Derocerus rericulatunr
(Hoberg et al., 1995). A Iife cycle similar to other protostrongylids was inferred.
Hoberg et al. (1995) recognized that many factors may affect the development of larvae
and subsequent transmission of the parasite in the arctic environment (e.3. temperature
and moisture at the level of the rnicrohabitats, distribution of potential gastropod
intermediate hosts). A n m w window for larval development and transmission in the
Arctic was predicted, and it was postulated that increased global temperatures could
affect parasite epidemiology at these latitudes. These authors suggested that the
apparently limited geographic distribution of U.pallikuukensis could reflect historical
isdation of muskox populations during the Pleistocene, or more recent isolation
resulting from local extirpations on the mainland in the early 1900's.

1.3 Rationale for further research
Research on U.pallikuukensis was pursued for a number of reasons. (1) The
parasite could be a significant pathogen for muskoxen. These animals are important
cuitunl and economic resources as well as as sources of food for many residents of the
Arctic (GUMet al., 1990). Personal accounts of wild muskoxen demonstrating exercise
intolerance, and mortality of adult muskoxen caused by grizzly bear (Ursus arcros)
predation or possibly by pneumonia (Case and Stevenson, 1991; Gum et al., 199I),
suggested that U.pallikuukensis may have played a role in the population decline. To
facilitate informed management decisions with respect to the parasite it is necessary,
therefore, to understand aspects of the Iife cycle, including transmission, pathogenicity,

and host specificity. (2) Umingnlakstrongylrispallikrtrikensis itself deserved mention.
The p m i t e fauna of arctic ruminants is poorly documented and the uansmission
dynamics are not well understood (Hoberg et al., 1999; Brooks and Hoberg, 2000). It
is important to understand the biology of this unique new genus and species within the
context of the Protosuongylidae and as an apparently successful. but geographically
restricted, parasite in the Arctic environment. (3) Umingmaksrrongyirispallikrnrkensis
could be used to establish a model system for investigating protostrongylid IarvaI
development and transmission in the arctic ecosystem, including the effecrs of a
changing climate on parasite epidemiology and geographic distribution.
In 1994, an interdisciplinary, multi-agency team was estabtished including
scientists from:the Department of Resources, Wildlife and Economic Development,
Government of the Northwest Territories (NWT)(Nunavut and NWT since April 1,
L999);the Centre for Animal Parasitology, Canadian Food Inspection Agency,
Government of Canada; the Departments of Veterinary Microbiology, Veterinary
Anatomy and Veterinary Pathology, Western College of Veterinary Medicine,
University of Saskatchewan; and the Biosystematics and NationaI Parasite Collection
Unit, Agriculture Research Service, United States Department of Agriculture. It was
within this supportive framework that this thesis was conceived, with the broad
objectives of determining the life cycle of U. pallikuukensis and understanding some of
the many factors affecting development and transmission of this unusual parasite in a
unique host in the Canadian Arctic.

2.

THE PROTOSTRONGYLIDAE

2.1 Phylogeny of the Protostrongylidae

The Protostrongylidae is a family of nematode pansites that, as adults, occur in
mammalian hosts. Under prevailing classifications, protostrongyIids belong to the
Class Secernentea, Order Strongylida, Superfamily Metastrongyloidea. They are
parasites mainly of the pulmonary, nervous, and skeietd-musculature systems of the
Centidae and Bovidae, but have also colonized Leporidae. They have indirect life cycles
that require molluscan intermediate hosts for larval development. Recent phylogenetic
analyses based on morphological chmcrers of the genera and species of the
Protostrongylidae diagnose 2 major clades (Carreno and Hoberg, 1999). One clade
consists of 2 subfamilies: the MueUeriinae Skrjabin, 1933 and the Elaphostrongylinae
Boev and Schulz, 1950. PhyIogenetic studies among elaphostrongylines that also
examine a history for host-associations and biogeography have been conducted by Platt
(1984) and Carreno and Lankester (1994). The second clade is more diverse, consisting
of the Protostrongylinae (Boev and Schulz, 1950), the Varestrongylinae Boev, 1968,
the Skjabinocaulinae Boev and Sulimov, 1963, and the genera Neosrrongylus Gebauer,
1932, Ortltostrongylus Dougherty and Goble, 1946, and Pneumocaulus Schulz and
Andreeva, 1948. Umingmaksrrongyluspallikuukensis is a member of the Muelleriinae,
and is the putative sister-group of Cysrocaulus (Carreno and Hoberg, 1999).
Comprehensive reviews of the Protostrongylidae are available (Boev, 1975;
Kontrimavichus, 1975; Anderson, 1992) and, as a consequence, this review is focused
to provide a brief overview of the phylogeneticaliy related Muelleriinae and
Elaphostrongylinae. Using these sub-families as examples, the life cycles of the
Protostrongylidae and many factors affecting development and transmission will be
discussed. Where appropriate, examples from other subfarnilies will be used. It is
intended that this will serve as the framework for understanding the rationale for
theresearch presented in the thesis.

2.2 General description of genera phylogenetically related to U.
pallikuukensis
2.2.1 The Muelleriinae
The Muelleriinae consist of the genen Cysrocuulus,Mirellerilrs, arid
Umingmakstrongylus.Cysrocadus and Muellerilrs are parasites of the lung
parenchyma, primarily in the Caprinae. There are 3 species of Cystocaulus: C,ocreazus
(Railliet and Henry, 1907) has been reported from Europe. Asia, North America, and
Africa; C. ovis (Sanvar, 1955) Boev, 1957 is known primarily from Asia; and C.
vsevolodovi Boev, 1946 from Asia and Europe (Boev, 1975). There are 2 species of
Muelierius: M. capillaris (Mueller, 1889) is the best known and has a cosmopolitan
distribution; M. tenuispiculatus Gebauer, 1932 is less we11 known and is found in
Europe (Boev, 1975). Cysrocuulus ocreatus and M. capilluris commonly are found in
mixed lungworm infections in sheep and goats in Europe (Gerichter, 1951; Rose, 1955;
Boch and Numberg, 1962). There is an extensive literature on M. capillaris but less
information is available for C.ocreatus. These parasites are usually found in subpleural nodules, that are sometimes extensive. in h e obtuse margin of the diaphragmatic
lobes of the lungs (Rose, 1961; Sedlmeier et al., 1969). Both species have been
associated with pneumonia and decreased weight gains in domestic sheep (Rose, 1959;
Berrag and Cabaret, 1998). Muellerius capillaris has been reported in wild North
America bighorn sheep (Ovis canadensis) in South Dakota and in Colorado, USA
(Pybus and Shave, 1984 and Demartini and Davies, 1977, respectively). In Colorado,
this parasite was implicated in a die-off of wildcaught bighorn sheep kept in captivity
(Demartini and Davies, 1977).

2.2.2 The Elaphostrongylinae
The Elaphosuongylinae consist of the genen Parelaphosrrongylus Bow and
Schulz, 1950 and Elaphostrongylus Boev and Schulz, 1950. The parasites of chis subfamily live as adults in the musculature andlor central nervous system of their definitive
hosts, which are normally cervids. The genus Parelaphosrrongylus consists of 3
species which are reported only in North America The genus Elaphostrongylus
consists of 3 species that appear to have originated in Europe.
Parelaplrosrrongylus odocoilei (Hobmaier and Hobmaier, 1934) is a common
muscledwelling nematode described originally in mule deer (Odocoileihernionus
hemionus) and black-tailed deer (0.
h. columbimus) h m western North America. It

has also been found in naturally infected woodland caribou (Rangifer rarandrts caribou),
mountain goats ( O r e m u s hemionus) and most recently in Dall's sheep (Ovis dalli)
(Gray and Samuel, 1986; Pybus et al., 1984; Kucz et al., 2000~).Moose (Alces alces)
have been experimentally infected, but patent infections have not been established in
white-tailed deer (Odocoile~isvirginianits) (PIatt and Samuel, 1978; Pybus and Samuel,
1984b). Hemorrhage and a mild myositis are generally associated with the adults of P.
odocoilei and mild to severe interstitial pneumonia has been associated with the eggs and
larvae (Pybus and Samuel, 1984a).
Parelaphostrongylus andersoni Prestwood, 1972 is a muscle dwelling nematode
first detected in white-tailed deer. It has a disjunct distribution throughout the USA and
Canada. It is known in woodland and barren ground caribou (R. r. groenlandicus) in
Canada and was recently found in caribou from the northern Alaskan peninsula
(Lankester and Hauta, 1989; R. Zarnke, pen. comm.). Experimentally it can infect
mule deer, fallow deer (Dama duma), and probably moose (Pybus and Samuel, 1984b;
Lankester et al., 1990; Lankester and Fong, 1998)- As with P. odocoilei, P. andersoni
can cause hemorrhage, focal myositis and interstitial pneumonia (Pybus and Samuel,
1981). Clinical signs have been seen only in animals experimentally infected with
massive numbers of larvae (Nettles and Prestwood, 1976).
Parelaphostrongyhs renuis (Dougherty, 1945) is common in white-tailed deer
fromeastern Nonh America. Adult parasites occur most commonly in the cranial
subdural space and the venous sinuses of the cranium. Although it rarely causes
significant disease in white-tailed deer, P. tenuis can cause severe neurologicd disease
in moose, caribou, reindeer (R. I. rarandus), mule deer, wapiti (Cervus elaphus) and
fallow deer (Anderson, 1992). It has also been reported as a cause of neurological
disease in non-cervids including domestic sheep and goats, llamas (Llama glama), eland
(Taurotragus oryx), sable antelope (Hippotragus niger), and pronghorn antelope
(Antilocapra amen'canus) (Anderson, 1992).
Species of the genus Elaphostrongyius are parasites of the central nervous
system and skeletal muscles and occur primarily in cervids in Europe and Asia, but have
been uanslocated to New Zealand (E. cervi) (Mason and McCallum, 1976), and Canada
(E. rangiferi) (Lankester and Fong, 1989).
Elaphostrongylus rangferi Mitskevich, 1960 is common in reindeer in northern
Femoscandinavia and Russia and in caribou in Newfoundland (Mason and McCallwn,
1976; Lankester and Fong, 1989). Adult parasites are found both in the muscle
(primarily beneath the epimysium) and in the cenual nervous system, usually in the
arachnoid or subdud space over the spinal cord and brain (Lankester and Northcott,

1979; Hemmingson et al., 1993; Handeland, 1994). These parasites can cause severe
neurological disease as well as interstitial pneumonia (Roneus and Nordkvist. 1962:
Lankester and Fong, 1998). Natural infections are known in moose, domestic sheep
and goats (Handeland and Sparboe, 1991; Handeland, 1991; Lankester and Fong,
1998). and immature Elaphos~rongyl~is-Like
nematodes were recovered from the central
nervous system of ataxic muskoxen in northern Norway (Holt et al.. 1990). Because of
the severe outbreaks of clinical disease and mortality associated with E. rangiferi. it is of
great importance to consider this parasite in the management of reindeer and caribou.
There is an extensive literature on the biology and epidemiology of E. ranggeri, in an
environment similar to that in which U.pallikuukensis occurs.
Elaphosrrongylus cervi Cameron, 1931 can also cause severe neurological
disease and interstitial pneumonia in a variety of cervid hosts, but primarily red deer
(Cetus elaphus) (Kontrimavichus, 1975). It is found in the musculature and centraI
nervous system of these hosts from Europe, Asia and New Zeafand. The potential risk
of this parasite to Canadian cervids has resulted in strict importation regulations for red
deer entering Canada, as well as considerable research on irnrnunological tests and
molecular techniques to detect infections and to develop effective diagnostic tests to
differentiate among the Elaphostrongylinae (Gajadhar et al., 1994; Ogunrerni et al.,

1999).
Elaphosrrongylus alces Steea. Chabaud and Rehbinder 1989 is a recently
described elaphosuongyline known only in moose from Sweden, Norway and Finland
(Steen et al., 1989; Gibbons et al., 1991; Steen et al., 1998a). Adult parasites are found
immediately beneath the epimysium, in fasciae between muscle bundles, or in the
epidural space of the central nervous system. The parasite is known to cause neurologic
disease and has been associated with emaciation and death in moose (Steen and
Rehbinder, 1986; Steen and Roepstoff, 1990). Experimentally the parasite can establish
in reindeer, but natural infections have not been reported (Hdvorsen et al., 1989).

2.3 The life cycle of protostrongylids

2.3.1 General life cycle
Depending on the species, protosuongylids live as adults in the lungs, muscles
and fascia, or central nervous system. Adult parasites lay eggs which, for lung dwelling
protosuongylids remain in the lungs and, for tissue protosuongylids, are transported via
the bLood stream to the lungs. Eggs hatch in the lungs to first-stage larvae (L L), migrate
to the airways and are carried up the respiratory tree to the pharynx. They are then

swallowed and passed in the feces. Fit-stage larvae may be most common either
inside the fecal pellet (e.g., Prorosrrongylrrs spp.) or on the surface (e-g.,P. renrris)
(Forrester and Lankester, 1997b). Once in the external environment, L1 must contact
and infect a suitable gastropod intermediate host, within which they undergo 2 moults to
become infective third-stage larvae (L3). Infected gastropods, or perhaps L3 that have
left the gastropods, are ingested by the definitive host, probably accidently, and the L3
migrate from the digestive tract to their site of reproduction.

2.3.2 Parasite development in the definitive hosts
The route of L3 migration to the final site of reproduction may differ among
genera and even among congeners. A direct migration has been suggested for E. cervi,
whereas there is evidence for haematogenous spread for E. rangferi (Handeland, 1994;
Olsson, et al., 1998). For M. capillaris and C.ocrearus, migration appears to occur via
the lymphatics (Boev, 1975). Also, for some species (e.g., E. rangiferi), larvae may
migrate fmt to 1 anatomical location to mature (e.g., central nervous system) and may
then move to another location (skeletal muscles) to reproduce (Hemmingsen et al.,
1993).
The prepatent period is the time from when L3 are ingested to when L 1 are first
present in the feces. In the typical host this varies considerably among different
protostrongylid species, even within a genus. For example, the prepatent period of P.
odocoilei is 45-62 days but that of P. renuis is 82-137 days (Platt and Samuel, 1978;
Pybus and Samuel, 1984; Rickard et al., 1994). The prepatent period typically is
shorter for the lungworms (Muelleriinae)than the tissue worms (Elaphosuongylinae)
(Rose, 1959; Gerichter, 1951; Anderson, 1992). It may also be inversely related to the
dose of L3 (Platt and Samuel, 1978; Pybus and Samuel, 1984b; Rickard et al., 1994),
and may be extended when animals are infected with repeated low doses of L3
compared to with a single high dose (Prestwood and Nettles, 1977). Parasites in
atypical hosts may have longer prepatent periods (Platt and Samuel, 1978).
The patent period is the length of time Ll are shed after a single infection event.
This again differsamong protostrongylid species, but can be up to 5 (Cocreatus) or 6
years (P. odocoileQ (Boev, 1975; Pybus and Samuel, 1984a). Typically, after a single
infection event, the quantity of larvae shed per gram of feces (LPG)increases
logarithmically during the first 2 to 6 or 8 wk of patency and then, depending on the
species of protostrongylid, may plateau and then decrease (e-g., P. andersoni ) or may
remain relatively high, although somewhat erratic (e.g., P. odocoilea (Nettles and

Prestwood, 1976; Platt and Samuel, 1978; Pybus and Samuel, 1984a; Lankester and
Hauta, 1989). In nature there is evidence of an acquired immunity to some
protostrongylids (e.g., P. ten~risand P. andersoni) (Konuimavichuset al., 1976;
Slornke et al., 1995). but for other species little immunity seems to develop and
infections are cumulative over time (e.g., P. odocoilei and M. cnpilk(wis)(Boev, 1975:
Platt and Samuel. 1978).
Seasonal variations in larval production have been reported for most
protostrongylids in naturally infected hosts. For E. rangferi in reindeer an increase in
LPG is seen in bulls during the rut, and cows from January until July (Halvorsen et al.,
1985). Increased larval production associated with stress (e.g., parturition), has been
reported for Protosrrongylus spp. in bighorn sheep (Forrester and Senger, 1964; Uhazy
et id.,1973) and maximum LPG of P. odocoilei from mule deer is observed in March
and Apnl (Samuel et al., 1985).
2.3.3 Protostrongylid development in the environment

2.3.3.1 Survival offirst-stagelarvae
Depending on environmental conditions, L1 of protostrongylids may survive in
the environment for extended periods (Rose, 1957; Beresford-Jones, 1966: Lorenuen
and Halvorsen, 1986). Resistance to different environmental extremes may differ
among species and may account for, or be a response to, the different geographic
locations in which the various species are found (Shostak and Samuel, 1984: Cabaret et
al., 1991;Morrondo-Peiayo et al., 1992; Diez-Banos et al., 1993). First-stage larvae
survive Ionger in water than if desiccated, and longer at constant cool temperatures than
at fluctuating temperatures, particularly repeated freezing and thawing. Survival
generally increases with decreasing temperatures (Forrester and Senger, 1963: Sbostak
and Samuel, 1984) and, when L1 of E. rangifen' are maintained frozen in feces or water
for 360 days there is no decrease in survival (Lorentzen and Halvorsen, 1986). The
type of vegetation on which feces are deposited also affects the survival of the L1 (DiezBanos et d., 1993). Exposure of Ll to various environmental conditions is not,
however, without consequences. Although L1 may survive adverse conditions, the
subsequent infection success in gastropods may be reduced (Shostak and Samuel, 1984;
Morrondo-Pelayo et al., 1992).

2.3.3.2 Infection of gastropods
Larvae typically enter gastropods by actively penetrating the superficial
epithelium, usually in furrows of the foot tissue, but have also been reported entering
the mantle and antennae (Kassai, 1958; Platt and Samuel, 1984; Samson and Holmes,
198%; Rezac et al., 1994). Although less common, passive entry whereby larvae are
ingested by the gastropod is known or suspected (Anderson, 1963; Platt and Samuel,
1984; Samson and Holmes, 1985b; Rez2c et al., 1994) and may represent a less
energetically costly method for entering the intermediate host (Samson and Holmes,
1985b).
The rate and success with which L1 infect gastropods may vary depending on
the environment, the L I, and the gastropods. In the laboratory, infection rates depend
on many environmental factors such as the substrate on which larvae and gastropods are
placed during infection, moisture content of the substrate (the larvae are probably
dependent on a thin layer of moisture to move effectively), size of exposure chamber,
density of L1, temperature, and exposure time (Lankester and Anderson, 1968;
Sauerlander, 1979: Skorping, 1982, 1985; Rezac et al., 1993). Characteristics of the
L1, such as age and conditions under which they have been maintained (see section
2.3.3.1) will also affect infection rates (Lankester and Anderson, 1968; Skorping,
1982, 1985). Finally, the gastropods themselves critically influence infection rates. In
the laboratory, species of gastropods differ in their susceptibility to various species of
protosuongylids (Gerichter, 1948; Kassai, 1958; Lankester and Anderson, 1968;
Solomon et al., 1996). Within a species, the age, size, and activity of individual
gastropods, as well as the quantity and quality of mucus produced, may influence
infection rates (Skorping, 1985; Cabaret, 1987; Rezac et d., 1993; Manga-Gonzalez and
Morrondo-Pelayo, 1994).
Larvae are often aggregated in a few individual gastropods within a population.
even after identical laboratory infection procedures (Kassai, 1958; Skorping, 1985).
Similar aggregation has been observed in field collections (Lankester and Anderson,
1968; Maze and Johnstone, 1986).
2.3.3.3 Factors &ecting development in gastropods
Development of larvae in intermediate hosts depends on several factors. F i t ,
development cannot occur in all species of gastropods; there is a continuum of
suitability. Some gastropods will not support development at all, in other species
development occurs, but at a slow rate, and yet in other species, larvae develop rapidly

(Gerichter, 1948; Lankester and Anderson. 1968; Manga-Gomalez and MomndoPelayo, 1994).
Environmental temperatures significantly affect the rate of Iarvai development for
protostrongyiids in intermediate hosts. Typically, there is a linear relationship between
deveIopment rate and temperature, although at the extremes the curve tapen (Halvorsen
and Skorping, 1982). At the lower end of the temperature range there is a theoretical
threshold below which minimal detectable development occurs. Fit-stage larvae of
Protostrongylus spp. in gastropods maintained below this threshold for extended
periods of time will, however, develop more quickly than expected when subsequently
placed at temperatures above the threshdd (Samson and Holmes, 1985b). At higher
temperatures, development may reach a maximum rate not increased by further increases
in temperature (Halvorsen and Skorping, 1982). The temperature thresholds differ
among species of the Protostrongylidae and among species of intermediate hosts (Rose,
1957; Halvorsen and Skorping, 1982; Samson and Holmes, 1985b). Gastropod age
and size, physiological condition, nutritiond status and infection intensity aIso influence
rates of larval development (Lankester and Anderson, 1968; Skorping, 1984; Solomon
et al., 1996).
2.3.3.3 Prorostrongylids in naturally infected intermediate hosts

The prevalence and intensity of infection of wild gastropods with
protostrongylids is generally low (prevalence < lo%, intensity usually 1-5 larvae, but
up to 97) and varies depending on the parasite species, definitive host population
densities and habitat use, time of year, climatic conditions, habitat types, and gastropod
species, density and f fe history traits (Lankester and Anderson, 1968; Samuel et al.,
1985; Maze and Johnstone, 1986; RowIey et al., 1987; Kralka and Samuel, 1990;
Berrag and Urquhart, 1996; Lankester and Peterson, 1996). The seasonal patterns of
ImaI occurrence in gastropods may differ depending on parasite species and geo,wphic
iocation, or more specifically,climate (Samuel et al., 1985; Berrag and Urquhart,
1996). For some protostrongylid species intensity of infection of gastropods may not
vary during the summer season (Kraka and Samuel, 1990).
2.3.3.5 W emergence

The phenomenon of emergence of L3 from gastropod intermediate hosts has
been reported anecdotally for some species of protostrongylids. Emerged L3 of P.
boughroni were infective to a domestic rabbit, but this mode of transmission was not

considered significant for the epidemiology of this parasite (Kralka and Samuel, 1984).
In contrast, some authors have considered emergence of L3 to be imponant in
transmission of Cystocaulus spp. and Muellerius spp. (Boev, 1975). There are no
published repons of L3 emergence among the Eiaphostrongylinae, but it has been
observed for P. odocoilei originating from Ddl's sheep (S. J. Kutz, unpubl. data).
Factors affecting L3 emergence and the patterns of emergence have not been investigated
in detail.
2.3.4 Protostrongylid transmission

Transmission of protostrongylids typically occurs when definitive hosw ingest
gastropods containing infective L3, If emergence of the L3 is discounted, transmission
is dependent on the temporal and spatid overlap of infected gastropods and definitive
hosts. The availability of L3 within intermediate hosts is influenced by seasonality of
L 1 production and habitat use by definitive hosts (environmental contamination),
intrinsic development characteristics of the parasites in gastropods, life span of
intermediate hosts. and c h i t i c conditions (Samuel et al., 1985). Detailed
investigations of some protostrongylid host-parasite systems, considering many of these
facrors, have Ied to predictions of the most probable season andlor location for
transmission to occur (Hdvorsen et al., 1980; Samuel et al., 1985). A second mode of
transmission is transphcental, which has been confumed only for Protosrrongyliis spp.
of bighorn sheep (Hibler et al., 1972, 1974; Gares and Samuel, 1977; Kistner and
Wyse, 1979).
2.4 Discovery U. pallikuukensis
2.4.1 Hoberg et al., 1995

The discovery of C/. pallikuukensis, an exceptionally Large, conspicuous
nematode in a Iarge, economically and culturally important arctic ungulate, was
surprising. Description of the parasite in 1995 demonstrated that U.paliihukensis is an
unusual parasite apparently thriving in a unique host in the Arctic. Hoberg et al, (1995)
raked many questions and hypotheses with respect to the on@, life cycle and
geographic distributionof this parasite as well as its significance to the infected muskox
population, other uninfected muskox populations, and other arctic ruminants.

2.4.2 Brief overview of thesis
A series of integrated experiments was designed to provide basic and, ar times,

more detailed information on the life cycle of U.pallikrrztkensis and factors influencing
its development, transmission, and geographic distribution in the arctic environment.
In Chapter 3 aspects of the life cycle of U.pallikrrrtkensis, including prepatent
and patent periods, and patterns of larval shedding are described. The adult pansite
populations in the lungs are characterized and the pulmonary pathology is described.
In Chapter 4 the use of standard radiography to examine lung pathology and cyst
characteristics in live muskoxen is described. Standard radiography and computed
tomography are then used to investigate the parasitic lesions at post mortem.
In Chapter 5 the phenomenon of emergence of L3 from the intermediate hosts is
addressed. Patterns of emergence from 3 different intermediate host species in the
laboratory are described and observations on L3 emergence in the field and the
significance for parasite transmission are discussed.
In Chapter 6 a detailed description of the larval stages in the intermediate host is
presented, identifying morphological and morphornetric changes in larvae as they
develop from L1 to L3. In addition, the effect of temperature on development rates is
determined in 2 intermediate host species and the threshold temperatures and degreedays required for development to L3 are calculated for both species. This provides the
basis for comparison of larval development patterns, threshold temperatures and thermal
constants among examples of the Muelleriinae and Elaphostrongylinae.
In Chapter 7 the use of an enclosure system to examine development of U.
pallikuukensis on the tundra is described. Larval development rates in the Arctic are
compared to those predicted on the basis of a variety of temperatures (microhabitat and
air) and on the temperature thresholds and degree-day requirements established in
Chapter 6. Larval emergence and overwinter survival of larvae in dugs and subsequent
larval deveIopment are also examined.
In Chapter 8, the gastropod fauna on the mainland near Kugluktuk, Rae River
and Basil Bay, and on Victoria Island near Simpson Bay, is surveyed to gain insight
into one of the factors which may affect the geographic distribution of U.
pallikuukensis. The various gastropod species recovered are exposed to L1 of U.
pallikuukensis to determine their suitability as intermediate hosts.
In Chapter 9, the findings from the previous chapters are integrated to develop a
descriptive model for the seasond pattern of development and transmission of U.
pallihtukensis in the Arctic. In addition, hypotheses for the apparently limited
geographic distribution are presented. Unanswered questions related to U.

pallik~urkensisare discussed and directions for future research are suggested. Finally,
the significance of this research with respect to the investigation of parasites under
changing climatic conditions is discussed.

3. EXPERIMENTAL INFECTIONS OF MUSKOXEN (0VIBOS
MOSCHATUS) AND DOMESTIC SHEEP WITH
UMINGMAKSTRONGYLUS PALLIKUUKENSIS (NEMATODA:
PROTOSTRONGYLIDAE): PARASITE DEVELOPMENT, POPULATION

STRUCTURE, AND PATHOLOGY

3.1 Abstract

Three muskoxen and 2 domestic sheep were experimentally infected with thirdstage larvae of U.paflikuukensis derived from the slugs Derocerm reticulatwn and
Derocerus laeve. The course of parasite development and patency was foilowed up to
26 mo post-infection (PI)using fecal examinations and radiography. The prepatent
period in muskoxen was 9 1- 97 days and the patent period extended to the time of
euthanasia, 14 and 26 mo PI. Larval production peaked 13-14mo PI. At post mortem
of I muskox on day 97 PI not all adult parasites were within typical pulmonary cysts; 2
were found free in interIobuIar septa. By 14 and 26 mo PI, adult parasites were found
only within cysts. Cysts were randomly distributed between Iefi and right lungs in 2
muskoxen. Dimensions of cysts were positively correiated with the number of aduit
parasites they contained. Lung pathology appeared localized and was associated with
adult nematodes. Adult parasites did not establish in sheep. Patterns of parasite
development, patency and pathology associated with U.paliikuukensis differ
considerably h m other lung-dwellingprotostrongylids.

3.2 Introduction
In 1988 pulmonary cysts containing protostrongylid lungworms were found in
muskoxen (Ovibosmoscharus ) from a population west of Kugluktuk, Northwest
Territories, Canada, 67O54'N, 116'38'W (Gum and Wobeser, 1993). This constimced
the 6rst definitive repon of protosmngylids in bovidae from sub-arctic and arctic North
America (Goble and Murie, 1942; Bow, 1975). Subsequent surveys, based on

examination of lungs from this population in 1989 and 1990, demonstrated a prevalence
of these lungworms of 92% in adult muskoxen and a maximum intensity of 258 cysts in
a single animal (Gunn and Wobeser, 1993). Coincident with the discovery of the
parasite there was an estimated 50% decline in this muskox population from
approximately 1800 muskoxen in 1988 to approximately 970 in 1994(Fournier and
Gunn, 1998). The role of this parasite in the host population decline is not known, but
the high prevalence and intensity of infection, together with preliminary histopathologic
evaluations, indicated that it may have a deleterious effect on infected muskoxen.
Hoberg (1997) suggested that the apparent recent emergence of this nematode may
represent the response of an indigenous parasite to changing ecological or climatic
conditions.
Adult nematodes were collected fiom muskoxen tiom the affected population
and described by Hoberg et al. (1995),establishing a new genus and species,
Umingmaksrrongylus pallikuukensis Hoberg Polley Gunn and Nishi, 1995,
MorphoIogically, specimens of U.pallikuukensis are most similar to those of species in
the genus Cystocaulus Schulz Orlov and Kutass, 1933. Results of phylogenetic
analysis at the generic level within the Protostrongylidae place Umingmaksrrongylus +
Cystocaulus as the sister-group of the genus Muellerius Cameron, 1927 within the
subfamily Muelleriinae {Cartenoand Hoberg, 1999).
Umingmakstrongyf~pallikuukensis is remarkable among the Muelleriinae.
Reproductively active adult parasites are exceptionally large, with females in excess of
47 cm in length. The adults live in cysr up to 40 mm in diameter in the lung
parenchyma of the muskoxen (Hoberg et al., 1995). In the laboratory Hoberg et al.
(1995) demonstrated that first-stage larvae (Ll)of U.paliikurckensis develop to thirdstage larvae (L3)in the slug Deroceras reticulanrm Miiller. The life cycle was thought to
be completed when infective L3 were ingested by muskoxen and subsequently
established in the lungs (Hoberg et al., 1995).
The objectives of the research reported in this chapter were to: (1) complete the
life cycle of U.pallikuukensis in captive muskoxen; (2) describe the pathology and
population structure of adult parasites in the lungs; (3) determine whether L3 that
spontaneously emerged from gastropods were infective to muskoxen; and (4) determine
whether this parasite could develop to maturity in domestic sheep (Ovisaries). This
work constitutes a component of a broader investigation of the biology, distribution and
significance of U.pallikuukensis in the Canadian Arctic.

3.3 Materials And Methods
The life cycIe of U.pallikuukensis was studied under laboratory conditions at
the Western College of Veterinary Medicine, Saskatoon, Canada Gastropods were
infected with Ll and 3-6 wk later L3 were recovered from these gastropods and given to
muskoxen and sheep in an attempt to complete the life cycle (Table 3.1).

3.3.1 Infection of gastropods
The slugs D.reticulum and D.laeve were used as experimental intermediate
hosts (Table 3.1). They were obtained from protostrongyIid-free Iaboratory cultures
established at the Centre for Animal Parasitology, Canadian Food Inspection Agency,
Saskatoon, Saskatchewan, and a composting box in Ottawa, Canada (D. reticulanun)
and from a greenhouse in Saskatoon (D.&eve). Deroceras laeve is the only slug
reported from the North American Arctic (Moziey, 1937; Pilsbry, 1946, 1948; La
Rocque, 1953) and had previously been observed in the KugIuktuk region (J. Nishi and
G. Wobeser, pen. cornrn.).
Gastropods were infected as described by Hoberg et al. (1995).Exposure to L1
was repeated daily for 1-5 days during which period each slug was exposed to a
maximum total of approximately 2000 Ll. Between successive and after the last
exposure, gastropods were housed overnight in dean plastic containers with water,
lettuce and carrots. The day following the fmal exposure, slugs were transferred to an
autoclaved, moistened 5050 soiVvermiculite mixture in Rubbermaid@containers (8 cm
by 20 cm by 34 cm). They were maintained at room temperature (20C +/-2C)and fed
washed lettuce, carrots, potatoes and chalk on a weekly basis.

3.3.2 Recovery of third-stage larvae
Two methods were used: (1)recovery of L3 from the slugs by artificial digestion at 2438 days post-infection (PI) as d e s c n i by Hoberg et al. (1995);
and (2)recovery of L3
that had spontaneously emerged from the slugs. To recover emerged L3,gastropods
were transferred h m the Rubbermaid@containers to moistened petri dishes containing
carrots and lettuce beginning approximately 7-14 days PL Every 2-5 days, the internal
surface of each dish was examined for larvae using a dissecting microscope. At the
same time the food material from each dish was suspended in wam tap water at 30 C+/5 C in glass funnels (75 mm inside diameter (id) and 77 mrn stem, 145 mrn tom1 height)
at room temperaturein tight. After 1624 hr the sediment was examined for larvae.

Larvae recovered were held in tap water at 4 C for up to 24 hr (digested larvae),or 18
days (emerged larvae) before being used for experimental infections. With both
techniques for larval recovery, L3 still within the second cuticular sheath and those that
had shed the sheath were used to infect muskoxen and lambs.
3.3.3 Experimental infections of muskoxen and lambs
Animals: Three muskoxen from the Western College of Veterinary Medicine
Muskox Research Herd and 2 Dorset-cross lambs from a commercial farm near
Saskatoon were used (Table 3.1).
Baermann examinations (Gajadhar et al., 1994) and routine fecal flotations
(Foceyt, 1994) were performed on the feces of each animal during the 2 wk preceding
experimental infection. AU animals were negative for protosttongylid Ll as determined
by Baermann examinations. Eggs of Trichuris sp., Nemtodirus sp. and other
trichostrongylids were found on the flotations in the feces of Muskox 2. This animal
was treated with a single oral dose of fenbendazole (10 mgtkg) (Panacur suspensionm,
Hoechst Roussel Vet) 11 days before infection.
Animals were housed indoors according to Canadian Council on Animal Care
Guidelines (Olfert et al., 1993). Muskoxen were fed an alfalfa brome or mixed grass
hay ad libitum as well as 500 grams of specially formulated muskox pellets (University
of Saskatchewan Feedmill) and 250 grams chopped oats daily. Lambs were fed alfalfa
pellets and an autoclaved mixed grass hay. Salt blocks and water were available ad
libitum Unconsumed feed and unexarnined fecal wastes from the pens were
incinerated.
Infection with U. pallikuukensis: Animals were given L3 suspended in 20 ml
tap water by gastric tube, followed immediately by a minimum of 120ml water and 60
ml air. Muskox 1 received a second dose of approximately 220 emerged L3 96 days
after the initial infection. All other animals were infected only once (Table 3.1).
Throughout this chapter results for Muskox 1 are reported as days or months after the
fmt infection. Clinical monitoring consisted of daily observations as well as
hematology (complete blood counts and total body chemistries) and thoracic radiographs
approximately every 2-3 mo.

3.3.4 Monitoring parasite development
Fecal examinations began on days 16,45 and 63 PI for muskoxen 1.2 and 3.
respectively. Feces irom Muskox 1 were examined every 1-2 days until patency; from
Muskox 2 weekly until day 75 PI, then daily until patency; and from Muskox 3 every 710 days from days 63 to 89 PI, then daily until euthanasia on day 97 PI. Following
patency, fecal larval output was quantified weekly or bi-weekly until months 19 and 15
PI in muskoxen 1 and 2, respectively. Feces of Muskox 1 were sampled irregularly
from months 20-25PI and larval output was again quantified during month 26 PI.
Feces from Lamb A were examined daily from day 9 PI until euthanasia and from Lamb
B every 1-2 wk irom day 60 PI until euthanasia.
During the prepatent periods, feces voided by an individual animal over a 24 hr
period were pooled and a minimum of 3, but usually 6-9, subsamples were examined.
The Baermann technique was used, modified as follows: 20 to 30 grams of feces were
lightly crushed (squeezed once between the thumb and forefinger) and suspended in a
plastic strainer (I10 mm id, mesh size 1 mm)containing 2 layers of cheesecloth, and
placed in a glass funnel (144mm id., 100 mm stem, 225 mm total height) with an
attached tube and clamp; the funnel was filled to the brim with warm tap water (30 C+/5 C) and samples were left at room temperature with the lights on; after 16 to 24 hr, 40
to 50 ml of fluid were drawn from the stem of the funnel, centrifuged 10 min at 1500
rpm and all the sediment was examined for Ll in a scored petri dish.
Following patency, all feces voided by each animal during a 24 hr period were
collected and mixed. Three 10 gram samples were removed, the fecal pellets in each
sample counted and all 3 samples examined using the modifled Baermann technique
described above. At fmt, larvae were quantified by examining all the sediment from
each of the three samples from each animal. As larval numbers increased, larvae in 3
0.01 rnl (Muskox 1)or 0.1 rnl (Muskox 2)aliquots from the suspended sediment in
each funnel were counted. From these counts, the mean number of larvae per gram
(LPG)wet feces in each 10gram sample was calculated. The LPG for the 24 hr period
was calculated from the means of the 3 10 gram samples and the monthly LPG reported
is the mean of the daily counts performed within the specified month.
For Muskox 1, LPG of dry feces was determined from months 16-26f I by
drying (48 hr at 70 C) 2 10 gram samples from the pooled feces collected on a single
day for larval counts. To avoid variation in dry weight due to different pellet sizes, the
10gram samples to be dried contained the same number of pellets as the wet samples.
Daily fecal output from Muskox I was measured over 5-24 hr periods during month 26
PI (April 1997).

3.3.5 Post mortem examination
Muskoxen: AnimaIs were euthanized using intramuscular xylazine
hydrochloride (Rompun", 20 mglml, Haver/Mobay) followed by intravenous sodium
pentobarbital (Euthanyl-Fortee, 50 mgtrnl, MTC). At postmortem a gastric tube was
tied into the trachea of muskoxen 1 and 2, the lungs were inflated and the tube clamped
closed. The inflated lungs from Muskox 1 were examined within 3 hr of death by
computed tomography (Cr),those of Muskox 2 were examined radiographically. A
post mortem bronchial wash was performed on Muskox 3. Details of the CT
.
examination have been reported elsewhere (see Chapter 4 and Kutz et al., 1999a).
The h s h lungs of all 3 muskoxen were carefully examined by dissecting along
the bronchi and removing overlying pulmonary tissue in strips 3-5 mm thick. Each strip
was meticulously examined both visually and by palpation. All lung tissue from each
animal was examined in this way during the 48 hr following euthanasia. Cyst location
was noted for Muskoxen 1 and 2 and then the cysts were removed and classified by
palpation as soft or mineraIized. For Muskox 1, because of initial difficulty in
accurately defining the separation between the right apical and middle lobes, data for
cyst location from these lobes were combined. Cyst locations were not recorded for
Muskox 3. Cyst Iength and width were measured, and the mean of these 2
measurements was used as the cyst diameter. The cyst volume was then calculated
using the formula for volume of a sphere. All cysts from Muskox 2 were measured and
dissected while only subsets of cysts from muskoxen 1 and 3 were examined.
An attempt was made to recover intact adult parasites and to characterize the
parasile population w i t . each cyst examined. The walls of some cysts were carefully
incised and the entire cysts then placed in saline at 37 C for 10 m h to several hours to
encourage movement of adult parasites from the cysts. The total number of adult
parasites recovered from all cysts in Muskox 2 was counted In muskoxen 1 and 3,
however, where only subsets of cysts were dissected, the mean number of parasites per
cyst was multiplied by the total number of cysts physically recovered from the lungs to
estimate the total adult parasite population. Intact adult parasites recovered were
measured to &tennine totaI length while alive and then preserved in steaming 70%
ethanoI/5% glycerine. Parasite fragments were similarly fixed, but at room temperature.
Cysts were dissected up to 5 days after euthanasia at which point the parasites began to
deteriorate and could not be removed whole. Morphometric data and descriptions of
structural characters for adult parasites recovered at days 97,441 and 79 1 PI were
compiIed but are not incIuded in this thesis.

Intact cysts from muskoxen 1 and 3 were fixed in 10% formalin, embedded in
pafin blocks, stained with Hematoxylin and Eosin, Masson's Trichrome, Perl's
Prussian Blue Reaction Stain, Von Kossa and periodic acid-Schiff s reagent and
examined histologically (Lillie, 1965; Carson, 1990). Eleven cysts from Muskox 1
were submitted for bacteriological examination.
To estimate the mean proportional volume that each of the 5 lung lobes
contribute to the total lung volume of an adult muskox the lungs of 5 hunter killed wild
adult animals were dissected and the lobes weighed individually.

Lambs: Complete post mortem examinations were performed on both lambs.
Lung and hepatic lesions detected macroscopically were fixed in 10% formalin,
embedded in paraffin blocks and stained with Hematoxylin and Eosin, Von Kossa and
periodic-acid Schiff s reagent and examined histologically (Lillie, 1965; Carson, 1990).
Statistical analyses were performed using StatViewTMSE + Graphics (Abacus
Concepts Inc., 1988),Zar, 1984 and Siege1 and Castellan, 1988.

3.4 Results

3.4.1 Monitoring parasite development

- mnskoxen

Fit-stage larvae were first recovered from feces of muskoxen 1 and 2 on days
95 and 9 1 PI, respectively, and were shed up to the time of euthanasia at days 791 and
441 PI (Table 3.2). No larvae were found in the feces of Muskox 3,but gravid aduIt
female worms, eggs and L1 were recovered by dissection of some cysts at post mortem
on day 97 PI.
First-stage larvae were recovered from all fecal samples examined tiom
muskoxen 1 and 2 following patency. Numbers of larvae began to increase 3-4 mo
following patency, and peaked 13-14mo PI (Fig. 3.1). Changes in larval numbers
associated with the second infection of Muskox 1 were not apparent. The maximum
mean monthly L1 production by Muskox 1 was 5942 LPG (SD +I-2419)during month
13 PI (March); the daily maximum of 8953 LPG (SD +/- 3268)occurred within this
month on day 391 PI. The maximum mean monthly Ll production from Muskox 2 was
39 LPG (SD +/- 28)during month 14PI (May); the daily maximum of 7 1 LPG (SD +/12)also occurred within this month on day 414 PI. Larval production per gram of feces
dry weight from Muskox 1 was approximately twice that of the LPG wet weight.

Table 3.2:
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Figure 3.1. Mean monthty production of Umingmakstrongyluspallikuukensis firststage Iarvae by muskoxen 1 and 2. Larvae per gram (LPG)are based on wet mass of
feces (Error bars = 1 SD).

Muskox 1 produced an average of 880 grams fecdday wet weight (SD +/-164)
over 5 24 hr periods in April 1997- Based on a mean count of 1872 LPG (range 7003898)recorded during this month (26 mo PI), a mean of 1,647,360L1 (range 6l6,OOO3,430,240)were shed in the feces of this animal each day.
Lesions attributable to U.pallikuukensis were visible radiographically in
muskoxen 1 and 2 by days 191 and 178 PI,respectively (Fig. 3.2). There was an
increase in the number of lesions detected radiographically between days 19t and 252 PI
in Muskox 1. Lesions increased in size from days 252 to 415 PI but there was little
subsequent change in size by day 789 PI. Radiographic changes consistent with
lungworm infection were not apparent in Muskox 3 immediately prior to euthanasia on
day 97 PL Radiographic findings have been described in more detail elsewhere (see
Chapter 4 and Kutz et al., 1999a)-No abnormalities specific to the lungworm infection
were found in the complete blood counts, full body chemisby panels, or physical
examinations of any of the animals.
3-4.2

-

Post mortem examination muskoxen

Lesions of parasitological significance in the muskoxen were iirnited to the
lungs. Cysts of U.pallikwkensis contained apparently viable parasites and there was
no gross evidence of mineratization.
Cyst distn'butio~The majority of cysts were found deep in the lung
parenchyma with only 24 of 183,l of 16,and 0 of 13 cysts visibk at the lung surface

of muskoxen I, 2 and 3,respectively (Figs. 3.3-3.5). On gross dissection, most cysts
in muskoxen I and 2 were located centrally in the lung parenchyma and adjacent to
bronchi. The cyst distributionswere confirmed by CT examination (Fig. 3.6) (Kutz et
al., 1999a). Cysts were found in all lung lobes of Muskox 1 but only in the
diaphragmatic lobes of Muskox 2 (Table 33). In both animals they were distributed
randomly between left and right sides of the lungs (Muskox 1, Chi-square = 0.9L 1, df =
1, E = 0.3398;Muskox 2, Chi-square = 0.206,df = 1, E = 0.6496)and in Muskox 1
randomly among the lobes of the Ieft lung (Chi-square = 0.59,df = 1, E = 0.4424). In
the right lung of Muskox 1 there were more cysts in the apicaVmiddle lobe and less in
the diaphragmatic lobes than would be expected based on estimated lung volumes (Chisquare = 1 1.403,df = 2,E = 0.0033).

Figures 3-5. Cyst of Umingmaksrrongykis pallikutrkensis from Muskox 1 at day 79 1
post-infection.
Figure 3.3. Lateral view of left lung showing 5 cysts (arrows) beneath the pleural
surface.
Figure 3.4. Close up of 3 subpleura1 cysts (mows) from Figure 3.3. Bar = 10 mm.
Figure 3.5. Cross-section of the lung showing a typical cyst of U.pnlliktirrkensis
containing adult parasites (long mow) surrounded by the cyst wall (short arrow). Bar
= 5mm.

Figure 3.6. Tracing from a post mortern computed tomographic scout film of the
lungs of Muskox I showing the distribution of cysts of Umingmakstrongylus
pallikuukensis. Not all cysts are visible in this film.

Cyst characteristics: Ail cysts in muskoxen 1 and 2 had tough, gray, well
defined walls. In Muskox 3 not ail parasites were in discrete cysts: 1 male and 1 femaie
were found unencapsulated in different locations within interlobular septa. Relative to
muskoxen 1 and 2, cysts in Muskox 3 were considerably smaller with poorly defined
walls. The cysts and individual parasites in Muskox 3 were extremely difficult to locate
and this precluded analysis of the adult parasite associations in this animal.
With the exception of a single empty cyst in Muskox 1, all cysts examined in
muskoxen 1 and 2 contained at Ieast I mde, I gravid female, eggs and larvae. The ratio
of female to male parasites is presented in TabIe 3.2. Among the 22 cysts examined
from Muskox 1, 10 contained more females than males, 2 more males than females, and
10 the same number of males and females. In Muskox 2 all cysts recovered were
examined. None contained more females than males, 5 had more males than females,
and 11 had the same numbers of males and females. In Muskox 3, of 5 parasitic foci
examined, there were none with more females than males, 1 cyst with more males than
females, 2 cysts with the same number of males as females, and 1 single male and 1
single female (not in cysts). The median number of nematodes per cyst was
signf~cantlygreater in Muskox 1 than 2 (Table 3.2) (Wilcoxin-Mann-Whitney test, =
0.0148). A strong positive correlation between cyst size and number of parasiteskyst
was observed in muskoxen 1 and 2 (Fig. 3.7) (Muskox 1, n = 22, t=0.650, E c
0.001; Muskox 2, n = 1 3 d = 0.636, E c 0.002). When mean cyst size was compared
for cysts containing 2 parasites there was no difference at P c 0.05 between rnuskoxen 1
and 2 (df = 12, t = 1.77, E = 0.102). The sample sizes for cysts containing 3-6
parasites were too small for statistical comparison.

Hisropatholqy: Lung tissues containing parasitic lesions from muskoxen 1 and
3 were examined histologically. The most significant lesions were restricted to areas
containing adult U.pallikruckensis. Results will be presented in chronological order
based on age of infection.
In Muskox 3 on day 97 PI, 2 separate Iung sections containing adult parasites
were examined histologically. In the first there were 2 groups of cross sections through
a parasite(s) separated by a few alveoli (Fig. 3.8). One of these groups was near an
interlobular septum, the second near a bronchioIe. It was not possible to determine
whether these 2 groups of parasites were a single nematode spread across several alveoli
or 2 or more individual parasites. The alveoli were distended by the parasites and there
was mild hemorrhage into the alveoli and mild
of surrounding alveolar septa
with neutrophils, lymph~xytesand few eosinophils. The adjacent bronchiole was

2

3
Number of adult parasites

Figure 3.7. Relationship between cyst size and adult Umingmaksrrongylus
pallikuukensis populations in muskoxen I and 2. Numbers within bars represent the
number of cysts examined.

-

Figures 3.8 3.10. Histological sections from the lungs of Muskox 3 at day 97
post-infection.
Figure 3.8. Two groups of nematodes in cross-section; 1 adjacent to an interlobular
septum (arrow), the other to a bronchiole (arrowhead). Bar = 500 pm.
Figure 3.9. Nematodes (arrowheads) surrounded by numerous inflammatory celIs
(a). Bar = 500 pm.
Figure 3.10. Male (mow) and female (arrowhead) nematodes. Eggs are visible
within the female (thin arrow). Bar = 200 pm.

surrounded by a moderate infiltration of macrophages, eosinophils, lymphocytes and
fibroblasts. The lumen of the bronchiole appeared normal. Neither eggs nor larvae
were present in this section.
There was considerably more inflammation in the second section examined.
Cross-sections of at least I male and 1 female nematode were surrounded by numerous
inflammatory cells (Figs. 3.9 and 3.10). These nematodes and the surrounding reaction
extended from adjacent to a bronchiole to the pleura. Nematodes appeared larger than
those in the lesion descn'bed above and eggs were present in at least I fernde. No free
eggs or larvae were visible in the section. There were many eosinophils, macrophages,
lymphocytes and a few plasma cells immediately surrounding the nematodes. Adjacent
alveoli were fdled and often obliterated by macrophages and lymphocytes. Moderate
fibroblast infiltration and mild to moderate multifocal hemorrhage were present
throughout the lesion. Several foci of dense lymphocyte accumulation were present and
many rnacrophages contained hemosiderin.
Cysts from Muskox 1 at day 791 PI were better defined and less variable than
those in Muskox 3 at day 97 PI. Four cysts were examined histologically, 3 associated
with the pleura and 1 deeper in the parenchyma; histological lesions were similar in all 4.
Most of the lung pathology was localized to the cysts. These typically contained
a densely packed core of adult nematodes, eggs and L 1 (Fig. 3.1 I). A matrix of
macrophages, fibroblasts, capillaries and remnants of alveolar walls extended among the
nematodes. There were occasional foci of mineralization that were not detected
macroscopically. There were degenerating larvae in some cysts, but no evidence of
degeneration of the adult parasites. A wall of macrophages, multinucleated giant cells,
fibroblasts, lymphocytes, plasma cells and a few eosinophils surrounded the central core
of each cyst and separated the adult parasites from adjacent lung tissue. Many of the
macrophages contained hemosiderin. Alveoli and compressed bronchioles, several of
which communicated directly with the core of the cyst, were present throughout the wall
and often contained L1 (Fig. 3.12). In 1 cyst a section of an adult worm appeared
incorporated into the inner layer of the wall. M u l t i f d , moderate hemorrhage was
present within the core ofthe cyst and the surrounding wall.
Several of the parasite-associated cysts completdy med the lung lobules in
which they were located. Often the surrounding interIobular septa and adjacent lobules
were compressed or distorted but there was no evidence that the cysts invaded these
adjacent lobules. In cases where cysts did not occupy the entire lobule, there was often
moderate inflammatory cell infiltration throughout the remaining area of the I W e . The
lung parenchyma adjacent to the lobules containing cysts was generally unaffected

although there were occasional L1 present in the bronchioles and alveoli. Surrounding a
minority of these L1 were multinucleated giant cells and infiltrations of lymphocytes and
eosinophils. In the same areas mild increases in bronchiole-associated lymphoid tissue
were observed, but the lumina of the airways appeared nonnd. Small, multifocal
accumulationsof inflammatory cells in the parenchyma were not always associated with
identifiable larvae.
Bacteriology.. No bacteria of clinical significance were isolated from the cysts
with either anaerobic or aerobic cultures in enrichment broths.

3.4.3 Monitoring parasite development

- lambs

First-stage larvae were not recovered from any of the Baemann examinations of
feces from either of the lambs ante mortem. No clinical, radiological or hematological
abnormalities consistent with parasite infection were observed.

3.4.4 Post mortem examination

- Iambs

No parasites were recovered from the experimentally infected lambs at post
mortem on days 78 and 187 PI. h Lamb A there were 7 €inn,white foci, 1-7 mm
diameter, in the subpleural regions of the left diaphragmatic lobe and right apical and
middle lobes. In the liver there was a fm white 3 mm diameter, irregularly shaped
lesion which extended into the liver parenchyma In Lamb B there were 2 fm white 3
mm diameter subpleura1lesions on the dorsal and ventral aspects of the left middle lung
lobe. In the liver there was a raised, white I mm diameter lesion on the diaphragmatic
surface extending into the parenchyma.

Hisroparhology: Histological lesions consistent with parasitic migration were
detected in both animals. Large subpleural foci of cellular infiltration extended into the
pulmonary parenchyma in both lamb. At the centre of these foci in Lamb A (78 days
Pl) there were areas of necrosis. Surrounding the foci were numerous eosinophils,
lymphocytes and macrophages which extended beneath the pleura There was
generalized increased cellularity of the Iungs of Lamb A and a moderate, multifocd
increase in bronchiole-associared lymphoid tissue. There was also mild, muldfocal
hemorrhage into the alveoli, mild smooth muscle hypertrophy of the arterioles and
multifocal accumulation of eosinophils surrounding the broachioles and arterioles.

In the liver of Lamb A a large subcapsular focus consisting of severe cellular
infiltration extended into the hepatic parenchyma. Cells consisted primarily of
lymphocytes, eosinophils and muItipIe foci of multinucleated giant cells. Within this
lesion there were 3 foci of necrosis containing degenerate eosinophils and surrounded
by numerous giant cells, eosinophils and macrophages. Fingers of fibrous tissue
extended into the lesion. There was moderate bitiary hyperplasia and smooth muscle
hypertrophy of the arterioles in this area Elsewhere in the liver there were multifocd,
mild to moderate, periportal and subcapsular infiltrations of eosinophils, lymphocytes
and macrophages.
The pulmonary and hepatic lesions in Lamb B were similar to that of Lamb A but
there were fewer distinct foci of cellular infiltration aiid less involvement of adjacent
tissue. More fibroblasts and fewer eosinophils were present in the lesions than in Lamb
A.

3.5 Discussion

In this study, development of U.pullihukensis in experimentally infected
muskoxen is documented for the first time. Consistent with other protostrongylids, the
life cycle was found to be heteroxenous, involving a gastropod intermediate and a
mminant definitive host. Observations on parasite ontogeny, structure of adult parasite
populations and pulmonary pathoiogy in the narural definitive host has provided the
basis for comparisons among genera of the Muelleriinae and other Protostrongylidae.
Additionally, results of the current study represent basic biological data critical for
developing a context for understanding the factors that may influence the epidemiology
of this nematode in the Arctic (Hoberg et al., 1995).
3.5.1 Prepatent period

The prepatent period of 9 1-97 days for U. pallikuukensis is longer than that
typically reported for any other protostrongylid that lives as aduIts in the lungs of its
normal ruminant definitive host (Boev, 1975). In other Muellerinae the prepatent
periods range from 25-59 days for Cystocaulus ocreatus (Raillet and Henry, 1907) and
Muellerius capillaris (Mueller, 1889) (Davtyan, 1949; Gerichter, 1951; Rose, 1959;
Svarc and Zmoray, 1960; Azimov et al., 1973). In the Protostrongyliiae of bighorn
sheep (Oviscanademis Shaw), Profoshongylusstiiesi Dikmans 1931 and P. m h i
Dikmans 1937, prepatent periods range h m 45-54 days (Fougere-Tower and Onderka,
1988). In contrast to the above mentioned genera in which the adults reproduce in the
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lungs of ruminants, the Elaphostrongylinae, which reproduce in the central nervous
system or musculature, generally have longer prepatent periods. These range from 46,
49-69 and 9 1 days for Parelaphostrongylus odocoilei (Hobmaier and Hobmaier, 1934),
P. andersoni Prestwood 1972, and P. tenuis (Dougherty, 1945), respectively, to
approximately 120 days for Elaphostrongylus rangifen Mitskevich 1960 and E. cervi
Cameron 1931 (Anderson,l963; Prestwood, 1972; Pybus and Samuel, 1984b; Gray
and Samuel, 1986; Handeland, 1994; Gajadhar and Tessaro, 1995). Longer prepatent
periods may reflect extended periods of larval migration through tissues and organs
instead of relatively rapid transport via the vasculature (Anderson, 1992; Olsson et al.,
1998). Alternatively, developing larvae may use an indirect migration route on their
way to the sites of sexual reproduction, as may occur with E. rangiferi (Handeland,
1994).
The distribution of cysts containing U.pallikuukensis in the lungs of muskoxen
is consistent with arrival of nematodes via the blood stream. It has yet to be determined,
however, if these parasites follow a direct route from the gastrointestinal tract to the
lungs or if migration occurs first through other sites in the body. A sister-group
relationship for the Elaphostrongylinae and the Muelleriinae (Carreno and Hoberg,
1999) may suggest that an extended prepatent period is ancestral for this subclade.
The prolonged prepatent period of U.pallikuukensis may be an adaptation that
ultimately enhances transmission in cool arctic environments where the window for
transmission is likely very narrow. Larvae of U. pallikuukensis infecting gastropods in
the Arctic during the early summer require 4-6 wk to develop to the infective stage (see
Chagter 7). If we assume that the major source of infective larvae is that within
gastropods, the most likely time for infection of muskoxen would be during late
summer. The 3 mo prepatent period, together with a gradual increase in larvai
production, may result in high larval production by the following spring when mild,
moist conditions and the presence of active gastropods may be conducive to larval
survival, development and transmission. In contrast, a shorter prepatent period with
larval production beginning in late autudearly winter under cold, desiccating
conditions and in the absence of gastropods may result in poor larval survival and a
wasted reproductive effort by the parasites. These factors clearly demonstrate the
seasonally defined dynamics of host-parasite transmission in high-latitude systems.
The approximate 6 day range of prepatent periods among the 3 experimental
muskoxen was narrow despite differences in host characteristics and in numbers and
sources of infective larvae. Gray and Samuel (1986) ~p0rtedthat the prepatent periods
for P. odocoilei in 2 mule deer Odocoileus h e m i m were inversely proportional to the

dose of L3. A similar relationship has been reported for bighorn sheep infected with P.
stilesi (Fougere-Tower and Onderka, 1988) and with E, cervi in mule deer (Gajadhar
and Tessaro, 1995). Also, Olsson et al. (1998) found the time required for arrival of E.
cervi in the central nervous system of experimentally infected guinea pigs was inversely
proportional to the dose of infective W. We do not have sufficient data to assess the
effect of L3 dose of U.pallikuukensis, or of various host factors, on the prepatent
period.
3.5.2 Patency and larval production

In the present study, larval output was quantified using a modified Baermann
technique. Recently, Forrester and Lankester (1997a) reported that for P. tenuis the
standard Baermann technique recovers only 13-1496of the L1 in a sample and provides
an unreliable estimate of actual numbers of larvae present in the feces. In our study, the
daily LPG was based on the mean Eiom 3 samples and the methods used were consistent
over time and between animals. Although we recorded large standard deviations in our
mean daily larval numbers, the pattern of larval production observed with low numbers
for 2-4 mo following patency followed by an increase and then fluctuating numbers,
was similar in both muskoxen I and 2. It seems reasonable to assume, therefore, that
although the totd larval counts may have been underestimated, the temperol pattern is
representative of the overall trend in larvd production by U.pallikuukensis in these
animals. The relatively high larval production in Muskox 1 extended over
approximately 6 mo (Fig. 3.1). It would have been difficult, therefore, to detect any
influence of the second infection (% days after the first) on larval production.
Numbers of L1 in feces peaked in March (13 rno PI) for Muskox 1, and May
(14mo PI) for Muskox 2. It was not possible, however, to determine whether the
patterns of larval production were seasonally influenced. The animals were housed
under constant, artificial lighting throughout the entire study period, with some naturaI
light from small windows high in the stalls. Tedesco (1996) demonstrated that
muskoxen maintain an intend biological clock that is synchronized by the environment
and even in a constant environment (unchanging photoperiod) this clock will induce
seasonal physiological changes within 2-4 wk of those occurring in animals outdoors.
If the larval production from the experimental muskoxen was influenced by this internd
clock andlor by the natural light, the peak of the larval production could have been
delayed compared to mural infections where muskoxen may be more likely to be
infected in late summer than m early spring.

Increased larval output has also been associated with host stress, particularly mt
and parturition as has been reported in bighorn sheep infected with P. stilexi (Yde et al,,
1988)and reindeer (Ranggertarandus tarandus) infected with E. rangiferi (Halvorsen et
al., 1985). This could not be investigated in our animals as they had been surgically
sterilized. Further field studies are necessary to assess any seasonal patterns of larval
production.
The patent period of U.pallikuukensis in experimentally infected muskoxen was
lengthy: at least 23 rno in Muskox 1 and 1 1 rno in Muskox 2. Muskox 1 was a healthy
young adult in excellent physical condition, yet the parasites were able to successful1y
establish and remain viable for a long period. In this animal the presence of live adult
parasites, eggs and L1 at post mortem, together with the minimal mineralization and
absence of adult parasite degeneration in the sections examined histologically, suggest
that patency would have extended well beyond the date of euthanasia In the related
genera, C.ocreatus and M. capillaris, patent periods are typically 3-5mo although 4-5
yr have been reported (Koprynin et al., 1953;Davtyan and Shul'ts, 1949;Kassai, 19621963;Rose, 1959). The patent periods of the Elaphostrongylinae have not been
extensively studied experimentally (Platt and Samuel, 1978),but on the basis of
epidemiological data, may extend beyond 1 yr. For example, E. rangiferi, a muscle
nematode in reindeer of northern Norway, is believed to have a life span of several years
(Halvorsen et al., 1985). The extended patent periods (basically extended longevity and
reproductive activity by adults) of this northern protostrongylid and of U.pullikuukensis
are suggestive of selection pressure for survival and transmission of parasites in harsh,
unstable and relatively unpredictable environments. Prolonged life spans for adult
nematodes may ensure long-term survival of the parasite population over 1 or more
years when climatic conditions in any given year may not be suitable for survival and
development of Iarval stages in the environment.
3.5.3 Cyst distribution and characteristics
The distribution of cysts of U.pallikuukensis within the lung lobes contrasts
markedly with that for species in the related genera Cysrocaulus and Muellerius in sheep
(Gerichter, 1951;Kassai, 1957;Rose, 1959;Rose, 1961;Boch and Numberg, 1962;
Sedlmeier et al., 1969). Whereas these parasites form primarily subpIeuraI noduIes
most often along the obtuse margin of the diaphragmatic lobes, the majority of the cysts
of U.pallikuukensis were found deeper in the parenchyma and often associated with the
bronchi. Localization of cysts within a larger sample size of lungs is necessary to

determine whether the pattern of distribution among lobes observed in Muskox 1 is
typical for this parasite. Hoberg et al. (1995) reported a dorsal distribution of cysts
within the lung parenchyma in 2 naturally infected muskoxen, but did not differentiate
among different lobes.
Based on these experimental infections, once established, U.pallikuukensis
produces clearly demarcated lung cysts in which reproductiveIy active male and female
parasites, eggs and L1 are enclosed by a cyst wall. These findings, along with the
comparison between lesions caused by U.pallikuukensis and those caused by M.
cupillaris or C. ocreutus, are consistent with the preliminary observations of Hoberg et
al. (1995).
Despite the I year difference in age of infection at the time of euthanasia and
differences in numbers of L3 given, there was no signXicant difference in cyst size
between muskoxen 1 and 2. Radiographic findings in Muskox 1 suggested growth of
cysts from days 252 to 415 PI with very little change in cyst size by day 789 PI (Kutz et
al., 1999). These findings suggest that growth of the cysts is not indeterminate.
Although the number of cysts recovered from experimentally infected animals was
within the range reported in wild muskoxen (Gunn and Wobeser, 1993),the size of the
cysts did not approach the maximum diameter of 40 rnm observed in wild animals
(Hoberg et al., 1995). The strong correlation of cyst size with number of parasites in
the cyst suggests that fewer adult parasites may have been present in cysts of
experimentally infected muskoxen than in the larger cysts observed in wiId animals.
The patterns of infection with L3 may also be a factor in the cyst size differences.
Experimental animals received either 1 or 2 relatively large doses of L3 (approximately
100,200and 1100 in muskoxen 1,2 and 3, respectively) while wild muskoxen may be
more likely to ingest smaller numbers of L3 over a period of time.

3.5.4 Lung pathology and cyst development
This study provided an opportunity to examine lung lesions at days 97 (Muskox
3) and 791 PI (Muskox 1,2 infections). Previous examinations of lesions attributable
to U.pdlikuukensk have been limited to animals collected from the wild where
infections are of unknown age but probably represent an accumuIation of many infection
events over time (Hoberg et al, 1995). Considerable variability in cyst size,
mineralization and adult parasite condition has been described in naturally infected
muskoxen (Gum and Wobeser, 1993; Hoberg et al., 1995), but was not observed in

our experimentally infected animals. These differences may have been caused by
differences in age of infection, temporal patterns of infection, or in host immunity.
Histological examination of parasitic lesions and surrounding lung tissue at days
97 and 79 1 PI provided insight into the development of the cysts. In Muskox 3 at day
97 PI it is possible that the more severe inflammatory response surrounding the male
and female adult parasites in one of the Iesions was caused by interactions between the
parasites, perhaps releasing antigens into the host tissue in association with copulation
or the release of eggs and their development to L 1 (Lightowlers and Rickard, 1996).
This host reaction may represent the initial stages of cyst wall formation. Alternatively,
parasite death could have induced these severe tissue changes.
The cyst wall itself may act as a selective barrier. Once formed it limits the
extent of the inflammatory response within the lung tissue and provides some protection
for the parasites in an environment that supports their continued reproductive activity.
Bronchioles and alveoli containing eggs and larvae extend through the wall providing
communication with larger airways, and a route for L1, parasite wastes and host
inflammatory products to be rapidly cleared from the lung tissue (Svarc, 1984). The
lung pathology associated with reproductively active U.pallikuukensis, which is
restricted to the cysts, contrasts with the diffusechanges reported for other lung
nematodes of ruminants such as Protostrongyfus, Muellerius , Cystocaulus, and
Dictyocaulus (Rose, 1961;Beresford-Jones, 1967; Stockdale, 1976; Seesee and
Woriey, 1993).
UmingmakstrongyI~~
pallikuukensis did not establish in 2 domestic sheep
although histological lesions consistent with parasitic migration were present in the
livers and lungs of both animals. The sampIe size is too small to eliminate the
possibility of infection of sheep but these results may discourage their use as an
experimental model for this parasite.

3.5.5 Life cycle and transmission
We have confirmed in 2 muskoxen that L3 of U.pallikuukensis, axtifkially
digested from the gastropod intermediate hosts D. reticulaturn or D. laeve, can develop
to reproductively mature adults in the natural defLnitive host. In a third muskox we have
demonstrated that L3, which have spontaneously emerged from D. reticulanrm, are also
viable and infective. Although L1 were not found in the feces of this animal by day 97
PI, cysts recovered from the lungs contained gravid adult females and free eggs and
larvae. On this basis, this animal can be considered to have been at the point of patency.

Successfulinfection by L3 that have emerged fromthe intermediate host is
intriguing. Emergence of L3 from live or dead gastropod intermediate hosts has been
reported for species of several genera of the Protostrongylidae: Protosnongylus stilesi,
P. boughtoni Dougherty and Goble, 1943, Muellerius capillaris and Cystocaulus
ocreatus; and for Angiostrongyluscostaricensis Morera and Cespedes, 1971 (Daman.
1950; Rose, 1957; Monson and Post, 1972; Ubelaker et al., 1980; Kralka and Samuel,
1984a). Kralka and Samuel (1984a) showed that emerged L3 of P. boughtoni produced
patent infections in domestic rabbits (Oryctolagus cuniculus (L.)). They considered,
however, that such larvae were an unlikely source of natural infection because of low
larval intensities in typical intermediate hosts in the field and the probability of reduced
survival of the L3 in the desiccating environments into which they would emerge in
nanue. With the exception of A. costaricensis, larvae of which emerge into an aquatic
environment, and perhaps species of Cystocaulus, emergence has been considered of
questionable epidemiological significance (Davtyan, 1950; Ubelaker et al., 1980; Kralka
and Samuel, 1984a).
In the Arctic, L3 both within gastropods and those that have emerged into the
environment may be significant sources of U.pallikuukensis infection for muskoxen
and may represent alternative but complementary routes for transmission. The potential
for alternative pathways for transmission may provide some level of plasticity in this
host-parasite system that would promote parasite survival in harsh environments. Thus,
where the activity and availability of infected intermediate hosts may be substantially
limited by ecological factors associated with seasonal variability and annual cycles
@anks, 1992; Hoberg et al. 1995), larval emergence may result in enhanced availability
of L3 beyond the life andlor activity of the gastropods. More detailed information on
larval emergence from various intermediate hosts in the laboratory and in the field are
reported in Chapter 5.
3.5.6 Parasite host biology

The effect of U.pallikuukensis on muskox populations is unknown.
Dictyocaulus viviparus has significant metabolic costs for the host (Verstegen et al.,
1989) and mixed infections with Protostrongylid lungworms (Muelleriur, Cystocaulus,
Protostrongylusand Neosrrongylus Gebauer, 1932)can result in impaired respiratory
gaseous exchange in domestic goats (Berrag and Cabaret, 1996). EWmnary
compromise caused by Protostrongylus sp. in bighorn sheep has been implicated as a
predisposing factor in bacterial and viral pneumonia outbreaks (Forrester, 1971; Uhazy,

1972; Spraker, 1984) and infection with these parasites may decrease alveolar
macrophage viability in vim (Silflow and Foreyt, 1988). Umingmukstrongylus
pallikuukensis differs from these lungworms in hat, in established infections, pathology
seems localized to the cysts, leaving the majority of the lung tissue in adult muskoxen
unaffected. No clinical signs of pulmonary disease were observed in experimental
animals but exercise intolerance in naturally infected muskoxen (C. Adjun and G.
Atatahak, pers. comm.) suggests pulmonary compromise. Hoberg et al. (1995)
suggested that the greatest effect of the parasites may be that of a space occupying lesion
with the cysts causing displacement and compression of lung tissue. Additionally, it is
reasonable to speculate that there are significant metabolic costs associated with heavy
infections with U. pallikuukensis. These factors, in combination with other infectious
agents, predation and limiting environmental conditions in the Arctic, could result in
increased mortality rates in muskox populations where the parasite is present. We have
no data, from wild or captive muskoxen, on the effects of the parasite on immature
animals.
Umingmakstrongyluspollikruckmis is an intriguing parasite differing
considerably from its putative sister-taxon Cystocnulus and from the related Muellerius.
It occurs at a high prevalence and intensity in the wild and successfully established in
experimentally infected muskoxen, with 55%of the L3 given developing to
reproductively active adults in one animal. The cyst architecture may protect adult
nematodes from the host's immune system while allowing rapid exodus of first stage
larvae into airways. The long patent period, combined with high larval output, probably
produce extensive environmental contamination over an extended time period. Yet, to
complete its life cycle, the parasite still must survive under harsh arctic conditions,
penetrate a susceptible gastropod intermediate host, deveIop to infective third-stage
larvae at cool summer temperatures and then be ingested by a muskox. The high
prevalence and intensity of U.pallikuukenris in muskoxen of the Kugluktuk region,
together with the localized lung pathology, is indicative of a parasite well adapted to its
current host and the rigors of Arctic environments and suggests a relatively long term
host-parasite association in contrast to a contemporary host switch. Current
phylogenetic evidence, however, suggests that the origin of llmingmakmrongyluscan
be linked to colonization of muskoxen by a protosmngylid nematode, probably from a
caprine source in the Pleistocene or late Tertiary (Hoberg et al., 1995; Carreno and
Hoberg, 1999).
Wildlife is an extremely important resource for people in remote communities of
the Northwest Territories and across high latitude.of the Holarctic. Through

subsistence hunting, sport hunting, commercial harvests, and tourism, wildlife provides
considerable cultural, nutritional, and economic benefits (Gum et al., 1990). Yet,
despite the integral role of wildlife, relatively little is known about the biodiversity of the
parasite fauna of arctic bovids and cervids, the potential impact of parasitism on
populations of ruminants in northern ecosystems, or the link between global warming
and parasite transmission dynamics in the Arctic (Hoberg, 1997; Hoberg et al., 1999).
This paucity of data has been illustrated by the recent discovery of U.pallikuukemis.
The unique pathology and life history characteristics of this parasite, its sensitivity to
ecological and climatic influences, its potential regulatory effects on muskox
populations, and the possibility that, like other protostrongylids, it may establish in
more than one definitive host species, warrant further study (Hoberg, 1997).

4. A LUNG NEMATODE IN CANADIAN ARCTIC IMUSKOXEN:

STANDARD RADIOGRAPHIC AND COMPUTED TOMOGRAPIC
IMAGING

4 . 1 Summary

Medical imaging was used ante mortem to follow the development of U.
pallikuukensis infection in rnuskoxen and post rnortem to investigate the distribution
and characteristics of parasite-associated pulmonary cysts. In 2 experimentdy infected
animals, lesions were not visible radiographically until days 178 and 191 post-infection
(PI), 3 mo after the parasites became patent. Serial radiographs taken throughout the
period of patency of 1 animal showed an initid increase in lesion size by day 415 PI, but
by day 789 PI lesions had stabilized or decreased in size. Although not all lesions
detected at post monem were visible radiographically during life, the filmsdid provide
an indication of the relative severity of infection. In contrast to other parasitic
pneurnonias there was no evidence of pulmonary disease outside the discrete parasitic
cysts. Radiographs of lungs at post mortem proved to be an effective tool for locating
parasitic cysts in a lightly infected muskox and demonstrated a broncho-vascuiar cyst
distribution. Post mortem computed tomography provided a more rapid and detailed
assessment of the number. size and distribution of cysts in the lungs of one muskox.
4.2 Introduction

Wildlife resources are important sources of food and income in northern
communities throughout the Arctic. Muskoxen (Ovibos moscharus) (Fig. 4.1), through
subsistence and sport hunting, commercial harvests and tourism, provide food as wel[
as cultural and economic benefits for northern people (Gunn et al., 1990). In the
Northwest Territories (NT),Canada, 3 federally or territorially inspected commercid
hmests are held once or twice each year. One harvest is held on Banks Island near
Sachs Harbor, a second near Holman and a third near Cambridge Bay on Victoria Island

(Fig. 4.2). These harvests supply muskox meat to territorial, national and international
markets. In the Northwest Territories a total quota of approximately 13,000 muskoxen
can be harvested each year for commercial, subsistence and sport purposes (Fournier
and Gunn, 1998).
Muskoxen have not always been so plentiful in northern Canada. Excessive
hunting in the early 1900's almost extirpated muskoxen from the mainland Northwest
Territories and their numbers on the arctic islands were greatly reduced. In 1917
muskoxen became protected by law and populations gradually increased and their range
expanded. By 1969 restricted muskox hunting was again permitted (Gunn et al., 1990).
Populations on the arctic islands have recovered remarkably well, with approximateIy
65,000 on Banks Island and 37,000 on Victoria Island (Fournier and Gunn, 1998).
Mainland populations have also recovered and expanded their range, but to a much
lesser degree and there is evidence that the muskox population west of Kugluktuk,
which increased during the early 1 9 8 0 ' ~has
~ since decreased (Gunn et al., 1991;
Fournier and Gunn, 1998). The reasons for the slower recovery of mainland
populations and the recent deche in the Kugluktuk population are not known.
Umingmaksrrongyluspallikuukensis, a protosuongylid lungworm of
muskoxen, was described in 1995 by Hoberg et al. ( 1995). The parasite is found in h e
mainland muskox population of the watersheds of the Rae and Richardson rivers west
of Kugluktuk, and has also been found in a single animal near Norman Wells, IW(Fig.
4.2) (Gunn and Wobeser, 1991; Hoberg et at., 1995; S.J. Kuu, unpubl. obs.).
Parasite prevalence in the aected muskox population is at least 93% (Gum et a!.,
1991; Gunn and Wobeser, 199I). The very large adult parasites (females up to 47 cm
in length) live in well defied cysts in the Iung parenchyma (Fig. 4.3) and up to 258 of
these cysts have been found in the Lungs of naturally infected animals (Gunn et al.,
199I; Gum and Wobeser, 1991; Hoberg et d., 1995). Cysts range from 1 4 cm in
diameter, have a distinct fibrous walI and contain adult parasites, eggs and first-stage
larvae (L 1) in a dense matrix (Fig. 4.4). Cysts examined from naturally infected
muskoxen have varying degrees of mineralization (Hoberg et al., 1995).
Umingmaksrrongyli~spallikuukensis is a member of the Protostrongylidile. It is
related to Muellenus capillaris and Cysrocaulus ocrearus, lungworms of sheep and
goats, which have been reported to cause varying degrees of pathology in these hosts
(Rose, 1955, I96 1; Beresford-Jones, 1967; Carreno and Hoberg, 1999). Other
protosuongyiid species, Prorosrrongylus srilesi and P. rushi, can cause severe
verminous pneumonia with secondary bacteria! and viral infections in bighorn sheep and
have been implicated in all-age die-offs of these hosts (Forrester, 1971). Muskoxen

heavily infected with U.pallik~iukmsismay exhibit exercise intolerance and epistaxis.
detectable by hunters, but the parasite's effects on host survival at individual and
population levels are not we11 understood (Woberg et al., 1995).
Protostrongylid parasites require a gastropod intermediate host to complete their
life cycle. First-stage larvae shed in the feces of definitive hosts develop to infective
third-stage larvae (L3)in appropriate gastropods. This development is influenced by
environmental temperature (generally more rapid development at w m e r temperatures)
as well as gastropod species and physiological condition (Hnlvorsen and Skorping,
1982; Solomon et al., 1996). Hoberg et al. (1995) demonstrated that L1 of U.
pallikttukensis could develop to the L3 in the gastropod Deroceras reticulatum (Fig
4.5).

Following the initial description of U.pallikuukensis in 1995 we have
investigated several aspects of this new parasite's biology, panicularly its development
in the mammalian and gastropod hosts and its epidemiology in the arctic ecosystem.
The work reported in this chapter is based on infections of muskoxen with L3 of U.
pallikuukensis recovered from D.reticulatum and D. Iaeve (Kutz et al., 1999b).
Medical imaging techniques were used to enhance our understanding of the development
and pathology of U. pallikuukensis in muskoxen.

4.3 Establishing and Monitoring U. pallikuukensis in Muskoxen
Muskoxen for experimental infection were from the Western ColIege of
Veterinary Medicine Research Herd at the University of Saskatchewan, Saskatoon,
Canada. In total 3 animals, free of pmtostrongylid parasites, were infected. At the time
of infection Muskox 1 was a 4 year old castrated male, Muskox 2 a 13 year old
hysterectomized female, and Muskox 3 a 14 year old castrated male.
Muskoxen were infected orally with L3 as described by Kutz et al. (1999b).
Muskox 1 was given 850 L3 then 220 L3 96 days later. Muskoxen 2 and 3 were
infected with 97 U and 175 L3, respectively. Parasite patency was monitored by
examining feces daily to biweekly for L1 using a m d i e d Baermann technique (Kuu et
al., 1999b). Muskox 1 became patent at 95 days PI, Muskox 2 at 91 days PI and
Muskox 3 was not patent at the time of euthanasia at 97 days PI (Kutz et al., 1999b).

Figure 4.5 The proposed life cycle of LI. p a l l i h u h i s in muskoxen. Adult parasites
live in the lungs and lay eggs that hatch to first-stage larvae (L 1). Larvae are
swaliowed and passed in the feces. They develop in the tissue of susceptible slugs or

snails to third-stage larvae (L3).Third-stage larvae within gastropods, or those which
have emerged h m gastropods and are on the vegetation (eL3), are ingested by
muskoxen, migrate to the lungs and develop to adult parasites.

4.3.1 Live animal lung radiography
4.3.1.1 Techniques

Pre-infection thoracic radiographs were available tbr muskoxen 2 and 3, but not
for Muskox 1. The radiographs of muskoxen ? and 3 showed evidence of chronic
obstructive pulmonary disease. The underlying lesions in these 2 animals may have
interfered with the subsequent detection of more subtle lesions associated with the
parasitic infection.
Muskox 1 was radiographed at day 76 and day 191 PI and Muskox 2 at day 178
PI. Subsequently both animals were radiographed approximately every 90 to 180 days
until euthanasia. Radiographs of Muskox 3 were taken only at euthanasia on day 97 PI.
Lateral views of the chests of standing animals were taken using a ceiling
mounted Picker GX 1500 (Picker International Canada, Brarnpton, Ontario) with
Ultravision G Medicd Xray Filmand UItravision UV intensifying screens, a 400 speed
system (Sterling Diagnostic Imaging, Mississauga, Ontario, Canada). Muskox 1 was
sedated with intramuscular xylazine (Rompun) prior to radiographic examinations. In
order to view cranial and caudai aspects of the lungs a minimum of 2 and sometimes 3
films were necessary. It was frequently impossible to obtain good views of the cnnioventral thorax because of difficultypositioning the animals with their front legs forward.
To assess the change in cyst size in Muskox 1, a subset of cysts was identified
in the radiographs taken at day 252 PI and their sizes measured in these and subsequent
radiographs. Calipers were used to measure the maximum width of each cyst at day 252
PI, then, in the same plane at days 415 and 789 Pi. For cysts that were visible only at
days 415 and 789, the maximum dimension at day 415 was used to determine the plane
of measurement, To allow for differences in the distances between the f h and the
muskox in each radiograph the length of the third thoracic venebra in each film was
measured and if it differed fmm that in radiographs at day 252 PI, a correction factor
was applied to the cyst measurements. The cyst sizes reported are those measured from
the radiographs. These are magdied because of the distance of the cysts from the tEn
and do not represent the actual sizes of the lesions. A Wilcoxon signed-rank test was
used to compare cyst sizes at different times PI ( ~ t u ~ i SE
e w+ ~Graphics, 1988
Abacus Concepts Inc.).
Cysts were quantified on days 252,415 and 789 PI in Muskox 1, This was
done by counting all cysts visible within the area bordered anteriorly by a vertical line
drawn from the anterior ~ w g i nof the third horacic vertebra, ventrally by the ventral

surface of the trachea, caudally by the caudal aspect of the frfth vertebra and dorsally by
the venud surfaces of the venebnl bodies.
4.3. I. 2 Findings

In Muskox 1 at day 76 PI there was no radiographic evidence of lung pathology
(Fig. 4.6). At day 191 PI, multiple discrete, round to oval, homogenous regions of
increased opacity were visible in the dorsal and caudal areas of the lung (Fig. 4.7). This
f h was taken on expiration thus the ability to detect cysts may have been decreased.
Sixty-one days later, also in an expiratory fdm, more cysts were visible and appeared
Iarger than at day 191 (Fig. 4.8). Numerous cysts were visible in all subsequent
radiographs and were present in the apical, middle, diaphragmatic and accessory lobes.
TweIve cysts that were identified at day 252 PI had a mean diameter of 14.4 mm.These
same cysts at day 415 PI had significantly increased in size to a mean diameter of 16.0
rnrn (Wilcoxon signed-rank test, n=L2, Ed.0029)(Figs. 4.9.4.10). Thirteen cysts
common to films at days 415 and 789 PI were identified and measured. By day 789 PI,
cyst sizes had decreased to a mean diameter of 15.4 mrn but did not signrficantly differ
from day 4 15 PI (Wdcoxon signed-rank test, a=13, E=0.242) (Figs. 4.10, 4.1 1). The
numbers of cysts visible radiographically in the cranio-dorsal lung field (defined above)
were very similar at days 252 (n=18), 4 15 @ = 18) and 789 (n=16) PI. The slight
variations in animal positioning and radiographic technique couId account for these small
differences in counts.
In Muskox 2 the first radiographic lesion associated with U.pallikuukensis was
seen in the diaphragmatic lobes at day 178 PI (Fig. 4.12). The radiographic changes
associated with this lesion was subtle and only detected in retrospect after 3 cysts were
identified at day 276 PI (Fig. 4.13). Two (possibly 3) cysts were visible at day 440 PI
(Fig. 4.14). Although the mean cyst size appeared to increase over time, the sample
size was too small to statisticalIy compm individual cysts in this animd. In contrast to
Muskox I, cysts in Muskox 2 were visibIe only in the diaphragmatic lobes. Throughout
the course of infection in muskoxen 1 and 2 there was no radiographic evidence of lung
pathology outside the cysts or of mineralization of the cysts.

Cysts associated with U.pallikltnkensis were not detected in ndiographs of
Muskox 3 immediately prior to euthanasia on day 97 PI. It is possible, however, that
parasite-induced changes may have been obscured by the pre-existing pulmonary
pathology.
In films of the diaphragmatic lobes of muskoxen 1 and 2, cysts often appeared to
be associated with the major airways and blood vessels. Unfortunately, without dorsalventral views it was not possible to define the exact relationship.
4.3.2 Lung examination post mortem

3.3.2. I Techniques
Muskoxen 1,2 and 3 were sedated with xylazine (Rompun) and euthanized with
pentobarbitol (Euthanyl-Forte) at days 79 91,441 and 97 PI respectively. The lungs and
trachea of muskoxen 1 and 2 were removed intact and infIated artificially using a gastric
tube tied into the trachea. The lungs of Muskox 1 were evaluated using CT performed
with a Hi Speed CT/imspiral scanner (GE Medical Systems,Milwaukee, Wisconsin).
Images were obtained using 3 rnm sections every 3 mm at a pitch of 1.3. and evaluated
on the lung setting. Axial images were reformatted into the sagittal and corond planes.
Lungs from Muskox 2 were examined radiographically using a ceiling mounted T m i x
800 S (Picker International Canada, Brampton, Ontario) radiographic unit. Lungs from
Muskox 3 were not examined by radiography or by CT.All lungs were dissected until
up to 48 hr post monem to locate and recover all parasitic cysts and adult pansites.
4.3.2.2 Findings

The airways of Muskox 2 at post mortem contained aspirated rumen contents
which interfered with the interpretation of the radiographs. Nevertheless, in dormventral films several cysts were identifred in both diaphragmatic lobes. Cysts were often
associated with the main bronchi of these lobes, but were not detected in other lung
lobes (Fig. 4.15). There wils no evidence of cyst mineralization.
Computed tomographic examination of the lungs from Muskox 1 showed the
cysts of U. pallikrtitkclnsis very clearly, appearing as we11 defrned high density nodules
(Fig. 4.16). These ranged in size from 5-20 rnm,average being approximately 15 mm.
A totd of 19 1 cysts were counted. In general they were centrally located with
abronchovascular distribution and very few cysts were at or near the p l e d surface

(Fig. 4.17). In some of the airways adjacent to cysts there was mild inflammatory
change with thickening of the bronchial walls.
On dissection of the lungs from muskoxen 1,2 and 3 a total 183, 16 and 13
cysts were recovered. In muskoxen 1 and 2 cysts were typically located in the lung
parenchyma adjacent to major bronchi and blood vessels. Cysts were present in all lung
lobes of Muskox 1 but only in the diaphragmatic lobes of Muskox 2. Cyst locations in
Muskox 3 were not recorded. In all 3 muskoxen, more cysts were found on post
monem dissection than were seen in ante mortem radiographs, and more cysts were
found by CT of Muskox 1 than were detected by dissection.
Cysts of U.pailik~~ukensis
in muskoxen 1 and 2 had tough, well defined
capsules, were round to ovd, soft, and had no evidence of mineralization on dissection.
They ranged in diameter from 10-25 mm (Fig. 4.3). Cysts contained 2 or more adult
parasites as well as eggs and first-stage larvae (Fig. 4.4). Adult parasites were not
found in the lung tissue outside the cysts. Histologicdly within the cysts adult
parasites, eggs and first-stage larvae were located within a dense matrix which also
contained a variety of inflammatory cells. In Muskox 3 adult nematodes were found
both inside and outside cysts. The largest cyst in this animal measured 7 mrn in
diameter.
Other than the parasitic cysts, the lungs of Muskox 1 appeared grossly normal.
Mild to severe pulmonary emphysema was grossly apparent in muskoxen 2 and 3.

4.4 Synthesis of Standard Radiographic, CT and Dissection Results
4.4.1 Medical imaging for investigation of a lung nematode

The findings described in this chapter demonstrate clearly that medical imaging
has a useful role in monitoring the development of U.pallikuukensis in the lungs of
experimentally infected muskoxen. Post mortem a is, at least in animals with longstanding infections, uniquely useful for quantifying and characterizing parasiteassociated cysts and for determining their distribution within the lungs.
There was no radiographic evidence of parasitic infection at 76 days PI in
Muskox I or at 97 days PI in Muskox 3. Cysts were fmt detected radiographically in
muskoxen 1 and 2 at days 191 and 178 PI, 3 mo after patency. It is interesting that the
largest cyst dissected from Muskox 3 at day 97 PI was only 7 am in diameter. This
cyst was considerably smaller than those recovered from the other two muskoxen at post
monem and it, as well as the smaller cysts, may have been obscured in the radiographs
by ribs. It is likely, therefore, that the pathologicaI changes associated with U.
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pallikrrttkensis are not sufficient to be detected radiographically in a live animal until
between 3-6 mo PI. In Muskox 1 we have shown that, as the infection aged, the cyst
sizes increased until at least day 415 PI and then stabilized or decreased by day 789 PI.
Had this animal not been euthanized this rrend may have become more apparent.
Radiographic examination of the animals while they were dive provided an
indication of the course of infection over time. In Muskox I the appearance at day 191
PI. and increase in size of visible cysts from days 252 to 415 PI, coincided with a
continuous increase in first-stage larval production from this animal (see Fig. 3.1 and
Kuu et al., 1999b). Although there was no increase in the number of visible cysts in
the area of lung in which cyst devdopment was monitored radiographically, it is
possible that increase in larval production also may hilve been associated with
establishment of additional cysts in other pans of the lungs.
Radiographic examination of the lungs of Muskox 2 at post rnortern provided
useful data on cyst size and on distribution of cysts within Lung lobes and their relation
to h a y s and vascuIature. This facilitated subsequent dissection and recovery of the

cysts.
Post mortem CT was a very valuable tool for determining cyst size, character,
and spatial distribution within the lungs. it was more rapid and accurate than gross
dissection for this tong standing infection but its usefulness at postmortem for detecting
earIier lesions caused by this parasite is not known. Computed tomography produced a
clear image of the spatial rehionships of the cysts to the airways and vasculature, and
also provided a permanent electronic record. If feasible in a Live animal, CT technology
would be superior to standard radiographs for monitoring cyst size, characteristics and
distribution during the course of the infection.
The pulmonary pathology viewed radiographically in the experimentally infected
animals appeared to be primarily space occupying. There was no evidence of diffuse
parenchymal invoIvernent or effusions with CT,gross dissection and histological
examination, but evidence of focal airway thickening and inflammation near some cysts
was seen with CT. No clinical signs were noted in dre experimental animals,but they
were confrned in pens and not exposed to the stresses of a natural environment.
4.4.2 Lung changes associated with related nematodes

Although there are no published reports of radiographic lesions caused by related
nematodes, the absence of pathology outside the discrete cysts of I% pallikuukensis
contrasts with what would be expected with lung protostrongylids such as Muellerius

capillaris or Prorosrrongylits spp. For example, in sheep Mrelleriirs capillaris produces
numerous nodules a few millimeters to several centimeters in diameter, usually
immediately beneath the pleural surface. These may be either worm nodules, which are
small, often calcified and do not contain reproductively active parasites; or brood
nodules, which are larger, not calcifiedand contain reproductively active parasites
(Sedlmeier et al., 1969; Polley, 1987). Radiographically, we would expect the calcified
worm nodules to have increased opacity and be smaller than the cysts of U.
pallikuukensis observed in this study. The brood nodules would probably appear as
less opaque, irregularly shaped, interstitial lesions. Prorosrrongyliu srilesi, found in the
lung parenchyma of bighorn sheep, forms unencapsulated, diffuse nodules in the caudodorsal aspects of the diaphragmatic lobes (Forester and Senger, 1964).
Radiographically these may appear similar to M. capillaris brood nodules.
4.4.3 The host-parasite system in the Arctic

In order to ensure continued health of muskoxen, which are culturally and
economically important in the Arctic, the presence of U.pallikuukensis must be
considered in management pIans and potential translocations. As well. because of the
effects of temperanue on larval survival in the environment and on development in the
gastropod intermediate host, the effects of global climate change (with predicted
warming of the Arctic) on parasite distribution and signif~canceshould also be addressed
(Hoberg et al., 1995; Hoberg, 1997). Umingmakstrongyluspallikuukensis has not yet
been reported in commercially harvested muskoxen from Victoria or Banks islands. It is
possible that the parasite is not able to develop on these islands because of climatic
conditions or insufficient suitrlble gastropod intermediate hosts. Alternatively it may not
yet have been transported to these isiands by natural host dispersal.
The potential for I/. pallihkensis to infect various species of domestic or wild
ungulates from more temperate regions of North America is not known. Lung
protosvongylids typically do not infect the Bovinae, but are common in both wild and
domestic sheep and goats, frequently causing severe pulmonary disease. It seems
unlikely that U.pallikuukensis codd infect cattle, and preliminary work suggests it does
not infect domestic sheep (see Chapter 3). The ability of this parasite to infect wild
sheep, goats and cervids is not known, but D.laeve, a suitabIe gastropod intermediate
host for the development of U.pallikuukensis, is present throughout most of Nonh
America, including the Arctic (PiIsbry, 1946,1948), and climatic conditions in many
areas of the continent may be suitabk for parasite development and transmission.

Much remains to be learned about these host-parasite systems. Medical imaging
of muskoxsn infected with U.paffikuirke~rsisbefore and afwr death has proven to be a
very useful too1 for investigating this relationship. This preliminary work may hove
wider application in the study of lung parasites in wild animal populations.

5. EMERGENCE OF THIRD-STAGE LARVAE OF
UMINGMAKSTRONGYLUS PALLIKUUKENSIS FROM THREE
SPECIES OF GASTROPOD INTERMEDIATE HOSTS

5.1 Abstract
We investigated the emergence of third-stage larvae (L3)of
Umingmastrongyluspallikuukensis from the slugs Deroceras laeve, D. reticuiatum and
the snail Carinella sp. in the laboratory and from D. laeve on the tundra. Third-stage
larvae emerged from 8 of 8 D. iaeve and 8 of 8 D. reticularum housed at 20 C in
darkness and from 9 of 10 D. lueve and 5 of 5 Carinella sp. housed at 21 C with 10-12
hr of Iight/day. Larvae emerged from D. laeve and D. reticulaturn over a wide range of
infection intensities (2-179and 20-65, respectively) and patterns of emergence were
independent of intensity. The majority of the W emerged from most Deroceras spp.
slugs by 58 or 60 days post-infection (PI). Lower rates of emergence were observed
for Cuhello sp. Larvae emerged from D. lueve on the tundra by 10 wk PI and were
recovered from the vegetation of some experiments the following year. Live L3
survived 13 mo in tap and distilied water at 0 - 4 C. Emergence of L3 of U.
pallihukms h m the intermediate host may increase the temporal and spatial
availability of L3 and enhance its survival and transmission.

5.2 Introduction

Umingnrakstrongyluspallikuukensis is a protostrongylid lungworm in
muskoxen from the Canadian Arctic (Hoberg et al., 1995). It is a member of the
subfamily Muelleriinae, a sister group of the Elaphostrongylinae (Carreno and Hoberg,
1999). U m i n g t n a k s t r o n g y l u s p a l l i is
~ ~present at a high prevalence
(approaching 100%) and intensity in the muskox population west of KugIuknik,
Nunavut, Canada (Gum and Wobeser, 1993). It follows the typical indirect

protostrongylid life cycle requiring a gastropod intermediate host (IH)
(Hoberg et al.,
1995; Kutz et al., 1999b).
First-stage larvae (Ll) of protostrongylids are shed in the feces of the definitive
host OH),invade the tissues of suitable gastropods and develop to third-stage larvae
(L3). Typically, transmission occurs when the DH ingests gastropods containing
infective L3 (Anderson, 1992). In some species within the Protostrongylidae and the
related Angiostrongylidae,however, L3 emerge from the live gastropod IH and
transmission may occur when these emerged L3 are ingested by the DH with vegetation
or water (Heyneman and Lim, 1967; Boev, 1975). There is an extensive European and
Russian literature on the protostrongylids which has been summarized by Boev and
subsequentiy translated to English (Boev, 1975). It is this literature in which the
majority of the reports on larval emergence are found. Among the Muelleriinae and
Protostrongylinae, emergence of L3 from living gastropods has been =ported for
Muellerius capillaris, Cystocaulus ocreatus, Protostrongylus rufescens, P,dm,syani, P.
tauricus and P. pulmonulis andtor P. kamenskyi (Boev, I975), P. stilesi (Monson and
Post, 1972) and P. boughtoni (Kralka and Samuel, 1984a). Rose (1957) and Boev
(1975) reported emergence of L3 of M. capillaris from dead IH. There have been no
reports of larval emergence among the Elaphostrongylinae (Kontrimavichus et al., 1976;
Anderson, 1992), although emergence of L3 of Parelaphostrongylus sp. (recovered
from Dall's sheep (Ovis &llo) from the slug Deroceras h e has been observed in the
laboratory (S. J. Kutz, unpubl. obs.). Among the Angiostrongylidae it is well known
that the L3 of Angiostrongylus cantonensis and A. costaricenris emerge from their M
(Heyneman and Lim, 1967; Ubelaker et al., 1980).
Experimentally, emerged L3 of P. boughtoni and A. cantonensis can produce
patent infections in their respective DH (Heyneman and Lim, 1%7; Richards and
Menitt, 1967; Kralka and Samuel, 1984a). Kutz et al. (1999b) reported that the W of
U.pallikuukensis emerge from the gastropod Deroceras reticulaturn and, through
experimental infections, demonstrated that the emerged L3 were infective to a muskox.
Larval emergence is considered to be important in the epidemiology of M. capillaris, C.
ocream and h cantonensis (Heyneman and Lim, 1967; Boev, 1975). Many authors,
however, question the significance of larval emergence in parasite transmission and
believe the only route of infection for the DH is by ingestion of infected gastropods
(Anderson, 1992). Patterns of emergence over time for larval protostrongylids from
gastropods, factors affecting this emergence and its epiderniologicaI significance have
not been investigated in detail.

The objectives of the present study were to: (1) investigate in the laboratory the
patterns of L3 emergence of U.pallikuukensis from2 potential naturd IH,the sIug D.
laeve and the snail Catinella sp., as well as from the laboratory M,D.reticulanun; and
(2) determine whether L3 emerge from D. laeve under natural conditions in the Arctic.
We propose that emergence of L3 of 0.pallikuukensis from different gastropod species
is a natural phenomenon that occurs consistently and is not it function of infection
intensity. We also propose that larval emergence may be epidemiologically important in
the successful maintenance of this parasite at a high prevdence and intensity in the
nanicalIy infected muskox population.

5.3 Materials and Methods

5.3.1 Laboratory experiments

Four laboratory experiments were designed to examine emergence of W.Three
species of gastropods, D.laeve, D. reticulaturn, and Catinella sp., were evaluated under
varying regimes of temperature, light, and intensity of infection (Table 5.1).
Infection of gasnopodr: First-stage larvae were obtained from the feces of an
experimentally infected muskox using a Baermann technique (Gajadharet al., 1994;
Kutz et al., 1999b). Deroceras laeve and Catinella sp. were collected from the banks of
the Coppermine and Rae rivers near Kugluktuk (67"49'N,115" OS'W), Nunavut,
Canada and D. reticuhhmr were obtained from a protostrongylid-free laboratory colony
(Kutz et d.,1999b). Only adult D. Iaeve and D.reticuhm (greater than 15 rng and
400 mg respectively) were used but, because few Catinella sp. were available,
specimens with both 2 and 3 whorls were used. Prior to experimental infection with U.
pallikzrukensis, the feet of all wild-caught gastropods were examined for lesions which,
based on previous experiments, were indicative of existing protostrongylid infections
(S. I. Kutz,unpubI. obs.). No such lesions were seen on any of the specimens
examined
Gastropods were exposed to L1 on filter paper in plastic petri dishes over a
single 3 hr period (Hoberg et aI., 1995; Kutz et al., 1999). Gastropods not exposed to
Lfwere used as controls in the experiments with D.laeve and CatineIIo sp.
Gastropod maintenrmce and examination: Gastropods were housed initially in
Rubbermaid@containers (Kub et al., 1999b). At 12-22 days post infection, depending
on the experiment (Table 5. I), they were removed from the containers and placed
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individually in glass petri dishes (50 tnm inside diameter) containing a small amount of
water, lettuce, carrots and chalk and examined for larval emergence on the days
indicated in Table 5.1. Foot lesions and emerging larvae were detected by allowing
gastropods to crawl in dean glass petri dishes and then inverting the dishes and
examining the surface of the foot using a dissecting microscope with overhead lighting.
They were then transferred to sterilized petri dishes with fresh food. The uneaten
carrots and lettuce were removed from the old dishes, water was added to the lids and
bases of the dishes and these were examined with a dissecting microscope. The food
removed was placed in individual 100 rnl glass jars or beakers containing approximately
80 ml tap water. Jars were shaken and the water in the beakers stirred vigorously in
order to dislodge larvae from the food. After 16-24 hr in light at 21 C f 1 C, food and
supernatant were removed from the containers and the sediment examined for larvae. At
the end of each experiment gastropods were kiIled, digested in a pepsinhydrochloric
acid solution (Hoberg et al., 1999, and the remaining larvae recovered, counted and
classified to stage of development.
Analysis: It was assumed that all L3 produced in each gastropod were recovered
by examining dishes and vegetation and by digestion. The total number of L3 for each
gastropod was determined by adding the number of larvae which emerged during the
experiment to the number of L3 recovered by digestion at the end of the experiment.
The cumulative proportion of L3 that had emerged from an individual gastropod by a
given sampling day was the sum of all the L3 that had emerged up to and including that
day divided by the total number of L3 recovered fromthe gastropod. The mean
cumulative proportion of emerged L3 in an experiment was calculated based only on
gastropods from which at least one L3 had emerged during the experiment.
5.3.2 Field experiments
As part of an Arctic field study of the development of

U.pallikuukemis we also

investigated L3 emergence under natural conditions. Wildcaught D. laeve were
experimentally infected with U.pallikuuknsis (Kutz et d.,1999b)and placed in
enclosures (10 slugs/enclosure)made from perforated plastic pails (150 mm high, 200
mm inside diameter) containingtundra and lined and covered with a fine netting.
Enclosures were placed into the tundra so that the vegetation in the pails was at the same
Ievel as that outside. Experiments were established every 2 wk in a mesic sedge

meadow near Kugluktuk (Table 52). Multiple control enclosures containing 10
uninfected slugs were established for each experiment.
Slugs from the enclosures were examined by digestion (Hoberg et al., 1995)
every 2 wk for larval development and, after the first L3 was tscovered from a slug in
an experiment, the vegetation was sampled at varying intervals for emerged L3 (Jable
5.2). Some enclosures were left in the tundra over winter and were examined the
following year. To recover emerged W,vegetation was clipped to the level of the soil
and placed in a glass flask or jar. Initilly (vegetation examined 28 August and 11
September, 1993, approximately 250 mi of tap water was added to each container
which was then shaken or stirred vigorously. The sediment was examined for larvae
after 24 hours. On 11 September, 1997 the vegetation was re-examined by adding 1
drop of ~vory"liquid dish detergent to 5 L of tap water and using 250 ml of this solution
for the larval recovery. The sediment was examined after approximately 24 hr. The
detergent technique was used for all subsequent samples. Slugs were recovered from
the remaining turf by placing it in unperforated pads and using a cold water bath
technique (Kralka, 1986).
5.3.3 Survival of third-stage larvae

Live L3 that had emerged from D. reticulanun in a preliminary laboratory
experiment were p l d in approximately 50 mI of tap water (80 L3) or distilled water
(164 L3) in 125 ml Erlenmeyer flasks with a foam cork and placed in the reftigerator at
0-4 C (water froze at least once during this period). Water was added as needed to
prevent dehydration. These larvae were examined at room temperature 13 rno later to
determine survival.
5.4 Results
5.4.1 Laboratory experiments
Larval emergence: Third-stage larvae of U.pallikuukmis emerged h m all
infected individuals of all 3 gastropod species with the exception of a single D. laeve.
Only L3 emerged and these were found in the sediment from the uneaten vegetation
aswell as on the inside surfaces of the lids and bases of the petri dishes. Those found in
water in the bases of the dishes, or in the sediment h m the vegetation, were usually
motile while those found in dry areas of the dishes were tightly coiled coated with
mucus and adhered to the dish surface. When dislodged and placed in water these

Iarvae became motile, Early in the experiments a few L3 that had emerged were still
within the second-stage cuticular sheaths, but most of the sheaths were broken at the
anterior end Second-stage sheaths were frequendy observed free in the dishes. After
day 30 PI, emerged larvae were usualIy h e of the second-stage sheath. h a e were
~
not recovered from any of the control experiments with uninfected gastropods.
Third-stage larvae were observed emerging during exmination of the feet of live
D. laeve. ln experiment 3 on day 28 PI, a partially coiIed L3 within the second-stage
sheath (broken at the anterior end), was expelled from the foot of the stug within a cloud
of mucus. This was also observed on day 40 PI in experiment 1. Larvae actively
emerging from the D. lueve in experiment 1 were observed on days 40 PI (2 L3 from 1
slug) and 46 PI (5 L3 from 1 slug). The cephalic extremities of these larvae were free
from the slug tissue and moving vigorously while the posterior portions were still within
the slug. Dark pigment was visible in areas of the slug from which the larvae were
emerging.
Emergence puttem: Emerged L3 were f i t observed on day 22 PI in
experiment 1 and day 20 PI in experiment 2. Emerged W were first observed on days
22 and 38 PI in experiment 3 and 4 respectively, but in these experiments examinations
for larval emergence were not started until clays 20 and 24 PI, respectively, and any L3
emerging earlier would not have been detected.
The pattern of emergence of L3 from D. kleve, D.reticulanun and Catinella sp.
differed among the experiments (Figs. 5.1-5.4). In experhent I there was a relatively
constant rate d emergence from day 24 until slugs were killed at day 60PI (Fig.5.I).
In experiment 2 the pattern of larval emergence was described by a sigmoidd curve
(Fig. 5.2). Few larvae emerged up to day 28 PI, a rapid rise in L3 emergence o c m d
from days 30 to 50 PI and then the rate decreased from days 52 to 58 PI, In experiment
3, larval emergence was greatest from days 22 to 26 PI and days 34 to 40 PI (Fig. 5.3)
and in experiment 4 emergence began much later, and the level of emergence was lower
(Fig. 5.4). The total number of foot lesions observed in D.laeve in experiment 1 varied
from day to day and between individuals, but there was a trend for the lesion count
todecrease as the proportion of emerged W increased (Fig. 5.1). A similar pattern was
observed in experiment 3.
The total cumuIative proportions of W that emerged from individual gastropods
in each experiment relative to the intensities of infection are shown in Figwes 5 5 - 5 8 .
There was 100% larval emergence from some D. h e with both high (64 W)and low
(2 L3) intensities of infection (Figs. 5.5,5.7). By the end of experiments 1,2 and 3,

Figures 5.1-5.4. The mean cumulative proportions of third-stage larvae (L3) which
emerged from gastropods during each experiment. Eich biu represents the mean
cumulative proportion of L3 that had emerged up to hat day relative to the total L3 (total
L3 = L3 emerged by end of experiment + L3 recovered fmm the gastropod by digestion
at the end of experiment). Error bars = 1 SD of the mean of all gastropods (from which
larvae emerged) within an experiment.
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Figure 5.1. Experiment 1 with Deroceras laeve. Slugs were examined every second
day. Also shown is the mean number of lesions in the feet of 8 slugs (nor examined on
h i 5 0 post-infection).
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Figures 5.2-5.4. Gasuopods were examined only on the days indicated on the xaxis.
Figure 5.2. Experiment 2 with D. rericularunr.
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Figure 5.3. Experiment 3 with D. laeve.
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on days 58 or 60 PI, the majority of the L3 had emerged from more than half of the
slugs (Figs. 5.5-5.7). Levels of larval emergence were lower in Catinella sp.
(experiment 4) with only one snail having lost more than half of its L3 by day 60 PI
(Fig. 5.8). Figure 5.9 demonstrates the patterns of L3 emergence from 6 individual D.
lame from experiments 1 and 3 with similar cumulative proportions of emergence
(approximately 0.6) by the end of the experiments but with different intensities of
infection, The patterns of emergence were generally similar. The emergence at lower
intensities appears irregular because each L3 represents a higher proportion of the total
than with higher intensities of infection.

5.4.2 Field experiments
The results for larval emergence in the field are shown in Table 5.2. All
emerged L3 recovered in 1997 were alive while some in 1998 were dead or coiled and
non-motile. More emerged L3 were recovered from the vegetation using the detergent
technique after the water technique. In field experiment 2 on 11 September 1997,7, 1
and 1 live L3 were recovered from the vegetation of each of 3 enclosures examined
using tap water. The same vegetation was processed again using the detergent technique
and 3, 1 and 14.moreL3 were recovered, respectively, from each of the 3 enclosures.
In 1997 infected slugs were recovered from all enclosures with L3 on the vegetation, but
in 1998 slugs were not recovered from the enclosures with L3 on the vegetation.

5.4.3 Survival of third-stage larvae

Many of the emerged L3 held in water at 0 C to 4 C for over 1 yr were still alive.
From the tap water, 2 1 of the original 80 L3 were recovered and of these 1 was dead, 3
were active and 17 were tightly coiled and in good condition. From the distilled water,
122 of the original 164 L3 were recovered and of these 7 were dead, 9 were active and
106 were tightly coiled and in good condition.
5.5 Discussion
We have demonstrated in the laboratory that L3 of U.pallikuu&ensis emerge
from 3 species of gastropods while the gastropods are alive. Two of these gastropod
species occur in the Arctic where muskoxen naturally infected with this parasite are
found, We have also shown that L3 emerge from D.laeve on to the vegetation under
natural conditions in the Arctic. We could not ascertain, however, on the basis of the
field experiments, whether the L3 emerged from live or dead slugs.

Figures 5.5-5.8. Proportion of third-stage larvae (L3)that emerged relative to
intensity of infection. Each bar represents the proportion of the total L3 within an
individual gastropod that emerged during the experiment. The total number of L3 (as
defied in Figs. 51-54) recovered from each individuaI gatsropod is shown on the xaxis. Where numbers rue present above the bars they indicate the number of days postinfection (PI)by which KKl8 of the L3 had emerged from that gastropod. Experiments
1,3 and 4 ended on day 60 PI, experiment 2 onday 58 PI.
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Figure 5.5. Experiment 1 with D. laeve.
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Figure 5.6. Experiment 2 with D. reticulaturn.
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Figure 5.9 Patterns of emergence of third-stage Iarvae (L3) from individual
Deroceras laew with different intensities of infection (slugs from experiments 1 and 3)
but similar proporitons of emerged L3 by day 60 post-infection.

5.5.1 Larval emergence in the laboratory
In the laboratory experiments, emergence of L3 did not coincide with initial
development of L3's in the gastropods. At 20 C motile L3 of U. pallihukensis are
present by days 12 PI and 15 PI in D. laeve and D. reticularum, respectively (see
Chapter 6). In the present studies, however, the L3 did not emerge from these M until
days 20-22 (D.laeve) or 18-20 PI (D. reticulatum). These data suggest that the L3 may
need to reach a particular stage of development before emergence can occur. This
suggestion is supported by the morphological and morphometric differences between
early motile L3 in gastropods and those recovered 3 wk later from the gastropods or
those that had emerged (see Chapter 6).
Differences in levels and patterns of emergence were observed among gastropod
species. One hundred percent of the L3 had emerged from some D. laeve and Catinella
sp. by day 60 PI (Figs. 5.5,5.7, and 5.8). In contrast, although the highest overall
mean proportion of emerged L3 occurred from the temperate species, D. reticulatum,
none of these slugs lost all of their larvae by day 58 PI (Fig. 5.6). This difference may
be related to the gastropod species (unlike D.laeve and Catinella sp., D reticulatwn is
not an Arctic species (Pilsbry, 1948) and therefore is probably not a naturd M for U.
pallikuukmis) or may be an artifact of the small number of gastropods in each
experiment The mean cumulative proportion of L3 emerging from Catinella sp. was
considerably less than that from either of the slug species. Among the possible
explanations for this difference are that many of these snails underwent short periods of
aestivation during the study. Bow (1975) suggested that gastropod activity was
necessary for larval emergence. Aestivating snails in this study would have had reduced
activity relative to the slugs. In addition, larval development in Catinella sp. was not
synchronous. At day 60 PI, when the snails were digested, some individuals contained
L2 as well as W. Solomon et al. (1996) demonstrated that development of larvae in
aestivating snails (Trochoideaseerzenii and Theba p i s m ) was delayed compared to
rates observed in active gastropods. Thus, aestivation may have been responsible for
differential rates of larval development to L3 in some individual Catinella sp. and may
have affected the rate of emergence.
KraIka and Samuel (1984a) suggested that larval emergence is a density
dependent phenomenon resdting from unnaturally high infection intensities in the
laboratory. Within the Rotostrongylidae, naturally infected M typically have low
intensities of infection but occasionally higher intensities of infection occur (for example

75 and 97 larvae of Parelaphostrongylus renuis have been reported in naturally infected
D. laeve) (Lankester and Anderson, 1968; Maze and Johnstone, 1986). Although we
do not know what the natural intensities of U.pallikuukensis are in gastropods, the
present laboratory experiments demonstrated larval emergence over a wide range of
intensity of infection. Based on these experiments there is no evidence to suggest that
the intensities of infection affected the cumulative proportion or rate of larval emergence
from D. laeve and D. reticulaturn (Figs. 5.5-5.7,5.9). Insufficient data were available
to determine the effect of intensity on emergence from Catinella sp. (Fig. 5.8).
Experiments comparable to the present study on the patterns of larval emergence
from live M of related Muelleriinae have not been reported. With U.pallikuukensis the
rates of L3 emergence, the total numbers of larvae emerging and the proportions of
gastropods from which L3 emerged, were high compared to P. boughtoni (Kralka and
Samuel, 1984a), P. stilesi (Monson and Post, 1972), and P. rufescens (Bow, 1975),
all members of the Protostrongylinae. Emergence of L3 of A. cantonensis and A.
costaricensis, however, appears to be more common than among the Protostrongylinae
(Heyneman and Lim, 1967; Ubelaker et al., 1980). Emergence of L3 among other
Protostrongylidae has not been investigated in any detail.
5.5.2 Larval emergence in the field

Live L.3 were recovered from the vegetation of 3 experiments established in 1997
both in the fall of that year and in the spring of 1998 after overwintering on the tundra
It was not possible, however, to determine whether the L3 had emerged from live or
dead slugs because not all slugs originally put into the enclosures were recovered at the
time of sampling, suggesting some gastropod moaatity. Based on the high proportion
of L3 which emerged from live gastropds in the laboratory, it is probable that at least
some of the larvae emerged from live dugs. Additionally, it was not possible to
determine if L3 found on the vegetation in 1998 had overwintered on the vegetation or
had emerged more recently. The absence of L3 emergence in experiments 4 and 5 may
have been because these larvae had only recently developed to L3 (second stage larvae
were recovered from some slugs on digestion) and were not sufficiently mature to
emerge.
The number of L3 that emerged from the gastropods in the field may have been
underestimated by our sampling techniques. Firstly, only the vegetation was examined,
not the sides of the enclosures or the soil within the enclosures. Slugs were frequently
observed on the sides of the enclosures and occasionally on the soil and it is possible

that L3 emerged on to these surfaces. Secondly, the detergent technique seemed to
improve larval recovery and it is likely, therefore, that not all L3 were recovered from
the vegetation on 28 August I997 when plain water was used. Detailed experiments,
incIudig refined sampling kchniques, are required to describe the patterns of larval
emergence in the field and factors influencing emergence.
5.5.3 Mechanisms for emergence
There are at least 2 different mechanisms for emergence of U.pallihukensis
from D. laeve: vigorous movements of the L3; and expulsion of L3 with mucus. These
2 mechanisms may be associated with the presence or absence of the second-stage
cuticular sheath. Although larvae emerging early in the experiments were often
ensheathed within the second-stage cuticle those emerging later were not.
Protostrongylid W may have increased motility once reieased from the second-stage
cuticular sheath (Gerichter, 1948; Rose, 1957; Beresford-Jones, I966) and this may
facilitate active larval emergence. Based on available literature there are differences
among the Protostrongylids on whether they emerge with or without the second-stage
cuticular sheath. MuelZeri'us capillaris, C.ocreatus and P. pulmonalis emerge without
their second-stagecuticular sheah (Bow, 1973, while ProrostrongyIus boughtoni, P.
tauricus, P. davtymi and P. sriIesi retain at least the second-stage cuticular sheath until
after they emerge (Monson and Post, 1972; Bow, 1975). Kralka and Samuel (1984a)
observed that L3 of P. boughtoni "did not ciearly have suficient mobility to actively
crawl out of the feet encumbered by the extraneous cuticles" and proposed that
emergence of the L3 may be a passive phenomenon associated with contractions of the
gastropod's foot muscle, or an active expulsion caused by an immune response by the
M. Emergence of L3 of other Protostrongylus spp. may be brought about by similar
mechanisms as P. boughroni. The mechanisms of L3 emergence, including the
presence or absence of cuticular sheaths when emerging, may be phytogenetically linked
traits. Controlled experiments are required to test this hypothesis within the context of
recent phylogenetic studies for the Protostrongylidae (Carreno and Hoberg, 1999).
In the present study we were not able to identify the factors that initiate and
influence larval emergence. Emergence of W's among metastrongyloids, induding
angiostrongylids and protostrongylids, has been observed after damage to the gastropod
tissues. Cheng and Alicata (1964)found that the number of W of A. cmrroneRFiS that
emerge from terrestrial snails increased when the snds were injured. Rose (1957)
reported L3 emergence from damaged foot tissues after killing specimens of D.

reticuIatwn by cutting off the foot. Third-stage larvae of P. nrfecem arid C, ocreatw
emerged during periods of high moisture (ie. during the rainy season) (Boev, 1975).
Other factors influencing larval emergence have not been studied.

5.5.4 Survival of L3 in the environment
Third-stage larvae of U.pallikuukensis survived for up to 13 mo in tap or
distilled water in the refrigerator. Although the coiled larvae were not active they were
in good condition with no signs of degeneration. Without confirmed motiIity it cannot
be determined whether they were alive, nor is it possible to assess their infectivity. It is
known, however, that emerged L3 kept in tap water at 4 C.for up to 18 days were
infective to a muskox (Kutz et d.,1999b). Survival of L3 in cold water and subsequent
infectivity is of significance because the potential terntrial M in the Arctic (D.laeve
and Carinella sp.) live in moist habitats, often in mesic or wet sedge meadows,
Iakeshores or riverbanks (see Chapter 8). Rollo and Shibata (lW 1) reported &at D.
laeve is commonly found hatching and thriving in wet habitats and submerged and active
in water during spring floods. In addition, U.pallikuukensis can develop in another
arctic species, the freshwater snail Aplexa hypnorum (see Chapter 8). Third-stage
larvae, therefore, could emerge from either of these species into the water. Larval
emergence and subsequent survival in water, perhaps facilitated by the ability to feed
when the second cuticular sheath is absent, strongly suggest that W in the environment
may be a source of infection for muskoxen. Larvae emerging on to dry surfaces may
use a dfferent strategy for survival. Those found on dry surfaces were coiled tightly
and in a thick mucous coating. This coating may provide protection against dessication
and extend the survival of the larvae in the natural environment.
Survival and mobility of free-living L3 of other species of protostrongylids have
been only superficially investigated. Third-stage larvae of M. capillaris were resistant to
dessication but not to sunlight (Boev, 1975). Larvae of M. capillaris which had
emerged from dead slugs did not survive longer than 17 days when maintained with the
dead slugs (Rose, 1957). Cystocaulus ocreafus survived drying for 1 rno as well as
repeated cycles of freezing and thawing associated with overwintering (Boev, 1975).
Infective L3 of Erclphostrongylus rungifen were highIy resistant to the environment and
could survive in water for 35 days as well as for several days after the death of the IH
(Kontrimavichus et al., 1976) and L3 of A. cantonensis survived in water for up to 7
days (Richards and Merritt, 1967). Horizontal mobility of emerged L3,but no vertical
mobility, was reported for E. rangiferi (Konmmavichus et al., 1976). The survival and

mobility of emerged U.pallikwukensis should be further investigated to better
understand the ~ i ~ c a n ofc this
e phenomenon.

5.5.5 Larval emergence and parasite transmission
Transmission of U.pallikuukensis depends on successful infection of a suitable
gastropod IH with L1,development to infective L3 and subsequent ingestion by a
muskox DH. This requires temporal and spatial overlap of L 1 with gastropods and,
according to the current understanding of protostrongylid life cycles, of gastropods
containing infective W with the DH (Anderson, 1992). In the Arctic such transmission
of U. pallikuukensis and other nematodes to the DH may be limited to seasonally
defined periods (see, for example, Hoberg et al., 1999). The arctic summers are short
and gastropods are active only from spring melt (usualIy the beginning of June) to early
September. They then hibernate, probably sheltered in crevices or under stones
(Dainton, 1989), and are unlikely to be ingested by muskoxen until they emerge from
this hibernation- Emergence of larvae from gastropods may be a life history trait which
increases the potential for transmission of the parasite to the definitive host on both a
temporal and a spatial scale (Kua et al., 1999b). Emerged L3 that survive ambient
conditions on the vegetation may be available when the gastropods xe not active or after
they have died. In addition, emerged L3 may be more widely distributed in the
environment than are the gastropods. This enhanced lifespan and dispersal of emerged
L3 may reduce the necessity for direct gastropod-muskox contact.
Spatial overlap of muskoxen with high densities of gastropods may be limited by
seasonal changes in the range and habitat use of muskoxen. For example, muskoxen in
the region west of KugIuktuk migrate between winter range in the Rae-Richardson river
valleys and summer mge further north toward the arctic coast (Gunn and Fournier,
1999). These seasonal migrations may be significant in parasite transmission.
Gastropod densities may be greatest in muskox wintering m a s and yet availability of
the gastropods to muskoxen in these areas would be restricted in the winter. If,
however, L3 emerge and survive ambient conditions on the vegetation, they may be
available during the winter when gastropods are hibernating but muskoxen are present.
This could reduce or eliminate the necessity for spatid and temporal overlap of
muskoxen and infected gastropods. Seasonal dietary shifts (and thus changes in habitat
use) have been reported for muskoxen (O'Brian, 1988; Gunn and Sutherland, 1997)
and may also influence their exposure to infected gastropods.

In areas where muskox habitat use overlaps with high densities of gastropods
during the summer, L3 emergence could also increase the spatid and temporal
distribution of the infective L3. For example, if L3 emerge over an extended time period
(larval emergence was observed from day 18 to day 60 PI in the present study) they
could emerge on to many different areas of the vegetation during normal summer
gastropod activity. In temperate climates gastropods exhibit circadian activity patterns
influenced by temperature, humidity and wind Painton, 1989; Kaufmann, 1990; Rollo
and Shibata, 1991). Assuming gastropod activity is similarly influenced in the Arctic,
they are probably not available to the muskoxen at all times during the day. Larval
emergence, however, would provide multiple foci of infection, on vegetation or in the
water, which would be available to muskoxen 24 hr a day;greatly increasing the
probability for transmission compared to that dependent on ingestion of a single infected
gastropod. This strategy may be particularly important in parasite transmission from
heavily infected gastropods.
Larval emergence may also increase L3 availability after the death of the
gastropod. It is possible, as has been proposed for E. rangiferi in Norway (Halvorsen
and Skorping, 1982),that in some years, larvae of U,pallikuukensis may require 2
summer seasons to develop to L3. Nothing is known about the life history of D. laeve
in the Arctic. It is known, however, that near Guelph, Canada,a more temperate region,
large slugs (those which have overwintered) disappear from the population in August
and September. If D. laeve has a life cycle in the Arctic similar to that in more temperate
regions, and if, in some years, U. pallikuukensis requires two summers for
development to L3, it would be the large slugs, infected the previous year, which would
contain L3 by the following mid-summer. Without larval emergence all infective L3
within these large slugs would be lost in the second summer if the slugs died. If, on the
other hand, larvae emerged on to vegetation or into the water before the death of the
gastropod they may remain available for transmission. Observations in the present
study and observations of L3 emergence from damaged gastropods by other authors
(Rose, 1957; Cheng and Alicata, 1964) suggest that larval emergence may increase in
unhealthy gastropods. Increased larva1emergence with impending gastropod death
(tissue degeneration) may be a strategy used by the parasite to increase its chances of
transmission. If overwinter gastropod mortality is high, larval emergence from
gastropods before they enter hibernation may also serve as a mode of maintaining W in
the environment after the death of the gastropod,
In conclusion, based on laboratory and field data, emergence of W from the
gastropod M appears to be an inherent trait of U.pallikuukensk This alternate

pathway for transmission may be of importance in the natural host-parasite system by
increasing larval availability spatially and temporally, perhaps eliminating the narrow
and seasonalIy defined windows of transmission. Recognition that emergence of W's
for U.pallikuukensis and perhaps other protostrongylids may be a natural and
epidemiologically significant phenomenon serves to broaden our current understanding
of transmission dynamics and life-history patterns for lungworms (e.g. Anderson,
1992). To further understand this phenomenon it is important to determine the extent of
L3 emergence in the field, the survival of emergent larvae under natural conditions, the
factors affecting emergence, as well as the life history and behavioral patterns of the
gastropod intermediate hosts and how these relate to muskox life history strategies.

6. DEVELOPMENT OF UiWlNGMAKSTRONGYLUS
PALLIKUUKENSIS WITHIN GASTROPODS: MORPHOLOGY,
MORPHOMETRICS, AND THE INFLUENCE OF TEMPERATURE

6.1 Abstract
The morphological and morphomeuic aspects of larval development of U.
pallikriukensis in Deroceras laeve were investigated under laboratory conditions. Larval
stages were best defined by the separation of the cuticular sheaths, tail structure, and
viability following digestion. There was some growth in body and esophagus width
during the first-stage within the intermediate host, but the majority of the growth in body
length and width occurred immediately following the second molt. Larval development
in D. laeve and D. reticularum occurred more rapidly at warmer temperatures. The
calculated threshold temperatures were 8.5 C and 9.5 C in D.laeve and D. reticulatirm,
respectively, and 167 degree-days were required for development to third-stage larvae in
both intermediate hosts. These theshoids are high compared to that based on published
data for the closely related Muellerius capillaris (4.2 C), but similar to those for the more
distantly related northern protostrongylid, Elaphostrongylus rangifen' (8.3 - 10.3 C).
Conversely, degree-days required for development to infective L3 were more similar
among the Muelleriinae than between this group and the Elaphostrongylinae.
Development parameters for protostrongylid larvae may be influenced both by the
environment and by features of the parasites and the intermediate hosts, including
phylogeny.

6.2 Introduction
Umingmakrrongylus paliikuukemis is a protosmngylid lungworm of
muskoxen first described by Hoberg et al. (1995) and found in muskoxen in the region
of the Rae and Richardson River water sheds to the west of Kugluktuk, Nunavut,
Canada (67"49'N, 115'08'W) (Gum and Wobeser, 1993). Adult parasites live in cysts

5 to 40 mm in diameter in the lung parenchyma (Hoberg et al., 1995) and up to 258 of
these cysts have been found in a naturally infected muskox (Gunn and Wobeser, 1993).
Like other protostrongylids, U.pallikiukensis requires a gastropod intermediate host
for development from the first (LI) to the third (L3)larval stage (Hoberg et al., 1995;
Kutz et al., 1999b). The slug species Deroceras rericulariim and Deroceras iaeve are
both suitable laboratory intermediate hosts for this parasite (Kutz et al., 2000b).
Development of protostrongylid larvae in gastropods is influenced by a variety
of factors including temperature, humidity, intensity of infection and the species, age,
and physiological condition of the gastropod (Gerichter, 1948; Rose, 1957; Skorping,
1984; Samson and Holmes, 1985a; Cabaret, 1987; SoIomon et al., 1996). Temperature
has a critical influence with larval development rates increasing with temperature, up to a
maximum temperature (Rose, 1957; Halvorsen and Skorping, 1982). It is generalIy
accepted that there is a lower temperature threshold for protosmngylid Iarvae in
intermediate hosts, below which development is minimal (Gerichter, 1948; Halvorsen
and Skorping, 1982). These thresholds may differ among protostrongylid and
intermediate host species (Gerichter, 1948; Halvorsen and Skorping. 1982). and some
larval development may occur below the calculated threshold temperatures (Samson and
Holmes, 1985b).
Based on prevalence and intensity data for the affected muskox poputation
(Gunn and Wobeser, 1993), U.pallikuukensis appears to be a very successfid parasite
in the perhaps harsh arctic environment. The apparent success of this parasite raises a
number of questions about transmission of U.pallikuukensis in the Arctic, including
factors affecting larval development in the intermediate hosts.
The objectives of the present study were to: ( 1) describe the morphological ilnd
morphometric changes as L 1 of U.pallikuukensis develop to L3 in D.laeve; (2)
determine the effect of temperature on the rate of larval development in both D.irreve and
D. reticulaturn; and (3) determine the thteshold temperature(s) and degree-days required
for development to L3 in both gastropod species. It was hypothesized that parameters
associated with development of U.pallikuukensis (growth rate, temperature thresholds,
degree-days (DD)) would be driven primarily by extrinsic environmental factors and
secondarily by intrinsic phylogenetic constraints on the parasite.

6.3 Materials and Methods
In total 12experiments were conducted to study larval development at
temperatures ranging h m 8.5 C to 25.0 C (Table 6.1). All experiments were used
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to assess the effect of tempenture on larval development and the pattern of transition
over time from 1 larval stage to the next. Experiment 12 was also used as the basis for
morphological and morphomecric descriptions of the larval stages.

6.3.1 Sources of larvae and gastropods
First-stage larvae were obtained from the feces of a muskox which had been
experimentally infected with II, pailikrtukensis (Kuuet al., 1999b). Feces had been
frozen for up to 20 mo at - 13 C 2 C. Larvae for gastropod infections were isolated
from feces using a funnel (Kun et al., 1999b)or a beaker Baermann technique
(Forrester and Lankester, 1997) and concentrated to 2-4 rnl in tap water.
Specimens of D. reticulaturn, a slug of temperate climates, were obtained from
captive-bred protostrongylid-free colonies originating from the Center for Animal
Parasitology, Canadian Food Inspection Agency, Saskatoon, Canada, and from a
compost box in Ottawa, Canada. These slugs survived and reproduced well in
captivity. They were used for experiments 1-6. Specimens of D. laeve, the only slug
species native to the North American Arctic (Pilsbry, 1946, 1948), were from 2
sources. Wild D. laeve, collected from an area along the Coppermine River near the
townsite of Kugluktuk, Nunavut, were used for experiments 10 and 11. This collection
area was not used by muskoxen and sitings of caniou were infrequent. Because it was
dficult to maintain breeding colonies of the wild-caught specimens, a laboratory colony
of D. laeve which originated from a Saskatoon greenhouse, and which survived and
reproduced well in captivity, was used for experiments 7-9 and 12.

+

6.3.2 Infection of gastropods
Prior to experimental infections the feet of h e wild-caught D. laeve were
examined for lesions indicative of pre-existing protostrongylid infections (Kutz et al.,
2000b). During 2 years of related field studies no lesions were seen in slugs collected
from the Coppermine River site and more than 100 D. laeve from this site were digested
and no larvae were recovered.
Slugs were infected with L 1 of U.pallikuukensis as described by Hoberg et al.
(1995). The numbers of L1 to which the slugs were exposed for each experiment are
given in Table 6.1. In preliminary experiments a greater proportion of larvae established
in D.laeve than in D. reticulaturn and, therefore, lower numbers of L 1 were used to
infect the D. laeve. Also, to minimize potential dug mortality, relatively low numbers of
L1 were used in the tong duration, low temperantre experiments (10 C and 12 C) with

D.rericularirm. After infection, all slugs were maintained in Rubbemaid* containers,
fed once weekly (experimentsat 15-25C) or every 1, wk (experiments at 4 5 C)(Kun
et al., 1999a) and kept in temperature concroUed refrigerated incubarors in the dark

6.3.3 Digestion of gastropods and examination of larvae
Subsets of slugs were examined for larvae at various days post-infection (DPI).
The sampling schedules were determined based on the temperature (see Table 6.1).
Slugs were weighed and then digested in an artificial pepsin/hydrocNoric acid solution
(Hoberg et al., 1995). Larvae recovered were heat-killed on glass slides and examined
early L3 (aL3),
at 400X. They were identified as L1, second-stage larvae (U),
intermediate L3 (bL3), late L3 (cL3) or emerged L3 (eL3) on the basis of morphological
characteristics (described below), the age of infection (DPI), and behaviour. The larvae
were preserved in 70% ethanol/ 5% glycerine.
In experiment 12, a subset of 15 live L 1 were removed from the petri dishes
used for slug infection, hear killed on glass slides and measured at 400X using an ocular
micrometer. Fifteen larvae were examined and measured on each sampling day
thereafter with the exception of the emerged L3, of which only 9 were recovered.
6.3.4 Data analysis

The computer program Statview SEW SE +Graphics (I988Abacus Concepts
Inc., San Francisco, CA) was used for data analysis. A one-way analysis of variance
was used to compare morphometrics of larvae at different stages of development. A
regression andysis of temperature on larval deveiopment rates (Ltdays to intermediate
L3) was used to determine the theoreticai threshold temperatures (To)and the degreedays required (K) for deveiopment of U.pallikuukensis to intermediate L3 in D. Iaeve
and D. reticulaturn (y = a + bx, To= -a/b and K = l/b)(Campbell et al., 1974;Samson
and HoImes, 1985). The time to the first intermediate L3 in any of the slugs examined
on a given day was used as the end point to determine development rates. This stage of
deveiopment was felt to be the most comparabie to that defined by Rose (1957),
Halvorsen and Skorping (1982)and Samson and Holmes (1985)as "infective W". To
compare the Toand K values of related protosuongyiids, regression analyses were
performed using data for the deveIopment of Mue1ieriu.s capillaris to "infective L3" in D.
reticulmm or D.agrestis (fromTable I in Rose, 1957)and for the development of E.
rangfen to "infective L3" in Arianra arbusrorum and Euconulusfulvrrs. (Qures 1 and 2
in Halvorsen and Skorping, 1982).

6.4 Results

6.4.1 Larval development: morphology
Morphological characteristics of L1 and L3 of U. pallikriukensis have been
described in detail (Hoberg et al., 1995), and the following descriptions of these stages
are limited to observations that facilitate their differentiation from L2. Within the
continuum of larval development in D. laeve at 23 C (experiment 12). on the bases of
morphology, age of infection, and behavior, 6 categories of larvae were identified: L1
on 0.3, and 4 DPI; L2 on 4-9 DPI; early L3 on 9-1 1 DPI; intermediate L3 on 12, 13
and I5 DPI; late L3 on 36 and 38 DPI; and emerged L3 from 22-38 DPI. The
morphological characteristics useful for defining the stages of development are
summarized in Table 6.2.
First-stage larvae (0DPI). Larvae consistent with those described by Hoberg et
ai. (1995) with limited variability among larvae.
First-stage larvae (3 DPI): Cuticle and cuticular sheaths: homogenous refractile
granules, numerous, small, uniformly ovoid, situated immediately beneath cuticle in
single line extending from base of esophageal-intestinal junction (EU)to near anus (Fig.
6.1); no separation of the first cuticle. Intestine: prominent walls, large round nuclei
present, lumen variable size. Genital primordium (GP): 2 ceils. Digestion: larvae motiIe
following digestion (and considered to be alive); assume "C'to comma shape when heat
killed. General: anus and excretory pores swollen, prominent.
First to second stage transition (4 DPI): L2. Cuticle and cuticular sheaths:
homogenous refractile granules present under first cuticular sheath (CS 1);CS 1 usually
separated at tail and separated.orthickened at cephalic extremity (Fig. 6.2). Intestine:
lumen usually wide; intestinal cells with large round nuclei. GP: 2 cells. Tail: short
ventral point, consistent with first section of L1 tail, visibly separating from CS 1.
Digestion: Iarvae nonmotile following digestion (and considered to be dead); assume
comma form. General: both L1 and L2 present (8 L1,7 L2), L1 as described at 3 DPI.
Second-stage larvae (5-9 DPI): Cuticle and cuticular sheaths: separation of CS 1
complete, cuticle remaining intact as sheath; cuticular lining of esophagus, excretory
duct, rectum molted (Fig. 6.3); homogenous refractile granules absent under CS 1 by 5
DPI but increase in number under cuticle of L2 from 6-9 DPI. Intestine: cells very

Table 6.2: Morphological characteristics of developing larvae of Umingrnaksrrongyl~rs
pallikuiikensis.
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+

Live;
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+
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+
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+
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'CS I first cuucular sheath, CS2 - second cuticular sheah ,GP - genital primordium.

-
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-

-
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a - comma form, b - circle form, c - "c" shape.

I*

I

Fi res 6.1-6.3. Larvae of Umingm~kstrongyluspallikruikensis from Deroceras
E v e at various days post-infection (DPI).
Figure 6.1. First-stage larva at 3 DPI. Small refnctile granules are visible under the
cuticle (a). Excretory pore (b) and anus (c) are prominent. Nuclei of intestinal cells
(d). (Bar = 20 pm).
Fi ure 6.2. Fit to second-stage larvd transition at 4 DPI. The cuticle is thickened at
cephalic extremity (arrows). (Bar = 20 am).
Figure 63. Second-stage larva at 5 DPI. The first cuticular sheath (CS I ) (a) is
completed separated from the larva. The tail has a short, ventral point (b). The lining
of the rectum has molted (c) (Bar = 20 pm).

8e

granular from EU to GP, often obscuring cellular structure; large round nuclei
occasionaily visible in intestinal cells; intestine relatively dark and lumen narrow at 6-9
DPI. GP: 2-4 cells. Tail: short ventral point, consistent with f i t section of L l tail
(Fig. 6.4); point disappears in some larvae by 8 DPI. Digestion: larvae dead foIlowing
digestion; assume circular or comma form. General: larvae with considerable
morphological variation, initially (5-7 DPI) thin, ,mular, later increasing in width and
often a marked bulge between EU and GP: morphological characters often obscure:
excretory gland prominent, often extending posterior to EM.
Early third-stage larvae (9-11DPI): Cuticle and cuticular sheaths: CS 1 often
broken at cephalic end, occasionally absent; second cuticular sheath (CS2) present but
separated (Fig. 6.4); distortion of third-stage cuticle observed in some larvae. Intestine:
walls thick and dark, but density decreased compared to late L2;lumen narrow. GP: 46 cells. Tail: bluntly rounded. Digestion: larvae dead following digestion; assume a
loose comma or "C"form. General: larvae at L3 first observed at 9 DPI (1 1 of 15 Imae
examined); differentiation of internal structures and organ systems apparent, features
more distinct and larvae generally larger than L2 at 8 and 9 DPI.
Intermediare third-stage larvae (12, 13 and 1.5 DPI): Cuticle and cuticular
sheaths: CS 1 usually absent; CS2 broken at cephalic extremity (Fig.6.5); third cuticle
thick. Intestine: clearly defined lumen, occasionally containing small, heterogenous,
refractile granules; intestinal cells pale, agranular and clearly defined. GP: increased in
size, composed of 4-8 cells. Tail: bluntly rounded. Digestion: larvae alive following
digestion; assume relaxed comma to "C'shape when heat killed. General: cephalic and
buccal suuctures well developed, 6 papillae of inner cirde and lateral amphids
prominent, visibie surrounding buccal opening; buccal capsule containing cuticularized,
stylet-like organ with thickened wall and prominent barb-like points in anterior,
extending from near buccal opening posterior into insertion in upper esophagus (Fig.
6.6); excretory gland large, compressing esophagus dorsally.
Lore third-stage larvae and emerged third-stage larvae (36and 38 DPI or 22-38
DPI, respectively): Cuticle and cuticular sheaths: CS 1 and CS2 absent. Intestine: fully
differentiated, containing few small, heterogenous refractile granules in turnen.
Digestion: Iarvae alive following digestion or emergence; assume "C'shape when heat
killed. General: other characters of Iarvae obtained from digestion and those
spontaneously emerged from slugs were consistent with intermediate L3 stages.

Figures 6.4-6.6. Larvae of Umingmaksrrongylus pall ikuukensis from Deroceras
laeve at various days post-infection (DPI).

Figure 6.4. Early third-stage larva at 10 DPI. CS 1 is absent, the second cuticular
sheath (CS2) is present (a) but separated from the larva. The lining of the esophagus is
being shed (b) (Bar= 5 0 ~ ) .

Figure 6.5. Intermediate third-stage larva (L3)at 12 DPI. The CS 1 is absent and
CS2 is broken at cephalic extremity (arrow). Features more distinct than in earlier larval
stages lie. nerve ring (a), excretory pore (b), and anus (c) are clearly visible). (Bar = 40

Pm).
Figure 6.6. Late L3. Cuticularized stylet-like organ with barb-like points in buccal
capsuIe (arrows pointing at either end of structure). (Bar= 10 p).

6.4.2 Larval development: morphometrics
Morphometric data for each day of examination of larvae of U.paliilikrrrtkrnsis in
D. laeve at 23 C (experiment 12) are presented in Figures 6.7-6.9. Fifteen larvae were
examined on each day, however, not all characters were visible in all fmae at some
stages of development (particulariy the t2). This resulted in the sample size (n) for each
character varying between days of examination. The range of n for the GP
measurements was 2-15; the L2 had the smallest n for this character. On 4 and 9 DPI,
the l a m e recovered were a mixed population (L1 and L2 on day 4, L2 and L3 on day 9)
and the n for the different characters were 8 (Ll, 4 DPI), 4-7 (L2,4 DPI), 0-2 (L2.9
DPI), and 6- 11 (L3.9 DPI). The n for each character on the remaining days ranged
from 8 to 15, and was 10 or greater for most (>95%) of the characters.
Larval growth from 0-4 DPI consisted primarily of an increase in body width
(BW) and esophagus width (EW)and a decrease in the ratio of the esophagus length to
the total body length (%E) (Figs. 6.8,6.9). At 4 DPI, 8Ll and 7 L2 were recovered.
From 4-9 DPI, the GP became located more posteriorly and the BW and %E were
highly variable. At 9 DPI, 4 L2 and 11 L3 were recovered. Considerable changes in
total body length (BL), distance to the GP (GPD), GP length (GPL), and %E occured
from 8-10 DPI. The standard deviations of the measurements on these days reflect the
variabfity observed among these larvae.
Morphometric data for each morphologically defined category (Table 6.3; Figs.
6.10,6.11) were summarized and compared statistically using a one-way analysis of
variance and Scheffe's test (P = 0.05). There were no significant differences between
the late L3 and the emerged L3 and these two categories were combined for further
analysis. The L 1 signEcantly differed from the intermediate L3 and latelemerged L3 for
all characters except distance to nerve ring (NRD). The L2 significantly differed from
intermediate L3 and lademerged L3 in all characters except rhe NRD,tail length (TL)
and %E. There were also significantdifferences between early L3 and intermediate L3
(distance to the base of the esophagus (ED) and EW),between early L3 and
latefernerged L3 (ED, EW,TL,GPL and GPW), and intermediate L3 and latetemerged
L3 (EWand GPL).

6.4.3 The effect of temperature on larval development
In both slug species, larval development of li. pallikuukensis occurred more
rapidly at warmer temperatures (Figs. 6.12,6.13). Figures 6.14 - 6-17 show the

Figures 6.7-6.9. Mean measurements of Larvae of Ilmingmasrrongylrts
pallilrrsikensis from Deroceras laeve at 23 C at various days post-infection (DPI). L I first-stage larvae, L2 - second-stage larvae, aL3 -early third-stage larvae (L3). bL3 intermediate W,cL3 - late L3, eL3 - emerged W.The 2 sets of data for 4 DPI represent
measurements from L1 and L2, and at 9 DPI the data represent measurements from L2
and aL3. All measurements in micrometers except for esophagus as a percent of total
body length (5% E). (Error bars = 1 SD).

Days post-infection

Figure 6.7. Total body length (BL)(not including separated cuticular sheaths) and
distances from the cephalic extremity to the genital primordium (GPD), to the base of the
esophagus (ED), and to the excretory pore (EPD).

Days post-infection

Figure 6.8. Tail length measured from the caudal extremity (TL),body width
measured at the base of the esophagus (BW),GP length (GPL) and width (GPW).
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Figure 6.9. Esophagus as a percent of tom1 body length (8E) and width of the
esophagus at its base (EW).

Table 63: Measurements*of the different larval stages of Umingmaksrrongylus
pallikuukensis.
Character

This study

Hoberg et
a 1 1995

Nerve ringt

n=22

r47

n=3 1

n=46

n=29

tory

pornt
Esophagust

Genital

primotdium'

Body length

Tail'

'Inmicrometers except % Esophagus which is esophageal length as percentage of h e total body length.
'Measurements arc from the cephalic extremity.
'Mean HSD, (range).

to caudal extremity.

Table 6 3 (continued): Measurements' of the different larval stages of
Umingmukstrangyluspallikuukensis.
This study

Hoberg et al.
1995

width

Body
width
GP~
length

GP' width

5%

Esophagus

Figures 6.10,6.11. Mean measurements for morphomeuic characters of larvae of
Umingn~ahmngyluspallikratkensis. L1 - first-stage larvae, L2 - second-stage larvae,
aL3 - early third-stage larvae (L3), bL3 - intermediate L3, cL3 - late L3,eL3 - emerged
L3. All measurements are in micrometers except for Q E. (Error bars = 1 SD).
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Figure 6.10. Distance from the cephalic extremity to the nerve ring (NRD), excretory
pore (EPD),base of the esophagus (ED),and genital primoridiurn (GPD); totd body
length (BL).
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Character
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n

Figure 6.11. Width, measured at the base of the esophagus, of the body (BW) and
the esophagus (EW);esophagus length as a percent of total body length (8E);genital
primordium width (GPW) and length (GPL); tail length (TL).

proportion of the different larval stages recovered from individual D. Iaeve at different
temperatures. A similar pattern was observed in D.rericulatunt although the transition
periods were longer.
Using data from the deveIoprnent of U. pailikuukensis to the first intermediate
L3 in D. laevr. a regression analysis of temperature on development rate was
calculated. Based on this regression, y = -0.05 I.+ 0 . 0 0 6 ~_?~= 0.97, P = 0.015, To=
8.5 C and K = 167 DD (Fig. 6.18). For development in D. reticularum the regression
equation was y = -0,057 + 0.006x, _i = 0.99, P = 0.003, To= 9.5 C and K = 167 DD
(Fig. 6.19). For development of M. capillan's in D. rericulatum or D. agrestis (data
from Rose, 1957) the regression equation was y = -0.025 + 0.006x, 2 = 0.97, P =
0.003, To=4.2 C and K = 167 DD (Fig. 6.20). The regression for development of E.
rangiferi in A. arbusrorum was y = -0.041 + 0.004~.t = I, P = 0.002, To = 10.25 C
and K = 250 DD (Fig. 6.21). For E. rangferi in E. fulvus the regression equaeion was
y = -0.033 + 0.004x, 2= 1, c 0.001, To=8.25 C and K = 250 DD (Fig. 6.22). The
data for E. rangiferi at 28 C in E. fulvus were not used because rate of development at
this temperature did not differ from that at 24 C and was in the non-linear range of the
curve (Range III as described by Li, 1998).

6.5 Discussion
6.5.1 Larval development: morphology and morphometrics
The characters most useful for identifying the stage of larval development of U.
pallikuukemis in D. laeve were the separation of the cuticular sheaths, tail structure and
viability of the larvae following pepsdHCl digestion. The larval categories established
on the basis of morphoIogical characteristics and independent of morphometric data,
corresponded with statistically s i m c a n t morphomeuic differences.
ReIative to L1 recovered from the petri dishes used for the experimental
infections (those that had not penetrated into slugs), by 3-4 DPI the L1 in slugs were
more granular and had increased slightly in body and esophageal width. The small,
uniform refractile granules under the CS 1 forecast an impending molt, which we defrned
as the first visual evidence of the separation of the CS 1. The L2 had an o v e d granular
appearance and were the most morphologicaIly variabIe stage, particularly with respect
to total Ien,gh and body and esophagus width. These larvae were initially relatively tong
and narrow (4-6 DPI) then became short and wide (7-9 DPI); during this stage they
seemed to have first distended the CS 1 and then retracted from it. The greatest changes
in the morphomemc data, as well as the greatest standard deviations for the

Figures 6.12,6.13. Number of days post-infection to the f i t second-stage larva
(L2)and the first intermediate third-stage larva (L3) at different temperatures.
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Figure 6.12. In Deroceras laeve.
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Figure 6.13. In D. reticulaturn.
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Figures 6.14-6.17, Distribution of the larval stages (as a percent of total larvae
recovered) of Umingmaksnongylrrs pnllikuukensis in Derocerns laeve at different
temperatures. Each bar represents the larvae recovered from an individual slug.
Numbers below the bars are the number of days post-infection. L1 - fit-stage larvae,
L2 - second-stage larvae, aL3 - early third-stage larvae (L3), bL3 - intermediate or late
L3.
Figure 6.14. 23.4 C.
Figure 6.15. 20 C.
Figure 6.16. 15 C.
Figure 6.17. 1 1.5 C, days 25,35,42, and 49 are based on data from experiment 9,
remaining days are baed on data from experiment 8.
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Fi ures 6.18, 6.19. Development races of Umingnlaksrrongyliis pallikuukensis
torn first to third-stage lmae relative to temperatures.

Figure 6.18. In Deroceras laeve.
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Figure 6.20. Development rates of Muellerius capillaris from first to third-stage
larvae in D. rericulatum or D.agrestis (fromRose, 1957) relative to temperatures.

Figures 631,6.22. Development rates of Elaphosrrongylirs rangiferi from first to
third-stage Iarvae relative to temperatures (from Halvorsen and Skorping, 1982).

Figure 6.21. In Arianta arbustorum.

Figure 6.22. In Euconulus fulvus.

measurements, were observed from the late L2 through the early L3 stages (8-11 DPI).
Although the digestion in all the experiments may have resulted in some distortion of the
Iarvae, similar variability of the LZ stage was seen in preliminary studies where larvae
were recovered by dissection from the slug tissue instead of digestion. We believe,
therefore, that the observed variability is a real characteristic of the L1 and early L3
stages. Kralka and Samuel (1984b) also reported increasing variability of the L2 of
Protosrrongylrrs boughroni as development progressed. Once larvae of U.
pallikuukensis had become intermediate L3 and late/emerged L3, variability in the
structure and morphometrics decreased. The small but statistically significant increase in
esophagus width and GP length which occured from intermediate L3 to Iate/emerged
L3, suggests that the larvae continue to grow after reaching the intermediate L3 stage .
The morphologically defined early L3 in this study were consistent with what
has been described for other protosuongylids as "pre-infective L3" (Gerichter, 1948;
Rose, 1957; Halvorsen and Skorping, 1982). Rose (1957) concluded that the "preinfective L3" of M. capillaris, which did not survive a trypsin or pepsin digest in the
laboratory, would not survive digestion in the abomasum of sheep. Beresford-Jones
(1966) reached a similar conclusion for the early L3 of M. capillaris.
The patterns of larval growth among the Protostrongylidae deserve attention.
With U.pallikuukensis there was little growth during the LI stage, no growth during
the L2 stage, and considerable growth immediately following the second molt. This
may be a uniform pattern among species of the Muelleriinae. Gerichter ( 1948),who
defied the larval stages in a manner similar to the present study (the molting of the
cuticular sheaths),reported considerable growth in the late L1 stage and little growth
during the L2 stage for Cystocaulus ocrearus and M. capillaris. He also reported that the
"pre-infective L3" were longer and thinner than the L2, suggesting that growth occured
during this phase of development. Beresford-Jones (1966) observed considerable
,pwth of M, capillaris in the -L1stage, little grow& of the L2, and then, following the
second molt, a pro-mssive increase in length. Third-stage larvae which had exsheathed
in the intermediate host were on average longer than those which had not.
Considering the other sub-families of the Protostrongylidae within a comparative
context, among the Elaphostrongylinae, the putative sister group of the MuelIeriinae
( C m n o and Hoberg, 1999), the greatest growth of larvae of E. rangiferi, based on
totaI length, occurred during the late L1 and in the L2 (Haivorsen and Skorping, L982).
In their study, however, the "pre-infective L3" were not distinguished h m the L2 and
it is not possible, therefore, to determine whether the p w t h occured during the L2 or at
the second molt. An additional confounding factor, making direct comparisons to the

present study difficult. is that Halvorsen and Skorping (1982) did not morphologically
define Ll versus L2 stages. Within the Protostrongylinae, Kralka and Samuel (1981b)
defined the Iarval stages of P. boughtoni by the molting of the cuticuiar sheaths. They
provided data on Larval length and width which demonstrated that "Growth of larval P.
bottghroni was dificulc to decect prior to the first molt..." and "The period between the
first and second molt was chmcterized by rapid growth, greater variance in Iength at
each period ...".Such is consistent with maximum growth during the L2,a generality
that should be explored among other Protostrongylinae.
Absence or ambiguity of descriptions and lack of standardized format for
description of larval stages in the protostrongylids. coupled with great variation in
experirnentd design and gastropod intermediate host species, makes it difficult to
accurately compare patterns of larval development among these nematodes. Limited
published data and observations from the current study suggest, however, that larvae of
different genera and species in the MueIIeriinae amin maximum growth rates during the
L 1 and then immediately following the L2 molt, In contrast, among the
Elaphostrongyiinae, growth occurs during the L1 and L2 stages. In the
Protosuongylinae development is apparently minimal during the L1 stage, but
maximized during the subsequent L2 phase. The potential linkage of larval growth and
differentiation, Iife history patterns, ilnd phylogeny for the protostrongylids deserves
further investigation.
6.5.2 Larval feeding and stoma1 morphology

Coupled with a paucity of information on development and differentiation of
larval forms across the protosctongylids are h e somewhat vague reports and
observations of fwd particles in the intestine and implied feeding behavior of the L 1, L2
and L3 stages. Svarc and Zmoray (1974), Svarc (1978). and Skorping (1984) implied
that larvae feed while developing in gastropods. Gerichter (1948, 1951) reported food
,o~~~nuies
of varying size in the intestinal cells of the late L1 and attributed the dark tint of
the intestine of the L2 to food granules in the cells. Rose (1957) described "food
granules in the intestinal region" in L 1 and L2 of M. capillaris, and Beresford-Jones
(1966) described considerable development of the intestinal cells of this species during
the k t larval stage within the gastropod intermediate host. Lankester et al. (1998)
described numerous small droplets in the intestinal cells of the L2 of ElaphomungyIus
a h and E. cervi. Kralka and Samuel (1984b) described chick wded intestines
containing rektile granules in L2 of P.boughroni. All these authors reported that the

granules associated with the intestine in LI andlor L2,decreased in number andlor size
by the L3 and, as a result, the later L3 often had a transparent appearance. In addition,
they reported that the L2 were enclosed in the CS 1. These findings suggest that while
the L 1 and perhaps L3 may feed within the gastropods the L2 do not feed. In the
present study, the increase in body and esophageal width and the increased granularity
of the intestinal region of the Iate LL of U.prtllikuukensis support the contention that L 1
feed within the gastropods. The L2 of U.pallikuukensis were always enclosed in the
CS 1 which would prevent feeding. As a generality among the protostrongylids, feeding
during the L1 stage may provide the necessary energy for continued larval development
to the L3 within the gasnopods (i.e. growth duriirg the L2 stage (P. boughroni) and
during the L2 to L3 moult (U. pallikuukensis)). Studies on larval development of
Ancylosroma rubaefonne have demonstrated she importance of feeding of fmt-stage
larvae in growth and development to the infective stage (Croll, 1972).
The cuticularized stylet-like organ observed in L3 of U.paflikuttkensis may be
important for feeding both within the gastropod and in the external environment
subsequent to emergence. It may also play a role in emergence from the gastropod and
penetration of the gastro-intestinal mucosa of the definitive host. A similar, promsible
stylet-like organ has been observed in live L3 of Elaphosrrongylus cervi (A. Gajadhar,
pen. comrn.). Observations of a functional and protrusible stylet are in contrast to what
is known for the Strongylida or Protostrongylidae (e.g., Carreno and Hoberg, 1999).
True functioning stylets (protrusibte elemenw of the stoma) are typical of the parasitic
nematodes of plants, including the Tylenchida, but apparently are unknown among the
Strongylida, although the L2 and L3 may occasionally have a structure that is nonprotrusible and simulates a stomatostyl (Chitwood and Chitwood, 1974; Maggenti,
1981; Poinar, 1983). Likewise, taxa considered close to the Strongylida, including the
Diplogasterida and the Rhabditida (Blaxter et al., 1998), both groups including
entornopathogenic and ke-living forms, possess non-protrusible stylets that may be
well developed in larval forms but degenerate in adult nematodes (Chitwood and
Chitwood, 1974). Further and detailed study is warranted in defining and confirming
the homology in structure and function and phyIogenetic context for stylet-like organs in
the stoma of protosuongyles, strongyles and related nematodes.
The significance of a stylet in [/.palfikuukensis must also be assessed in relation
to larval feeding and emergence h m the intermediate host (Kutz et al., 2000b).
AIthough initially the early W were enclosed within the CS2 and occasionally the CS 1,
they lost these sheaths either by the intermediate or Iate L3 stages or by the time they had
emerged. The loss of sheaths, the presence of a stylet within the buccal cavity, and

granules in the intestinal lumen suggest that the L3 may feed. Whether feeding occurs
both within and outside of the M could not be determined in this study. The current
literature on emergence of L3 of protostrongylids (Boev, 1975; W a and Samuel,
1984a; Kuu et al., 2000b) and larval feeding is sparse, so a context for the observations
from the current study is minimal. Larval emergence, however, appears to be a
common feature of U.pallikuukensis and may be~epidemiologicallyimponmt (Kutz et
al., 2000b). It might be expected, therefore, that the emerged L3 are capabIe of feeding,
and that such foraging behavior may contribute to the long term survivai of larvae in the
environment and ultimately could have an influence on patterns of transmission.
The late L3 in this study were larger than those reported by Hoberg st ai. (1995).
These differences may be accounted for by differences in intermediate host species (D.
laeve in present study, D. rericulatum in Hoberg et al. (1995)), intensities of infection in
gastropods (low to medium vs. very high), methods of preservation (heat killed over a
flame and examined immediately vs. heat killed in ethanol and examined cleared in
glycerine) or due to natural variation in the larval populations. Ash (1970) postulated
that differences in intensities as well as differences in ages of larvae within the
gastropods may affect the size of the L3 of Angiostrongylus cantonensis.

6.5.3 The effect of temperature on larval development
Rates of larval development for U.pallikuukensis were highly temperature
dependent in both D. laeve and D. reticulatum. Detailed comparisons of development
between the 2 species were not possible, however, because the experiments were
sampled on different DPI.
A high monaIity rate of D. reticulatum at low temperatures (10 C and 12 Q and
the length of these experiments resulted in the examination of few slugs many days
apart. It is possible, therefore, that L3 were present before they were detected. For
example, at 12 C, L2 were first observed at 47 DPI;by the next sampling period at 66
DPI, h e L3 were present. If these L3 were present earlier, for example by 50 DPI, the
calculated threshold temperature would have been lower (8.3 C), but the K would have
remained the same.
It is interesting to compare the Toand K determined for U.pallikuukensis with
those for related species. Within the Muelleriinae, using the same genus of intermediate
host, Deroceras, the same K values (167 DD) were calculated for U.pallikuukenris and
M. capillaris although the Tovalues differed considerably (8.5 C in D. laeve or 9.5 C in
D.rericularum for U.pallikuukensis, 4.2 C in Deroceras spp. for M. capillaris). In

contrast, the Tovdues for U.pnllikurrkensis were similar to that of the more distantly
related Elaphostrongyline, E. rangiferi (10.25 C in A. arbustorrtm or 8.25 C in E.
fulvus), while the K values differed (250 DD for E. rangferi in both A. at-b~csrorirrnand
E. fulvrts). Finally, while the K values in different intermediate hosts were the same for
E. rungifen, the Tovalues differed between intermediate host species. It is apparent that
the larval development parameters are a result of complex interactions between pansite
and intermediate host phylogeny and environment. Based on these results. it appears
that Tomiy be related to environment, while K is a function of parasite phylogeny.
Gastropod phylogeny may influence both parameters.
SchjetIein and Skorping (1995) proposed that protostrongylids from higher
latitudes have higher development thresholds. The data in the present study together
with those drawn from work on M.capillaris, are consistent with this theory. In order
to make meaningful comparisons of development patterns among the Protostmngyfidae,
however, more detailed studies, at the level of the species, genera and subfamilies, are
required.
The development parameters, obtained in the laboratory for U. pallikrtukensis in
the natural intermediate host, D. laeve, coupled with appropriate microhabitat
temperature measurements, may permit us to predict the time required for larvae to
develop in the Arctic. This information, verified by fieid experiments, is bein,a used as
the foundation for a model system to predict effects of climate, including global climate
change, on geographic distribution and the dynamics of transmission in a compIex hostparasite system in the Arctic.

7. DEVELOPMENT OF UMINGMAKSTRONGYLUS
PALLIKUUKENSIS IN DEROCERAS W E V E UNDER ARCTIC FIELD
CONDITIONS

7. L Abstract

The development of Umingmuksrrongyluspallikuukensis in Deroceras laeve
near KugIuktuk, Nunavut, Canada was investigated. Groups of 10 laboratory infected
slugs were placed in enclosures in the tundra and sampled at biweekly (1997) or weekly
( 1998) intervals. In 1997, 6 experiments were conducted, established biweekty.
Third-stage I m a e (L3) were recovered by weeks 4 to 6 post-infection (PI) from slugs
of the experiments established on 19 June, 3 and 17 July. The intensity of L3 in slugs
peaked at weeks 6 or 8 PI, then significantly decreased; L3 were most abundant in slugs
from 3 1 July to 28 August. Some slugs from these experiments survived over winter
and U were recovered from them the following June. In the 1997 experiments, thirdstage larvae were found on the vegetation in the enclosures fmm experiments 1 and 2 in
the fall of that year; and, in the summer of 1998, from vegetation in enclosures of
experiments 2 and 3. Slugs from experiments established on 3 1 July and 14 August
contained second-stage larvae in September, 1997. Other slugs from these experiments
survived in enclosures in the tundra over winter and larvae completed development to L3
in 1998. Third-stage larvae in slugs from the experiment established on 28 August,
1997 did not develop past the fmt stage by 25 September, 1997. In 1998,3
experiments were conducted starting on 10,17 and 25 June; L3 were present in slugs
from all experiments by weeks 4 or 6 PI. The observed development in both years
corresponded with development rates predicted on the basis of surface temperatures and
laboratory data for threshoId temperatures (8.5 C) and degree days required for
development (167).

7.2 Introduction
The inventory and biology of parasites of wild ruminants in h e Nonh American
Arctic and Sub-arctic has received little attention. The recent discovery of
Umingmaksrrongylus pallikt~trkensis,a large and potentially pathogenic protostrongylid
lungworm of muskoxen exemplifies this (Hoberg et al.. 1995, Hoberg, 1997; Brooks

and Hoberg, 2000). In the wild, the prevalence of U. pallikrrrrkensis in an affected
muskox population approaches 100% in adult animals (Gunn and Wobeser, 1993). The
geographic distribution of U.pallikuukensis appears, however, to be restricted to the
central arctic mainland extending west of Kugiuktuk, Nunavut (NU) probably as far as
the Mackenzie River, Northwest Temtories (NWT),and south to Great Bear Lake,
NWT,Canada (S. J. Kutz and J. S. Nishi unpubl. obs.). Biotic and abiotic constraints
on development and transmission may explain the limited geographic distribution of U.
pallikuukensis (Hoberg, 1997; Hoberg, 2000).
Umingmakstrongylus pallikuukensis has an indirect life cycle, requiring a
gasuopod intermediate host (IH) for development from the first-stage larva (L1)to the
infective third-stage larva (L3) (Kutz et al., 1999b). Protostrongylid larval development
in the M is temperature dependent (see Chapter 6; Rose, 1957, Halvorsen and
Skorping, 1982; Samson and Holmes, 1984b), thus the high prevdence of U.
pallikuukensis is surprising considering the short, cool Arctic summers.
Climate plays a critical role in development of invertebrates in the environment
and it is predicted that a changing global climate may influence their abundance and
distribution (Danks, 1992; Heliovaara, 1993). To better understand the current
abundance and distribution of U.pailikuukensis and the potential effects of climate
change on parasite population dynamics, it is important to understand patterns of larval
development and L3 availability in the Arctic. Other than a single report on development
of Neostrongyius linearis in snails in Spain (Morrondo-Pelayo et al., 1987), there are no
published experimental data for development of protosuongylids under field conditions.
Epidemiological observations and laboratory studies on Elaphostrongylus rangiferi, a
protostrongylid of northern Norway, suggest that under average climatic conditions
larva1 development in gastropods requires more than 1 summer (Halvorsen and
Skorping, 1982). In abnormally warm years, however, outbreaks of severe clinical
disease may be the result of mass development to W in a singIe summer (Handeland and
Slettbakk, 1994). In contrast, laboratory research coupled with field temperam data,
suggest that larvae of the more temperate species of Protosnongyltu in bighorn sheep

from west-cenual North America routinely develop to L3 within 1 summer (Samson and
Holmes, 1985b).
In the present study field experiments were used to better understand natural
patterns of 0.pallikrcukensis larval development and availability. A model system for
investigating the effects of climate on parasite development in the Arctic was also
developed. The specific objectives of this research were: ( I) to determine whether U.
pallik~iukensiscan develop to L3 under arctic conditions within a single summer. (2) to
determine the temponl pattern of L3 availability in experimentally infected gastropods in
the Arctic; (3) to determine, using development parameters (threshold temperature and
thermal constant) established in the laboratory (see Chapter 6), which temperature
measurements (soil, surface, air or some combination) are useful for predicting
developmenr of L1 to L3 in the field; and (4) to determine if larvae can overwinter ~II
gastropods and resume development the following summer.

7 . 3 Materials and Methods
7.3.1 Study site

The study site was located at 67' 45.60' N, 115" 15.00' W near the hamlet of
Kugluktuk, NU, Canada. Kugluktuk is located on the mainland of Nunavut in h e
"Arctic dimate region" as defined by Environment Canada. Based on data recorded
from 1977 to 1992 (Environment Canada, Atmospheric Environment Service, Climate
Research Branch), the mean daily temperatures exceeded 0 C only from June through
September (June 4.3 (2, July 10 C, August 8.3 C, and September 2.8 C.). Mean daily
maximurns for any of these months did not exceed 15 C and the extreme daily maximum
in July was 26 C. Total rainfall during these months was: June 13.4 mrn; July 34.5
mrn; August 44.5 m;, and September 3 1.8 mrn. The study site was a 30 m by 50 m
mesic sedge meadow dominated by sedges, grasses, and mosses with a few willows
and forbs. The area had a 5 1 5 % standing water coverage, depending on the time of
year and recent precipitation, and was surrounded by a solar powered eiectric fence to
deter wildlife.
7.3.2 General experimental design

Six experiments on larval development of U.pallikuukensis in slugs were
performed in the summer of 1997 and 3 in the summer of 1998. Slugs of the locally
abundant species Deroceras laeve were used. The experiments were established at

biweekly intervals throughout the summer (Table 7.1). At the start of each experiment
10 experimentally infected slugs were placed in each of a series of enclosures and LO
uninfected slugs were placed in a series of separate enclosures as controls. The total
number of enclosures used depended on the start date of the experiment. Enclosures
with infected slugs from each experiment were collected approximately biweekly
(I997), or weekly (1998), and slugs were recovered and examined for larvae of U.
pallikuukensis. Control enclosures in 1997 were collected every 4 wk and in 1998
every 1 to 3 wk (Table 7.1). In 1997, encIosures from experiments 1-5 were left in
place in the tundra over winter and were examined for slugs and larvae in either June or
July of 1998.

7.3.3 Slug source and infection
Derocerus laeve were collected from mesic sedge meadows along the
Coppermine River near Kugluktuk, NU. Slugs were collected once or twice daily
during the week prior to the start of each experiment. Wet masonite boards (30 crn by
30 cm) were placed arbitrarily, rough side down, and the undersurface of the boards and
underlying vegetation were examined for slugs after 2 to 12 hr. Slugs were classified as
small (el5mg!, medium (15-44 mg) or large ( A 4 mg) and maintained at 4 C in
Rubbemaid@containers with small pieces of nuf and moist paper towel until they were
used for experiments.
Fit-stage larvae for infections were obtained from the feces of an
experimentally infected muskox (Kutz et al., 1999b) and had been frozen 2 4 mo (1997
experiments) or 14-15 m o (1998 experiments). Larvae were recovered either by a
funnel (Kutz et al., 1999b) or beaker Baermann technique. In the latter, approximateiy
5 grams of lightly crushed feces were placed in a single layer of cheesecloth and
suspended in 80 rnl of tap water in a I00 ml glass jar at room temperature (21-27 C) in
the light for 16 to 20 hr. The supernatant was drawn off and the sediment containing L I
was held at 4 C for a maximum of 48 hr before being used for infection of slugs.
Slugs were infected on filter paper in petri dishes (Hoberg et ai., 1995). Twelve
slugs were placed in each petri dish and exposed to a total of approximately 2700 L1 for
3 hr. Control slugs were handled in the same manner except no larvae were placed in
the petri dishes. After the infection procedure slugs were distributed among the
enclosures in the field. In an attempt to approximate the population of slugs that would
be exposed to natural infection at the different points in time represented by the
experiments, slugs were assigned to each enclosure in the same size ratios

(smal1:medium:large) as they were collected during the week preceding the experiment
(Table 7.1). In addition, when each experiment was established, I0 infected and 10
control slugs were kept in separate ~ubbermaid~
containers in the laboratory (20 - 27 C)
and examined after 2 wk to assess consistency in Irwd deveIopment rates between
experiments as well as to examine control slug for natural infections.

7.3.4 Experimental enclosures and temperature measurements
Enclosures were placed randody within the study site and prepared as follows.
For each enclosure a columnar section of turf, approximately 10-1 1 cm deep and 18-20
cm in diameter, was collected and placed in a white plastic pail. The pail was then filled
to the brim with water and left on the tundra 24-48 hr to flood out any resident
gastropods. The excess water was then drained and the turf was placed into a specially
prepared white plastic pail. The effectiveness of the flooding technique for gastropod
removal was tested in 1998 by flooding 3 additional pails at the same time as those used
for each experiment and subsequently examining these in the laboratory for gastropods.
For experiments 1-3 in 1997 and all experiments in 1998, pails were 15 cm high
with a 20 cm top inside diameter. Due to a shortage of pails, for experiments 4-6 in
1997 pails were 19 cm high, with the same inside diameter. Pails were prepared by
drilling 30 holes (1-2 mrn diameter) in the base and 20 around the side within 4 cm of
the base. The insides of the pails were lined with one layer of white polyester bridal
netting to prevent slugs from escaping. In 1997 the pails were covered with two layers
of netting which were pulled tight across the top of the pail and fixed in place with the
rim of the original lid from which the center had been removed. The lids were securely
fastened, and pails were placed back into the hole from which the turf had been
removed. Four to 5 cm of the pail remained above ground (Fig. 7.1).
Because of differences in 1997 between temperatures inside and outside the
enclosures, the enclosures for 1998 experiments were modified. The turf inside
extended to the top of the pails and the pails were placed in the tundra so that the upper
rim was level with the soil surface, The netting was not drawn tight over the rim, but
extended in a closed column approximately 30 cm tall and 20 cm wide above the pail and
suspended by a monofdament fishing line attached to a wooden support (Fig. 7.2). In
1997 enclosures for all experiments were prepared either in late June or early July. In
1998 they were prepared during the week before the start of each experiment
Temperatures were monitored inside and outside enclosures in both years to test
for an enclosure effect on surface and soil temperatures. In 1997,3 enclosures were

Figure 7.1. Gastropod enclosure used in 1997.

Figure 7.2. Gastropod enclosure used in 1998.

prepared in a manner identicd to the experimental enclosures and placed arbiuarily in
the site. The leads from 2 temperature monitors (Hobo XT Temperature Logger, onset
computer corporation, Pocasset, MA, USA) were placed in each enclosure, 1 at the
surface of the soil/leaf litter ("surface"), the other inserted vertically 1 cm into the
soil/leaf litter ("soil"). Two additional probes (1 surface and 1 soil) were placed at a
central site within the study area but nor in an enclosure. The probes were programmed
to measure mean temperatures every 30 min, 24 hr each day. Surface and soil
temperatures inside enclosures were measured beginning 25 June 1997, while those
outside enclosures were measured beginning 8 July 1997. As a result of technical
difficulties and destruction of probes by rodents only 1 set of inside enclosure and 1 set
of outside enclosure temperatures were consistentIy measured during 1997. In 1998,
however, from 10 June to 28 July temperawes were recorded from 1 soil and 1 surface
site inside and outside 3 randomly placed enclosures except from 20-25 June, when
only 2 of 3 outside enclosure soil temperatures were recorded. Air temperatures were
obtained from the Kugluktuk airport weather station (67'49'N. 115O08'W)
approximately 5 krn east of the study site.
7.3.5 Slug recovery and examination

The schedule for enclosure collection and examination is presented in Table 7.1.
Turf was removed with the netting lining the enclosures and placed in unperforated
pails. Cold water was added to the pails over a 3 day period and slugs recovered as they
were forced up on the vegetation, sides and lids to avoid drowning (Kralka, 1986).
Enclosures and slugs recovered were held at 4 C during the flooding and until
examination to prevent further larval development. Slugs were weighed, their feet
examined for lesions using a dissecting microscope and over-head light source (Kutz et
al., 2000b), and then digested in a pepsidhydrochloric acid solution (Hoberg et al.,
1995) at 37-40 C for 1-2 hr. The digest was examined for larvae which were then
classified to stage of development (see Chapter 6) and preserved in steaming ethanol
(70%) and glycerine (5%). Control enclosures were processed in the same manner.
Slugs weighing less than 10 mg with no foot lesions and recovered from experiments 13 6 wk or later after the start of the experiment, or from experiments 4 or 5 in 1998,
were considered recently hatched (either fiom eggs present prior to flooding of the pails
during preparation of the enclosures or eggs deposited by experimental slugs) and were
not considered as part of the experimencs for slug survival or larva1 recovery. To

confirm this assumption, these slugs were digested, either individually or in groups. and
examined for larvae.
To investigate the relationship between larval development and temperatures at
different levels in the microhabitat it was necessary to define when L3 were considered
present. In Chapter 6 the temperature threshold and degree-days (DD) required for
development of L3 was described using the time elapsed to the a p p e m c e of the first L3
which was mobile after pepsinMC1 digestion of the slugs. The same criterion was used
for the field experiments in which the endpoint was defined as the date at which at least
1 slug from at least 1 enclosure contained an intermediate or late L3 as described in
Chapter 6. In the present study these larvae are referred to simply as L3.
The relative abundance of L3 in slugs in 1997 was determined as follows. First,
the date at which the mean number of L31slug was the highest was identified as the Max
L31slug for each experiment, and was assigned a value of I. The L31slug on each of the
remaining sampling days was divided by the Max L31slug for the respective experiment.
These values were multiplied by the slug survival for each date. The product was the
relative number of L3-in-slugs at each sampling day in an experiment. These numbers
were summed among experiments for each date to determine the relative abundance of
L3-in-slugs over time.

7.3.6 Degree-days calculations
For the micmhabitats, the temperatures were fmt averaged for each
measurement type. For example, the mean of all the soil temperacures inside enclosures
was calculated (soil inside), the mean of all the soil temperatures outside enclosures was
calculated (soil outside), the same was done for surface temperatures inside (surface
inside) and outside (surface outside) enclosures. The mean of the soil and surface
(mSS) was a calculated vaiue based on the average of the soil and surface temperatures.
The soil and surface temperatures from each site were averaged (for inside and for
outside the enclosures separately), and then the mean temperature calculated for all
inside enclosures and all outside enclosures.
The DD accumulated above the threshold of 8.5 C (as determined in Chapter 6)
were calculated for inside and outside enclosures using the mean surface, mean soil and
mSS temperatures at the study site, as well as for air temperatures from the Kugluktuk
airport. Degree-days for temperatures based on microhabitat measurements were
calculated using 30 min mean temperatures. Fit, temperatures above 21 C were
converted to 21 C. This was done because, based on available literature (Dainton, 1989;

Rollo, 199l), it was assumed that D.laeve would move to avoid temperatures greater
than 21 C. The threshold temperature was then subtracted from each 30 min mean
temperature (corrected for temperatures > 11 C) and negative results automatically
convened to 0. The DD values calculated for each 30 min period during a single day
were averaged to determine the DD accumulated for that day. Cumulative DD in an
experiment were calculated by adding the daily M>. Degree-days accumulated in the air
were calculated in a similar manner but were based on hourly mean temperatures.

7.3.7 Other analyses
Statistical analyses were performed using the computer program statviewTh'SE
+Graphics (Abacus Concepts Inc. 1988, San Francisco, Califorinia, USA), Sokal and
RoNf (1995) and Siegal and Castellan (1988). Mean L3/slug within an experiment but
at different times PI, were compared using a Kruskal-Wallace test followed by a
multiple comparisons test. Probability of significance was set at P I0.05,

7.4 Results
7.4.1 Slug recovery and examination

Based on the 1998 assessments, flooding turf to eliminate resident gastropods
before starting an experiment appeared to be effective for removing D. laeve. Although
some pails contained the small snails, Vertigo cf modesta, no slugs were recovered.
Recovery rates of infected slugs from the experiments in 1997 and in 1998 are
presented in Table 7.2. In 1997 survival differed between early and late experiments.
In experiments 1,2 and 3 there was high mortality during the first 2-8 wk (17 July to 14
Aupst) then the mortality rate decreased. A similar mortality rate was not observed
during the first 2-8 wk (14 August to 25 September) in experiments 4,5 or 6. SLug
recovery from the modified enclosures in 1998 was extremely poor (Experiments 7,8,
and 9 in Table 7.2). Several slugs were found dead in the netting, suggesting that
others may have escaped from the enclosures.
The weekly (June to September) or monthly (October to May) mean air
temperatures from the Kugluktuk airport weather station and the surface temperatures
inside and outside enclosures during the 2 yr study period are presented in Figure 73,
In 1997, L3 were first recovered from experiments 1,2 and 3, at weeks 6,4 and 4 PI,
respectively, Larvae in experiments 4 and 5 had developed only to the second stage
(L2) at weeks 8 and 6 PI, respectively, when examination of these experiments ended

Table 7.2: Recovery of slugs from enclosures in 1997 and 1998, reported as the mean percentage (f I SD) of the original number of
slugs (10) placed in each enclosure. Numbers in parentheses represent percentage recovery (+ I SD) from control enclosures.
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Fi ure 7.3. Surface tempcriltures inside and outside of enclosures and air temperatures from the Kugluktuk air ort. From Junc to
!eptember 1997 und from June to July 1998 lernpenlures are reported as the weekly means, from October 199 to May 19% thcy
reported as the monthly means.
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for 1997. The larvae in experiment 6 had not developed past L 1 by week 4 PI (25
September) when the experiment ended.
The mean proportion of the various larval stages in slugs is summarized for each
enclosure in each experiment (Figs. 7-47-12]. In 1997, the rate of development to L3
in different slugs within and between enclosures examined at each time period was
relatively synchronous (as determined within the constraints of the biweekly sampling
intervals). In experiment 1 the first L3 were present at week 6 PI at which time all dugs
(n = 9) from all 3 enclosures contained at least 1 L3. In experiment 2, the first L3 were
present at week 4 PI in 6 of 12 slugs from 2 enclosures and 0 of 3 slugs from the third
enclosure, but at week 6 PI all slugs (n = 10) from all 3 enclosures contained at least 1
L3. In experiment 3, L3 were present at week 4 PI in 8 of 9 slugs from all 3 enclosures
and, at week 6 PI all slugs (n = 11) in all 3 enclosures contained L3.
Development of Iarvae in slugs infected and kept in the laboratory was consistent
between experiments, with the majority of larvae in all slugs at the L3 stage by week 2
PI. No larvae were recovered and no foot lesions were seen in any of the uninfected
control slugs from either the laboratory or field experiments. No larvae were found in
slugs which weighed less than LO mg, had no foot lesions and were recovered from
experiments 1-3 at week 6 PI or later, or from experiments 4 and 5 in 1998.
In 1998, L3 were present in experiments 7,8 and 9 by weeks 6,5 and 4 PI,
respectively (Figs. 7.10-7.12). No slugs were recovered from any of the 3 enclosures
examined at week 4 and 5 PI in experiment 7 or week 2 PI in experiment 9. It is
possible, therefore, that L3 may have developed earlier in these experiments but because
of the poor slug recovery this could not be determined.
7.4.2 Degree-days calculations

The DD accumulated based on a threshoId of 8.5 C and using temperatures at the
different microhabitat leveIs and in the air are presented in Table 7.3. In both years, DD
were accumulated most rapidly at the surface. h 1997, early in July fewer DD were
accumulated in the air compared to the microhabitat. The air DD then paralleled those at
the surface from mid to late July, and then accumulated more sIowly, IeveIing off by the
end of August, In 1998, air DD lagged behind those at the surface in June, paralleled
those at the surface during the first week of July, after which they accumulated at a
slower rate. Surface temperature data were not avaiIable to compare patterns of DD
accumulation later in the summer and aunrmn of 1998.

Figures 7.4-7.9. The percent of different larval stages recovered from slugs from
each enclosure at different times post-infection for experiments established in 1997.
Each bar represents the mean percent of each larval stage in all infmted slugs from an
individual enclosure. Numbers above b i i represent the number of slugs recovered
from the enclosure on which the data are based. In cases where there are no b m
associated with the numbers, either no slugs were recovered from the enclosures
(indicated by a 0)or, slugs that were recovered contained no larvae. L1- fit-stage
larvae, L2 - second-stage larvae, aL3 - early third-stage larvae (L3),bL3 = intermediate
or late L3 (as described in Chapter 6).

Figure 7.4. Experiment I.
Figure 7.5. Experiment 2.
Figure 7.6. Experiment 3.
Figure 7.7. Experiment 4.
Figure 7.8. Experiment 5.
Figure 7.9. Experiment 6.
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Figures 7.10-7.12. The percent of different larval stages recovered from slugs from
each enclosure at different times post-infection for experiments estabtished in 1998.
Each bar represents the mean percent of each larval stage in all infected slugs from an
individual enclosure. Numbers above bars represent the number of slugs recovered
from the enclosure on which the data are based. In cases where there are no bars
associated with the numbers, either no slugs were recovered from the enclosures
(indicated by a 0) or, slugs that were recovered contained no larvae. L1-first-stage
b a e , L2 - second-stage larvae, aL3 - early third-stage larvae (W),
bL3 = intermediate
or late L3 (as descnied in Chapter 6).
Figure 7.10. Experiment 7.
Figure 7.11. Experiment 8.
Figure 7.12. Experiment 9.

There was a difference between 1997 (the fifth warmest year on record) and
1998 (the warmest year on record) with respect to the rate at which DD were
accumulated. Air and surface temperatures in enclosures were available in both years
from 25 June to 27 July; during this time fewer DD were accumulated in 1997 (air 122
DD, surface 187 DD)than in 1998 (air 158 DD, surface 21 1 DD) (Table 7.3).
Based on laboratory experiments (see Chapter 6). it was assumed that 167 DD
were required for development of L1 to L3. In 1997, in experiments 1-3, only DD at
the surface were sufficient to account for the observed larval development (i.e., 167 DD
had accumulated by the time the first L3 was present) (Fig. 7.13). In experiments 4-6,
however, sufficient DD for development to L3 were not accumulated at the surface by
25 September, 1997 (Fig. 7.13). On this date, only L1 or L2 were recovered from the
slugs in these experiments (Figs. 7.7-7.9). In all 3 experiments in 1998, the DD
accumulated at the surface and mSS inside the enclosures were consistent with the
observed development to L3 (Figs. 7.10-7.13).
In 1997, temperatures inside enclosures were 1-2 C warmer than outside
enclosures during early and midJuly, and up to 5 C warmer from the end of July and
throughout August (Fig. 7.3). In 1998, the enclosures were modified and temperatures
were recorded from an increased number of sites (3 inside and 2-3 outside the
enclosures). This resulted in reduced temperature differences between inside and
outside (1-2 C on warmer days) reiative to 1997 (Fig. 7.3). The effect of these
temperature differences on accumulated DD is presented in Table 7.3. In 1997 there
was a Iarge difference in the DD accumulated inside and outside of enclosures from mid
to late July through to the end of August. In 1998, DD accumulated inside and outside
the enclosures were very similar. The 1998 study period did not extend beyond the end
of July and, therefore, cannot be compared to 1997.
7.4.3 Overwintering of slugs and larvae

The resuits for experiments where slugs were overwintered From 1997 to 1998
are shown in Figures 7.4-7.8 and Table 7.2 and 7.4. In general, slug recovery was
poor and no slugs were found in any of the 6 enclosures of experiment 1 examined on
15 June 1998. Slugs containing L3 were recovered from experiments 2 and 3 in June
1998 and from experiments 4 and 5 in JuLy 1998. Degree-days for these overwintering
experiments were calculated from surface temperatures in the 1997enciosures up until
25 September 1997 and, starting 10 June 1998, fiom surface temperatures in the
modified 1998 enclosures (Figs. 7.3,7.13).

Table 7.3: Degree-days uccumuluted in 1997 and 1998 bused on temperatures from inside and outside enclosures at the surface, soil
and the mean of the surface und soil (mSS), as well as in the air at the Kugluktuk uirport.
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7.4.4 Patterns of L3 intensity in slugs over time
The mean intensity of L3 in slugs on different sampling days (including after
overwintering) was investigated for experiments 1.2 and 3. The mean intensity within
an experiment on a given sampling day did not si,pificantly differ between enclosures
C > 0.05 for all experiments). Data from the enclosures on a single day were grouped,
therefore, and the mean intensity of L3 in slugs was then compared to other sampling
days within an experiment. In experiment 1. the number of L3/sIug significantly
decreased from week 6 to weeks 10 and 12 PI, and from week 8 to weeks LO and 12 PI
(KW= 16.259, df = 3, E = 0.001) (Table 7.4). In experiment 2, in 1997 there were
significantly fewer L3 at week 4 compared to week 6 PI, but more L3islug at weeks 6
and 8 than at week 10 PI. AIso in experiment 2, there were sigmficantly more L3islug
at weeks 4,6,8 and 10 PI in 1997 than at week 50 PI in 1998 (KW = 19.009, df = 4, E
= 0.0008). In experiment 3 there were fewer L3isiug at week 4 than at weeks 6 and 8
PI, but no differences between weeks 6 and 8 PI. There were, however, significantly
more L3lslug at weeks 6 and 8 PI in 1997 than at week 48 PI in 1998 (KW 1 1.659, df
= 3, P = 0.0086). The mean number of L3Jslug peaked at 6 wk PI in dl 3 experiments.
The dative numbers of L3-in-slugs conmbuted by each of experiments 1,2 and
3 on different dates in 1997 and 1998 is presented in Figure 7.14. The highest overall
proportion of L3 were available in slugs on 14 and 28 August 1997.

7.5 Discussion

7.5.1 General
An enclosure-based system was designed and successfully used to investigate
the development of a protosmngylid parasite in its intermediate host under arctic field
conditions. Only one similar field study for protoswngylids has been published, for
Neosnongylus finearis in Cemuella cespitum arigonis in Spain (Mormndo-Pelayo,
1987). Under climatic conditions that differed considerably from the present study,
larvae were able to develop at alI times during the year although development rates
slowed during the winter.
Slug recovery from enclosures in 1997 was generally good The different
survival patterns between early and iater experiments may reflect an annual cycle of D.
laeve, with older slugs dying in the middle of the summer as has been observed at more
temperate latitudes (Lankester and Anderson, 1968; Samuei et al., 1985). Because of

Table 7.4: Mean numbcr of third-stage larvae per slug (f ISD) from experiments 1-3 established in 1997.
Numbers in parentheses indicate the told number of slugs examined.
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possible emigration and enclosure induced mortdities, slug survival in 1998 could not
be assessed.
In 1997, development rates of larvae in slugs within and among enclosures in an
individual experiment were relatively uniform. Thus, although slug recovery in 1998
was poor, the consistency between slugs within experiments in 1997 suggests that
results from the few slugs in 1998 were representative of the patterns of larval
development. It is possible, due to the small sample sizes and days where no slugs
were recovered, that results in 1998 over-estimated the time required for development to
L3.

7.5.2 Degree-days model
Degree-days were calculated based on temperatures in the air as well as at the
surface, soil, and mSS inside enclosures in an attempt to determine which best matched
the observed larval development. The DD accumulated in the air did not correspond
with development to L3 in either 1997 or 1998. The DD accumulated based on surface
temperatures, however, corresponded very well with field observations for development
to L3 in both 1997 and 1998. This heating at the surface early in the season may allow
for more Iarval development earlier than would be predicted from air temperatures. A
similar pattern may be expected later in the season. In 1998 the DD accumulated based
on the mSS temperatures were very close to those accumulated at the surface, and also
corresponded with the observed development to L3. 1998 was an exceptionally warm
year, which, because of the 21 C Limit used in our DD calcuiations, may explain why
DD from the mSS approached those at the surface.
Although the DD determined at the surface inside enclosures corresponded to the
observed larva1 development, the complexity of this system and the influence
physiological condition and behaviour of the intermediate hosts may have on larval
development should be emphasized. Starvation, aestivation and differences in age may
influence larval development (Skorping, 1984; Solomon et al., 1996). Through their
own activity, slugs may influence their ambient temperatures (Dainton, 1989; RolIo,
1991) and, therefore, those of the larvae. There is substantial variation in temperatures
within an area of a few square meters at the level of the tundra microhabitat. These
temperatures are influenced by numerous factors including vegetation, moisture, and
slope direction. In addition, within a I0 to 20 cm vertical range the temperatures may
differ considerably (Hansen, 1973; Couison et al., 1993; Young et al., 1997). The
synchronicity in larval development within and between enclosures of an experiment

support the suggestion that the slugs, perhaps through thermal preferences, have a
significant influence on the ambient temperature of the larvae. In contrast to parasites
which have direct Iife cycles, those using intermediate hosn, such as the
protosuongylids, may be less influenced by short term climate variations and may be at
an advantage in terms of survival, development and transmission because of the
relatively constant environment sought by their intermediate hosts.
For our DD calculations the behaviour of D. reticnlari~m,which at temperatures
greater than 21 C, moves to cooler shelters, was considered (Dainton, 1989;Rollo,
1991). These behavioural characteristics were extrapolated to D. laeve by considering
21 C as the maximum temperature to which larvae within slugs were exposed. Using
this as a starting point, it is possible that a more comprehensive model for larval
development could be developed by incorporating the preferred temperatures and the
circadian rhythms of the intermediate hosts into the DD calculations.
Temperature differences were observed between the inside and outside of the
enclosures in 1997. These may have been an artifact of insufficient temperature probes
(1-3)coupled with downloading and repositioning of probes in late July and
considerable micruclimate variability; dternatively the differences may have been real,
demonstrating a warming effect of the enclosures. If the enclosures artificially elevated
the temperatures it is still reasonable to assume that these temperatures were within the
natural variation seen between habitats, microhabitats and years and, therefore, that the
experiments are representative of the natural pattern of development. In addition,
temperatures were similar until the end of July, by which time L3 were already present
in experiments f and 2. Lava1 development in these experiments theoretically may have
been hastened near the end of July because of elevated enclosure temperatures.
Nevertheless, even without this heating, it is likely hat larva1 development could have
been complted. Even when DD accumulations are based on the cooler outside
enclosure surface temperatures, larvae infecting slugs on or before 10 July 1997 wouId
have developed to L3 by the end of September 1997; larvae infecting slugs on or before
30 June 1998 would have harboured infective L3 by 27 July 1998 (Table 7.3).

7.5.3 Over-wintering of slugs and larvae
SIugs that were sampled from experimentd enclosures which over-wintered
from 1997 to 1998 confirmed that (1)slugs infected with larvae of U. pallikuukensis
can survive from I year to the next, (2) L3 within slugs may be able to over-winter
(experiments 2 and 3), and (3) larvae entering winter as L2 can resume development to

L3 the following year (experiments 4 and 5). Developing Imae and L3 within overwintering gastropods may be important sources of L3 early the following year, because
they would be available before those that developed in slug infected in the spring of that
year (Fig. 7.13 see experiments 2-5 vs. 7-9). The survival rates of these over-wintering
larvae must be considered in the epidemiology of U. pallikuukensis. The survival rates
of the various larval stages (L1vs. L2 vs L3) of Elapliosrrongylus rangiferi in
hibernating gastropods differ, as do the survival rates of the gastropods depending on
which larval stages they contain (Schjetlein and Skorping, 1995). Ow experimental
design did not allow us to determine the number of slugs in an enclosure entering the
winter, nor the prevalence or intensity of infection in these slugs and, therefore, the
overwinter survival rates of slugs and larvae could not be determined. Further studies
designed to quantify the survivai of over-wintering larvae and infected gastropods are
necessary to better address the significance of such Iarvac in the epidemiology of U.
pallikuukensis.
7.5.4 Patterns of L3 intensity in slugs over time

Within an experiment the number of LYslug changed over time. In experiment I
the mean intensity peaked on the same day as the first L3 was observed. In experiments
2 and 3 the mean intensity peaked on the sampling day foIlowing (2 wk later) the
appearance of the fmt L3. In all 3 experiments the peak mean intensity occurred at
week 6 PI, remained high untiI week 8 PI, and then declined. The initial low mean
intensities of L3 in experiments 2 and 3 at week 4 PI probably represent a time of
transition from L2 to L3. In experiment 1 this transition was not observed, but probably
occurred between weeks 4 and 6 PI.
The decline of L3islug in experiments 1-3 at weeks 10, 10 and 48 PI,
respectively, suggest that larvae either ieave the slugs or die after reaching L3. Thirdstage larvae were recovered from the vegetation of experiments 1 and 2 in the late
summer of 1997 and experiments 2 and 3 the following June, 1998 (Kutz et al.,
2000b). These findings, coupled with extensive laboratory data demonstrating
emergence as a consistent trait of U.pallikuukemis (Kutz et al., 2000b), suggest that
the change in numbers of Wlslug over time may have been a result of L3 emergence.
Our findings on the temporal patterns of L3 in slugs suggest that under natural
conditions, assuming a constant rate of L1 acquisition by slugs throughout the summer,
L3 in slugs would be most abundant in August. The numbers of L3 in slugs would
subsequently decline, perhaps as a result of L3 emergence, and thus become available

free in the environment. The epidemiological implications of such emergence, including
the possible availability of L3 to muskoxen during the winter, have been discussed by
Kutz et al. (2000b). A similar pattern of mean L3 intensities in gasuopods was
observed in some of the fieid experiments on N. linearis development (MorrondoPelayo, 1987). This pattern and its significance were not discussed by the authors,
however. nor has the phenomenon of L3 emergence been investigated for this species.
llmingmnksrrongyluspallikrictkensis may use several strategies to maintain L3 in
the environment throughout the year. Rapid development within a singLe summer,
emergence of L3, overwinter survival of L3 in gastropods, with or without subsequent
emergence, and overwinter survival of Ll and L2 in gastropods with subsequent
development to L3, theoretically result in L3 being available in the environment (either in
gastropods or on vegetation), throughout the year. Although the relative significance of
each of these suaregies in the survival and transmission of I/. pallikuukensis requires
further investigation, we beIieve hat these developmental characteristics of the parasite
conmbute greatly to its ecological success.
Equipped with this information on larval development of U.pallikuukensis in
the Arctic environment, the effect of giobd c h a t e change on the parasite popdation
dynamics in gastropods and the environment can be addressed. In the form of earlier
springs and later autumns, global warming in the Arctic may extend the temporal
window in which the gastropod intermediate hosts are active and Iarvae can develop. In
the form of increased summer daily temperatures, global warming may accelerate the
rate of larval development. These 2 factors combined could result in L3 being avaiIable
earlier in the season, the peak intensity of W in slugs extending over a longer rime
period, and larvd development occurring later into h e fall. Also, the influence of the IH
on its ambient temperature must be considered in a climate change scenario. A h e a r
relationship between increased environmentai temperatures and Imal development rates
is uniikely. For example, a mean 2 C increase in air temperature may not translate
directly to a 2 C increase in larval ambient temperature because of gastropod behaviour.
Such behaviour, as well as other life history traits of the gastropods which could be
affected by climate change, are intimatdy linked to iarval &veIopment rates and
accentuate the complexity of this system.
The enclosure-based model system established in the present study may be
useful for examining deveIopment rates of other protostrongyiids, as well as U.
pallikuukensis, under natural conditions in a variety of intermediate host species, habitat
types and geographic kxations. As well, using degree-days calculations based on
surface temperatures recorded from different geographic regions or those predicted with

global warming,the potential for Iarval deveIopment (and, therefore, risk of parasite
establishment and transmission) in other geographic regions could be assessed.

8. SURVEYS IN THE CANADIAN ARCTIC FOR GASTROPOD
INTERMEDIATE HOSTS OF THE MUSKOX LUNG WORM
UMINGMAKSTRONGYLUS PA LLIKUUKENSIS
(METASTRONGYLOIDEA: PROTOSTRONGYLIDAE)

8.1 Abstract
As part of an investigation of the geographic distribution of the muskox

lungworm Umingmaksrrongyluspallikuukensis, tundra habitats were surveyed for
potential terrestriai and freshwater gastropod intermediate hosts. On the centmi arctic
mainland, near the hadet of Kugluktuk, Nunavut, Canada, wet and mesic sedge
meadows, riverbanks and lake shores and the water bodies associated with each of these
habitat types were sampled. Near Simpson Bay on Victoria Island, Nunavut, Canada,
riverbanks and lake shores were sampled. Terrestrial gastropods wen surveyed
systematically using a water bath technique, freshwater gastropods were surveyed
opportunistically. On the mainland 6 terrestrial species were found: Deroceras laeve,
Columella alticola, C edentula, Euconulusfulvus, Vertigo sp.and Catinella sp.; and 4
freshwater species: Aplexa hypnorum, Physa jennessi jennessi, Stagnicola sp. and
Valvata sp.. On Victoria Island 1 terrestrial, D. laeve, and 3 freshwater species, A.
hypnorum, Stagnicola sp., and Valvata sp. were found. In the laboratory, larvae of U.
pallikuukensis developed from fmt to third stage in D. laeve, Catinella sp., C. alricolu.
A. hypnorum, and E. fulvus, but only to second stage in e.j. jennessi, afier which dl
remaining snails died. The presence of 2 potential intermediate host species on Victoria
Island, raises the possibility that, if introduced, U. pallikuukensis could establish in the
muskox population.

8.2 Introduction
Umingmaksrrongyluspallikuukensis is a protostrongylid nematode of muskoxen
found in cysts up to 4 cm in diameter in the lungs- It was present in 92.5% of
muskoxen surveyed from 1989 - 1990 in the region of the b e and Richardson river

valleys, west of Kugluktuk, Nunavut, Canada (67'49.N. 11YO8'W) (Gunn and
Wobeser, 1993). The geographic distribution of the parasite appears to be limited to the
region west of Kugluktuk, Nunavut (J. S. Nishi, unpubl. obs.), extending west of
Paulatuk and southwest to near Norman Wells (65" 17'N,126'50'W), Northwest
Territories, Canada (S. J. Kutz,unpubl. obs.) (Fig. I ). Umingmakstrongylus
pallikuukensis has not been found on Victoria Island (S.J. Kutz, unpubl. obs) or Banks
Island (Gum et al., 1989; Rowell, 1989) despite thorough examinations of several
hundred animals during commercial muskox harvests. On the mainland extending east
of Kugluktuk to the Adelaide Peninsula, Nunavut, dorsal spined first-stage
protostrongylid larvae (L1) have been recovered from the feces of muskoxen in the
absence of adult U.pullikuukensis in the lungs (S. J. Kutz and J. S. Nishi, unpubl.
obs.), suggesting that these L1 may be produced by a species of protostrongylid other
than U.pallikuukensis.
Muskoxen are an important wildlife species in the Arctic, used for food and
commercial purposes (sport hunting, harvests for sale of meat and hides, tourism)
(Gunn et al., 1990; 1991). As U. pallikuukenris is potentially pathogenic, an
understanding of its effect on muskoxen and factors affecting its development,
transmission and current geographic range, is important.
The limited geographic distribution of U.pallikuukensis may reflect a
combination of historical events and contemporary climatic and biophysical conditions.
Hoberg et al. (1995) discussed the distribution in the context of historical isolation of the
host-parasite system on deep (during the Pleistocene) and more recent scales. Local
extirpations of muskoxen, probably associated with European colonization of North
America and perhaps climatic conditions, resulted in severely reduced and disjunct
populations (Gunn, 1982; Gum, 1990). Muskox populations have since recovered and
have a continuous distribution on the mainland nonh of the treeline and on the central
and western arctic islands m s s h e Noahwest Territories and Nunavut (Fig. 1)
(Fournier and Gum, 1998). It appears that the distribution of U.pallikuukensis has
not, however, followed this expansion of the muskox populations and other factors
influencing its geographic distribution must be examined
Umingmakstrongyluspallikuukensis requires a gastropod intermediate host to
develop from the fmIarval stage (LI,shed in the feces of muskoxen), to the third
larval stage (L3,the stage which is infective to muskoxen). Larval development occurs
more quickly at warmer temperatures, and there is a lower threshold below which
nodevelopment is detected (8.5 C for U.pallikuukensis in Deroceras laeve) (see Chapter
6). Because of the effect of temperature on development, the geographic distribution of

Figure 8.1. Map of the Northwest Territories and Nunavut Territory,
Canada, showing historic and current muskox range and gastropod survey areas
(see text for details).

U.pallikrotkensis is intimately linked to climatic conditions. Koberg ( 19971, suggested
that the recent "appearance" of U.pallikiiukensis may represent an emeying parasite.
responding to changing climatic conditions. Warming trends of 1.6 C and 0.8 C over
the last 51 yr in the Mackenzie and Arctic regions, respectively (Environment Canada,
Atmospheric Environment Service, Climate Resemh Branch), do not refute this
contention.
Another critical factor determining the geographic distribution of U.
palIikrtrrkensis is the avaiIability of suitable gastropod intermediate host species.
Unfortunately, the literature on gastropod abundance and distribution in the Nonh
American Arctic is sparse, particularly for terrestrid gastropods, and is primarily
anecdotd (Mozley,1937; Pilsbry, 1946,1948; Clarke, 1973; Holyoakik,
1983).
In the present study the gastropod fauna was surveyed in a region of the
mainland where the U. pallikuukensis is present, (near Kugluktuk, Nunavut), and in a
region on Victoria Island, Nunavut where, despite high densities of muskoxen, the
parasite is apparently absent. Also, through experimental infections in the laboratory,
the ability of larvae of U.pallikiiukensis to develop in the different gastropod species
recovered was determined.

8.3 Materials and Methods
8.3.1 Gastropod surveys

Study sites: On the mainland, surveys were conducted west of Basil Bay and
dong the Rae and Coppermine rivers; on Victoria Island surveys were conducted near
Simpson Bay (Fig. 8.1). On the basis of plant species composition, moisture and
topographical location 4 habitat types were defined: wet sedge meadows (WSM);
mesic
sedge meadows (MSM); riverbanks (RB);and lake shores (LS).
All sites were surveyed in August. On the maidand in 1995.3 WSM, 3 MSM
and 2 LS sites near Basil Bay were surveyed. These sites, 2 more MSM and 1 RB site
near the Rae River, and 2 RB sites along the Coppermhe River were surveyed in 1996.
In 1997, only 1 RB site was surveyed along the Coppermine River (Fig. 8.1). On
Victoria Island, 5 RB and 5 LS sites were surveyed near Simpson Bay on August 2 1,
1997 (Fig. I).
Wet sedge meadows occurred in Iow-lying drainage and seepage plains and
because these habitats were frequently located dose to small, shallow ponds, many sires
were inundated with standing water. These meadows were dominated by the sedge
Carex aquatiiix. Mosses provided a consistent ground cover, but cottongrasses

(Erioplzorumangrrsrifolium, E. caliitrir and E. sclreuchzeri) were less abundant. There
were few wiHows (Salk-spp.) and forbs other thm Pedicularis spp. and Equiserm
scirpoides were generally absent.
Mesic sedge meadows occurred in cornpmtively weil-drained areas with small
tussocks and contained an increased diversity of graminoids (e.g.Agrostis spp.,
Fesriica spp., Poa spp, and Hierochloe odorara)and forbs (Sariji-agaspp., Polygonuni
spp.. Sfellaria spp., Melatrdrium spp., and Pedicirlaris spp.) growing on small
mssocks. Mosses provided a consistent ground cover. Carex aqrrarilis and E.
angustifoliumwere dominant, but relacive to WSM, there was an increased occurrence
of other sedges (C. mimdra, C.bigelowii, C. membranacea. C rupesrris, and care.^
spp.), and occasionally rushes (Juncus spp.). Willows (Salk arctica, and S. lanata) and
dwarf s h b s (Dryas inregrifolia and Arcrosraphylos rrrbra) were also sporadically found
in this habitat type.
The overall moisture regime of LS and RB habitats were similar to MSM.
Sampling of these habitats was restricted to within 15 m of the respective shorelines.
Both LS and RB habitats were distinguished by the consistent ground coverage with
Salu reticulara (ca. 10 % cover) and mosses. Carex aquaralis and other sedges (Carex
spp. and E. angusrifolium) were present in these habitats, but were less abundant than in
either WSM or MSM. Abundance of forbs was greater than in MSM. Dwarf shrubs
that were characteristic of LS and RB habitats included A. rubra. A integr@dia. S.
arctica, Rhododendron lapponicum, S.lanara, Cussiope rerraguna and Vuccinium
uliginosum. Terricobus lichens (Cerraria nivalis, C.islandica, C.cucullutu)were also
conspicuous. Small hummocks (ca. 0.1 - 0.25 m in height) were common in LS but
absent from RB. Riverbank sites were associated with slower moving tributaries of the
Rae and Coppermine rivers, lake shore habitats with large, deep lakes.
On Victoria Island, the LS habitats were similar to those on the mainland,but
had apparently been subject to more grazing pressure (mammalian and avian as
evidenced by feces) and the vegetation was not as dense nor as tall. The RB habitats on
Victoria Island were similar to those on the mainland, but the associated rivers were
smaller,
Gasfropod collections: Terrestrial gastropods were surveyed using a water bath
technique modified from KraIka (1986). Turf sampIes, approximately 20 cm in
diameter and I0 cm deep, were placed in plastic p d s within 4 hr of collection. Water
was added to the pads to a deph of 3-4 cm and a Lid secured (day I). The vegetation
and the lid and sides of the pails were examined the following day (day 2), gastropods

were removed and more water was added (to a depth of 6-7 cm). On day 3 the
vegetation and pails were again examined for gastropods and enough water was added
LOensure all the soil was submerged. The pails were examined again on day 4, after
which they were discarded.
In 1995 and 1996, MSM and WSM sites were sampled on the mainland at 20 m
intervals along 2 100 m straight transects (total of 10 samples for each site). At LS sites
in 1995,4 samples were taken at 2 rn intervals on each of 3 lines (approximately 2 m
apart) extending perpendicular to the shoreline. This was done in 2 separate areas at
each LS site (a total of 24 samples for each site). For LS sites in 1996,5 samples were
taken within 1.5 m of the shoreline from 2 separate areas at each site (a totaI of 10
samples for each site). Of the 3 RB sites sampled in 1996, 1 was associated with a
branch of the Rae River through which water flowed only during spring melt, but a
permanent pond remained throughout the summer. For this site, 5 samples were taken
at 20 m intervals along 2 straight 100 m transects which ran parallel to and within 15 m
of the pond. The other 2 RB sites were sampled on multiple straight Lines extending
perpendicular from the shoreline for no more than 5 m. On Victoria Island, 5 arbitrarily
selected samples were taken within 1.5 m of the shoreline at each LS site and within 5 m
of the shoreline at each RB site.
Freshwater gastropods were sampled opportunistically either by hand-picking or
by sweeping hand held sieves through the water bodies at all habitat types on the
mainland and at all RB sites on Victoria Island. Freshwater gastropods were not
quantified. Gastropods were identified with the aid of Pilsbry (1946,1948) and by J.
Van Es,University of Alberta, Edmonton, Alberta, Canada.

Statistical analysis: The Wikoxon-Mann-Whimey test was used to compare
gastropod densities between transects within a site and between habitats in different
years. The Wikoxon-Mann-Whimey test (for LS) or a Kruskal-Wallace one-way
analysis of variance, followed by a multiple comparisons test, were used to compare
gastropod densities within and between habitat types (Siege1and Castellan, 1988).
Most analyses were done using the computer program statViewnt SE + Graphics
(Abacus Concepts Inc,, 1988). The probability of significance was set at E I0.05 for
all statistical tests.

8.3.2 Gastropod infections with U. pallikuukensis
When possible, within a species (i.e., Deroceras laeve, Vertigo sp., freshwater
species), gastropods of similar size were used for the experimental infections. For some
species (i.e. Euconulrrs fulv~ls,Colnmelln alticola, and Catinella sp.) few specimens
were available, therefore, specimens of different size classes were used. Insufficient
specimens of Columella edenrula and Valvatn sincera helicoidea were available for
experimental infections. Groups of 6 gastropods of each species were exposed to Ll on
filter paper in petri dishes as described by Hoberg et d. (1995). Fit-stage larvae of U.
pallikuukensis were obtained from the feces of an experimentally infected muskoxen
(Kutz et al. 1999b). A drop of larval suspension was placed on the foot of each
gastropod and the remaining suspension put on the filter paper (a total of 3000 Llldish).
Every 20-30min for 2.5-3 hr gastropods were removed from the sides and lids of the
dishes and placed on the filter paper. After the exposure procedure terrestrial gastropods
were housed overnight at room temperature (20-22C) in petri dishes containing
moistened filter paper and lettuce. Freshwater species were housed in jars of tap water.
The following day terrestrial gastropods were rinsed with distilled water and
moved to glass petri dishes (maximum of 6fdish) with moistened filter paper and pieces
of lettuce, carrots, chalk and oven dried (70C X 48 hr) natural vegetation from
gastropod survey waterbaths. Freshwater gastropods were rinsed, housed in glass jars
containing 500-700 mi of distilled water, and provided with similar fwd. AU
gastropods were maintained at room temperature with approximately 8-12 hr of
lightlday. Food and water were changed every 4-7days. Gastropods were examined
microscopically for foot lesions (Kutz et al., 2000b) and then digested (Hoberg et al.,
1995) at various days post-infection (PI). Control gastropods, when available, were
treated and examined in the same manner except that they were not exposed to L1.

8.4 Results
8.4.1 Gastropod surveys

The results from the gastropod surveys are presented in Tables 8.1,8.2, and
Figure 8.2. On the mainland 6 terrestrial species were found: Deroceras laeve;
Columella alticola; Columella edentula; Euconulusfi1vus: Verrigo cf modem; Catinella
sp.; and 4 freshwater species: Aplexa hypnonun; Physa jennessi jennessi; Valvara
sincera helicoidea; Sragnicola sp. (S. arctica or S. kennicom7, Riverbanks had the
highest diversity with all 6 species of terrestrial gastropods found in this habitat. On

W W M M R R L L R L
95 96 95 96 96 97 95 96 VI M
Habitat and year

Figure 8.2. Abundance of gastropod species on the mainland in wet sedge meadows
(w),
mesic sedge meadows (M), riverbanks (R) in 1995 (99,1996 (96) and 1997 (97),
and on Victoria Island in 1997 in lake shores (LVI) and riverbanks (R VI).

Victoria Island, 1 terrestrial species, D. laeve, was found in LS habitats only, and 3
freshwater species, A. hypnonml, Valvata sp., and Sragnicola sp., were found in water
bodies associated with RB habitats. Gastropods were highly aggregated within habitats.
In 1995 on the mainland, there was no significant difference in gastropod
density between sites within habitat types (WSM: df = 2, KW = 2, P = 0.3679; MSM:
df = 2, KW = 4.1 1, P = 0.128 1; LS: W, = -0.96 1, P = 0.3367). Lake shores had
significantly more gastropods overall (df = 2, KW = 38.738, E = 0.000 1), with more
Venigo sp. than either the WSM or MSM (WSM: df = 2, KW = 34.03, P 5 0.05; MSM:
df = 2, KW = 32.7, S 0.05). There was no difference in density of D. laeve among
habitat types (df= 2, KW = 2.19 1, E = 0.3343).
In 1996 on the mainland, the density of D. laeve differed among the MSM sites
(df = 4, KW = 15.893, E = 0.0032) and among the RB sites (df = 2, KW = 16.4 12, P
= 0.0003), but not among the LS (W,= -0.946, E = 0.344). No gastropods were
recovered from any of the WSM sites. Riverbanks had a higher overall density of
gastropods compared to WSM and MSM (WSM: df = 3, KW = 57.6, E 5 0.05; MSM:
df = 3, KW = 40.5, S 0.051, with more pupillids (WSM: df = 3, KW = 38, I0.05;
MSM: df = 3, KW = 36, E 2 0.05). Lake shores also had a higher overall density of
gastropods compared to WSM and MSM (WSM: df = 3, KW = 84.55, P 10.05; MSM:
df = 3, KW = 67.6, P 5 0.051, more pupillids than WSM and MSM (WSM: df = 3,
KW = 69.8, e I0.05; MSM: df = 3, KW = 67.6, E 10.05), and more D. laeve than
WSM, MSM and RB (WSM: df = 3, KW = 54.3, e < 0.05; MSM: df = 3, KW =
34.2, E 10.05; RB: df = 3, KW = 34.7, E I 0.05).
Comparing 1995 to 1996, there were more D. laeve and Vemgo sp. in LS in
1996 (D. laeve: W, = -5.3 15, E = 0.0001; Vertigo sp.: W, = -2.566, E = 0.0103).
There were, however, no differences between years for WSM and MSM (WSM: W, =
- 1, E = 0.3 173; MSM: W, = - 1.8 19, E = 0.0689). There was no difference in
gastropod density between RB from 19% to 1997. On Victoria Island in 1997, there
was no difference in the density of D. laeve among LS (df = 4, KW = 8.094, E =
0.0882). Meaningfui statistical comparisons to mainland LS are not possible because
these habitats were not sampIed in 1997, however, densities were similar between the
isIand in 1997 and the mainland in 1995 and 1996.
Abundance of gastropod species differed among habitat types. The slug D.
laeve was the most common species in MSM (85-93% of the total gastropods
recovered), the only terrestrial species in WSM, the only species in all habitat types, and
the only terrestrial species on Victoria Island. Members of the PupiIlidae were the most
common species found in LS (K cf modesta, 94-99%) and RB habitats (V. cf modesta.

e

C. edentula and C. alticola, 56-74 8).
Colttmella spp., Euconulris fulvus and Carinella
sp. were absent from WSM, MSM and LS.
The behaviour and location within the microhabitat of the various gastropod
species differed. Deroceras Iueve was observed to be a highly mobile slug. During one

calm. clear evening in August 1997, numerous slugs were observed climbing on the
vegetation to a vertical height up to 30 cm. Vertigo cf modestcr were found near the
surface of the soil and in the vegetation. Catinellli ssp. were found on vegetation only
aiter being in a water bath (not during hand searches or under masonite boards used in
other studies), and were usually coated in sand or mud. Euconulus fulvus was often
found on or in the folds of rotting leaves. Stagnicola sp. were most common in larger
lakes and rivers, usually on the bottom or on rocks near the shoreline. In contrast, A.
hypnorum and P. j. jennessi were usually found in small, shallow ponds or very slow
flowing tributaries of rivers. They weE often observed floating upside down at the
water surface or attached to vegetation near the surface.
8.4.2 Gastropod infections with

U. pallikuukensis

The results of the experirnentd infections are presented in Tables 8.3 and 8.4.
Development from L1 to L3 occurred in D,laeve, C. alricola, E. filvus, Catinella sp.,
and A. hypnorum. The highest prevaience and intensity (based on detection of all larval
stages) and earliest L3 were seen in D- laeve and Carinella sp.. In P. j. jennessi
development to L2 occurred by 12 days PI. All remaining P. j. jennessi died before the
next examination day, thus, hther development was not determined. Neither infection
nor development occurred in Vertigo sp. or Stagnicola sp.. No scars were observed in
the feet of any of the control gastropods or in slugs collected from Victoria Island and no
larvae were recovered on digestion. Survival of all species, with the exception of P. j.
jennessi, was high and there was no difference in survival between infected and controt
gastropods (Tables 8.3.8.4). Sragnicola spp. and A. hypnorum did not feed much
during the course of the experiments. The remaining gastropods (infected and control)
from the D. laeve and Catinella sp. experiments were removed on 16 and 20 days PI,
respectively, and used in an experiment investigating L3 emergence (Kutz et al.,
2000b). The mortality reported for these 2 species extends to 60days PI while mortality
for the other species is reported only up to the last examination day of each respective
experiment.

Table 8.4: Experimental infections of freshwater gastropods with first-stage larvae of Ur~~ir~gnic~kstror~~yii~~~~~tillik~~ttkerr~sis.
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8.5 Discussion
The present study represents the initid steps in understanding the importance of
different gastropod species and habitat types in the transmission of U.pallihukensis
among muskoxen. It also facilitates the examination of the current geographic
distribution of the parasite with respect to distribution and abundance of suitable
gastropod intermediate hosts.
8.5.1 Gastropod surveys

Small variations in gastropod sampling techniques between years and habitat
types may have affected some results. For example, differences observed between
years for LS may reflect differences in sampling techniques rather than real differences;
in 1995, samples were taken up to 10 m from the shoreline, whereas in 1996 they were
taken only from within 1.5 m of the shoreline. Wet sedge meadows and MSM,
however, were sampled at the same time and with comparable methods in both years,
and similar patterns of gastropod abundance were observed within these habitat types
and relative to LS and RB. Despite discrepancies in sampling techniques, and although
the sampling protocol may not have been sufficiently intense to evaluate subtle
differences between years or habitat types. we believe that our results describe the
general pattern of gastropod distribution and abundance for August in the regions
sampled.
The greater diversity of gastropod species in the RBs may reflect differences in
gastropod life history traits and habitat preferences, but also may represent a fauna char
has not yet reached a stable distribution. According to Clarke (1973) colonization of the
Arctic by freshwater gastropods since the Pleistocene is an ongoing process, with some
species not yet in distributional equilibrium. Rivers may be a significant route for
gastropod dispersal and colonization and this is reflected by the greater species diversity
observed in these habitats. The ubiquitous distribution of D. laeve on the mainland may
reflect this species' high mobility and adaptability with an enhanced ability to colonize
new habitats. Deroceras laeve is abk to hatch and move underwater (RoIIo and Shibata,
1991). This may explain its dominance in WSM and MSM habitats which are subject to
seasonal flooding.
The gastropod species reported in this study are known to have an arctic
distribution. There are, however, few reports of gastropods from the Canadian arctic

islands, and the finding of D. laeve on Victoria Island represents a new geographic
record (Pilsbry, 1946, 1918; LaRocque, 1953; Holyoak, 1983). The terrestrial species,
Deroceras laeve and Vertigo sp., have been reponed from south Baifin Island, Nunavut,
and these genera, along with species of the Succinaiedae (of which Carinella is a
member), are known from Greenland (Pilsbry, 1946, 1948; La Rocque, 1953).
Euconulusfrtlvusand C. edentula have been reported from the mainland of the North
American Arctic, but not from the arctic islands (Piisbry, 1946, 1948; LaRocque,
1953). No terrestrial species have been found on Banks Island (Holyoak, 1983).
Among the freshwater species, Sragnicola spp., E j. jennessi, A. hypnonm, and V.
sincera helicoidea have been reported across the arctic mainland as well as on WoUaston
Peninsula, Victoria Island, but not on Baffin Island (Clarke, 1973). Although there is
fossil evidence of S. arctica and V.S.helicoidea on Banks Island, only A. hypnorum has
been reponed (Holyoak, 1983).
8.5.2 Gastropod infections with U. pallikuukensis

The relatively rapid deveiopment of U.pallikuukensis in D. laeve and Catinella
sp., together with a high prevalence and moderate intensity of infection, suggest that
these species are good natural intermediate hosts. Development in E.fulvus ,C.
alticola, P- j. jennessi and A. hypnorum was slower and prevalence and intensity much
lower. The terrestrial snails, however, were often found aestivating during these
experiments, and the freshwater snails my not have been infected and maintained under
ideal conditions (as suggested by the high mortality of j. jennessi and diminished
feeding observed by Sragnicola sp. and A. hypnorum). Development of
protostrongyIids in aestivating or starved gastropods may be retarded (Skorping, 1981:
Solomon et al., 1996)and this may have influenced the results in these species.
Any consideration of the rdes of the various gastropod species in transmission
of U.pallikuukensis must incorporate aspects of the life history of the gastropods and of
the muskoxen. Although terrestrial and/or freshwater gastropods were found in habitat
types commonly used by muskoxen (Wilkinson et aI., 1976), gastropod behav~our,
distribution and abundance relative to muskox grazing strategies and behaviour will
influence the contribution of any given gastropod species to parasite t r d s s i o n .
Although not the most abundant gastropod overall, Deroceras laeve was
ubiquitous among habitats in this study, was very mobile and is a highly suitable
intermediate host both in the laboratory (this study and Kutz et al., 2000b)and in fieid
experiments (see Chapter 7). Catinella sp. and E-ficlvus,also suitable laboratory

intermediate hosts, were found only at RB,and appeared to spend much time in the soil
(Catinella) or in the leaf litter (E.firlvus). The importance of these 2 species in
transmission of U.pallikuukensis, therefore, may be limited Verrigo sp., found at a
high density at LS and RB,was unable to support larval development. The suitabiiity of
the remaining terrestrial and freshwater species as laboratory intermediate hosts of U.
pallik~rukensiscould not be determined in the present study. Further controlled
experiments, with larger sample sizes and in which gastropods are reared under
conditions in which they remain active and healthy, are required before the importance
of these species in the field can be addressed.
The significance of freshwater species in the epidemiology of protostrongylids
deserves attention. Experimentally, it has been established that the freshwater snails,
Lymnaea spp., support development of Parelaphostrongylus tenuis, Muellerius
capillan's, Neostrongylus linearis and Elaphostrongykis rangiferi to L3 (Anderson,
1963;Hourdin et al., 1990;Skorping, 1985). Temperatures in small tundra ponds can
at times exceed air temperatures (Holyoak, 1983)and may be sufficient for larval
development in freshwater gastropods. Also, survival and subsequent infectivity of L1
is diminished by desiccation and fluctuating temperatures, particulary freezing and
thawing (Shostak and Samuel, 1984;Lorentzen and Halvorsen, 1986;Momndo-Pelayo
et ai., 1992). It might be expected, therefore, that L1 in aquatic habitats, where
moisture is constant and temperature fluctuations dampened, have a greater chance of
successfully compledng their development in intermediate hosts than if they remained in
terrestrial habitats, exposed to desiccation, widely fluctuating surface temperatures, and
increased UV Iight. For the same reasons, L3 of U.pallikuukensis that emerge from
gastropod intermediate hosts and can survive in water at 0-4 C for more than 1 yr (Kutz
et d., 2000b), may have a similar pattern of survival in aquatic versus terrestrial
habitats. For L3 that remain in the gastropods, the behaviour of A. hypnorum and P. j.
jennessi, frequently found floating at the water surface or climbing on vegetation near
the surface, would make the L3 readily accessible to muskoxen feeding or drinking at
that site. The significance of development in freshwater gastropods, with or without
subsequent emergence of L3,as an important life history strategy for U.pallikuukensis
and protostrongylids in general, should be investigated further.
The contemporary geographic range of U.pallikuukensis may not be Limited by
gastropod distribution. Two potential intermediate host species were found on Victoria
IsIand and it is reasonable to assume that suitable terrestrial and freshwater gastropods
are present on the mainland east of Kugluktuk (Mozley, 1937;Pilsbry, 1946,1948;La
Rocque, 1953;Clarke, 1973). The presence of these intermediate hosts, however, does

not ensure parasite transmission. The abundance and distribution of potentid
intermediate host species relative to muskox densities and habitat use are important for
successful parasite transmission. Examination of the gastropod-muskox interactions
may provide insight into the reasons for the Limired geographic distribution of the
parasite.
Assuming gastropod abundance and distribution are adequate for parasite
development and transmission, the limited distribution of U.pallikuukensis on the
mainland is puzzling. If U. pallikuukensis was restricted to the remnant mainland
muskox population north of Great Bear Lake during the first half of this century, it is
possible that it is slowly expanding its range with this host population. If this is so, and
climatic conditions and gastropod abundance are sufficient, it is expected that the
parasite will fiuther expand its geographic distribution across the mainland. The
contemporary absence of U. pallikuukensis from the eastern mainland and Victoria
Island suggests that either the remnant muskox populations in the first half of this
century in these areas were Free of the parasite or alternatively, recent climatic conditions
may have been unsuitable for its development and transmission. It is also possible that
gastropod abundance on Victoria Island is insufficient to maintain the life cycle: this
explanation is less likeIy for the mainland.
There is potentid for U.pallikuukensis to expand its range on the mainland and
to the arctic islands. Umingmaksrrongyluspallikuukensis is well adapted to its arctic
environment. Near Kugluktuk, it developed from L1 to L3 within 4 weeks in July,
overwintered as L3 in gastropods and as L2 in gastropods. These L2 resumed
development the following year (see Chapter 7). These efficient development traits,
coupled with the long period of patency (at least 2 yr in an experimentally infected
muskox, Kutz et al. 1999b),large numbers of Ll produced by adult parasites (Kutt et
al., 1999b), general resistance of protosuongylid LI to environment conditions (Boev.
1979, and ability of L3 to leave the intermediate hosts (Kutz et al., 2000b)and perhaps
survive on vegetation, may enable U.pallikuukensis to persist in a muskox population
over 1or more consecutive years when climatic conditions are insufficient for
development to occur within a single season. Additionally, a wanning global climate,
predicted (and already observed) to be most extreme in the Arctic, may, by improving
gastropod survival, extending the seasonal window when gastropods are active (and
larvae may be developing), and accelerating the rate of larval development, facilitate
development and transmission of U.pallikuukensis at higher latitudes.

9. DISCUSSION: THE EPIDEMIOLOGY OF
UMINGMAKSTRONGYLUS PALLIKUUKENSIS

9.1 Introduction
Since its discovery in 1988 and description in 1995 U.pallikuukensis has been
the focus of intensive laboratory and field experiments that have resulted in tremendous
progress in understanding the biology of this parasite. Research reported in this thesis
has addressed critical aspects of the biology of U. palfikuukensiswithin both a
comparative context among the Protostrongylidae and an epidernioIogica1 context. In
some instances conclusions drawn from these studies have challenged traditional views
of protostrongylid biology and transmission (e.g., emergence of W),
and in others have
supported what is known (e.g., the typical life cycle). In yet other ways, this work has
provided novel information specifically on U.pallihukensis (lung pathology, larva1
development rates and L3 availability in the field) that should be examined among h e
Protostrongylidae, as well as insights (e.g., stylet in the L3) that may have an impact on
understanding patterns of development and phylogeny among strongylates and related
free-living nematodes.
Integrating this new information for the biology and development of U.
pdlikuukenris with general features of the Protostrongylidae, I now propose a
descriptive model for the transmission of U.pallikrukensis in the Arctic which
considers critical biotic and abiotic factors (Fig. 8.1). This model considers patterns of
parasite development in the definitive hosts, production and survival of Ll, infection of
gastropods and subsequent larval development rates, larval emergence, and availabiIity
of L3 to muskoxen in the Arctic. Transmission patterns of U.pallikuukensis are
interpreted in relation to the ecology of the definitive and intermediate hosts as weU as
with respect to climate change. The effects of the parasite on the host population and
factors determining its current geographic distriiution are discussed. Finally,the use
ofthis parasite and the novel enclosure system to monitor or predict the effects of climate
change on parasite distriion and abundance in the Arctic are outlined.

Figure 9.1. An illustrated model for the annual pattern of development and transmission of Umingmaksrrotigylus
pallikuukerrsis in the Arctic. LI - first-stage larvae, L2 - second-stage larvae, L3 third-stage larvae, LPG - larvae per gram,

IN - intermediatehost.
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9.2 A proposed annual pattern for transmission of U. palIikuukensis in
the Arctic

9.1.1 Umingmakstrongylus pullikuukensis in the definitive host
UrningakEtrongyils paliikuukensis follows the typical protostrongyiid life cycle.
requiring a gastropod intermediate host for larval development outside the definitive
host. Third-stage larvae in gastropods or free on the vegetation are ingested by
muskoxen and migrate to the lungs. The route of migration could not be determined in
these studies and, unless a suitable laboratory host is identified, it is likely that this
aspect of the biology of U.pallikuukensis will remain a mystery.
The prepatent period of U.pafZikuu&ensisis approximately 90 days and the
duration of patency extended at least 2 yr in 1 experimentalIy infected muskox. Although
the pattern of larval acquisition by wild muskoxen may differ from the experimental
exposure (smaller number of L3 over a more prolonged period), and the cyst
populations of wild animals are considerably more variable, it seems likeIy that adults of
Il. pallikuukensis are Iong-lived in nature.
Longevity of adult U.pallihuke~~sis
may ensure the long term survival of the
parasite in a muskox population. For example, if in 1 year cfimatic conditions were
unsuitable for larval development in the intermediate hosts, long lived adult parasites
could provide LI the following year. The cyst architecture, which appears to maintain
the parasites in an environment suitable for continued reproduction and somewhat
protected from the host immune system, may facilitate this longevity.
9.2.2 Production and survival of Ll
Patterns of L1 production and survival influence the availability of Ll to
gastropods and, therefore, the subsequent larval development and availability of L3 to
muskoxen. Seasonal variations in larval shedding are known for most protosmngylids,
typically with peaks of L 1 production at times of stress, for exampie around rut or
parturition (Uhazy et d., 1973; HaIvorsen et d., 1985). In this modei we assume
similar seasonal patterns of larval production for U.pallikuukensis, with a primary
periparturient peak and a lower peak associated with the rut (Fig. 9.1).
The quantity of L1 shed in the environment by a single muskox is potentially
considerable. For example, at 26 mo post-infection an experirnentalIy iafected muskox
produced a totai of 1.6 million Ll/day(range of 0.6 3.4 million Lllday). The intensity
of iafection in this animal, b a d on cyst counts at post mortem, was within the Limits
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observed in naturally infected animals. Exactly how this environmental contamination is
translated to infection of gastropods is not known, but depends on larval survival,
dispersal, availability of suitable intermediate hosts and suitable climatic conditions for
infection of gastropods.
Seasonally defined environmental effects, including ambient temperature, snow
cover and moisture, may be critical as parameters-limiting Imal survival and availability
to intermediate hosts. Larvae shed in the Arctic during the winter and spring (March to
mid-May) would be deposited in feces on the snow. Frozen almost immediately and
perhaps covered with snow, L1 would probably survive well until the spring thaw.
Larval survival rates may subsequently decrease with the varying weather conditions in
May and June (repeated thawing and freezing). These same weather conditions,
however, may be of value in dispersing L 1 in the environment. Repeated freezing and
thawing may break down fecal pellets, and the run-off associated with the melting snow
and ice would result in efficient dispersal of larvae in a moist environment, with an
increased potential to infect gastropods. During the summer, larvae shed on to the
tundra would be subject to varying temperatures, ultra-violet light and desiccation,
resulting in decreased survival. Additionally, because of limited precipitation, larvae
would be less Likely to be dispersed from the feces into the environment. Larvae shed
during the summer but deposited in water may have better survival rates.
Survival of L 1 shed around the time of rut [August and September) may vary.
In August, desiccation and variable temperatures may reduce survival rates of Ll. In
contrast, during September, L1 frozen immediately and subsequently covered by snow
and sheltered fromthe sunlight, desiccation and fluctuating temperatures, may have
relatively good sunrival rates. During spring thaw these L1 may also become widely
dispersed in the environment with those shed during winter and spring.
The seasonal patterns of L1 production and survival should be further
investigated to quantify pa#emof environmental contamination in the Arctic. This may
best be done by examining the feces from different age and sex classes from naturally
infected populations at various times throughout the year. In addition, studies of larval
survival should be done both in the laboratory as well as under field conditions to
determine the longevity of larvae in the environment, for example, whether viable larvae
can remain in the environment over w e d years.

9.2.3 Infection of gastropods
Once in the environment L t require suitable gastropod intermediate host species
for development from L1 to L3. The gastropod surveys demonstrated that in the vicinity

of Kugluktuk, Nunavut on the Arctic mainland, several potential terrestrial and
freshwater intermediate hosts are present and active from early June to mid-September.
Deroceras lame, the most widespread and mobile of the terrestrial species, is .XI
excellent intermediate host for U.pallikuukensis. Other terrestrial species, though more
abundant in some habitat types, are less widespread (e.g., Catinella sp., Euconulus
fitlvus, Colurnella spp.), or are unsuitable as intermediate hosts (e-g., V. cf modesra).
Freshwater snails, A. hypnorum and probably P. j. jennessi, also support larval
development, suggesting that an aquatic cycle of larval development may parallel the
terrestrial cycle and play an important role in the epidemiology of U.pallikuukensis.
Infection rates of gastropods may be affected by environmental parameters such
as moisture and microhabitat temperanues. Larvae depend on a thin film of moisture for
movement and to actively infect gastropods. Ambient temperatures are also important,
with infection rates of gastropods increasing as temperatures increase (Skorping, 1982).
The proposed patterns of U.pallikuukensis larval production suggest that the most L 1
would be available and best dispersed in the environment during the spring. It is likely,
therefore, that infection of terrestrial gastropods may cxcur most commonly in the spring
and early summer when microhabitats are moist, temperatures, particularly at the soil
surface, are warming, and many L1 are available.
9.2.4 Larval development and availability
Development from L1 to L3 depends on suitable intermediate hosts and
environmental conditions. Subsequent availability of the W to the definitive host
depends on rates of larval development, patterns of retention or emergence of L3 from
the gastropods, the life history of the gastropods, and environmental conditions. The
fo!lowing discussion of larval development is based on field and laboratory data for
development of U. pallikuukensis in D. laeve. It is acknowledged that these patterns
may vary among intermediate host species and that the dynamics may differ in an aquatic
system.
Infection of gastropods and subsequent larval development may begin shortly
after the gastropods emerge from hibernation in June. At the soil surface, temperatures
exceed the calculated threshold for larval development (8.5 C) as early as the beginning
of June. The daily degree-days peak during July and then taper off to the middle of
September (Fig. 9.1).
Relatively rapid larval development of U.pullikuukensis occurs during July and
early August. Gastropods infected before the middle of July may develop to L3 in the

same year. The maximum number of L3 in gastropods occurs during August and
rapidly dectines in September and over winter (Fig. 9.1).
Larvae infecting gastropods towards the end of July or later are not likely to
develop to L3 before winter. Sufficient degreedays may be accumulated to allow larvae
to develop from LI to L2 but not to L3;based on laboratory experiments at 23 C larvae
develop to L2 by day 4 PI, but not to L3 until day I I PI. Gastropods may, therefore,
contain all 3 larval stages during the winter. These over-wintering gastropods may
provide L3 in the environment the following year earlier than those that develop from L 1
infecting gastropods in the spring of that year (Fig. 9.1). The contribution of overwintering larvae to the total L3 available for transmission is not well understood,
Carefully designed experiments are necessary to fwther investigate this aspect of the life
cycle.
The decIine in the numbers of L3 in gastropods in late August and September
may reflect L3 emergence (Fig. 9.1). Emerged L3 in the environment may survive on
vegetation or in water for prolonged periods, and perhaps have increased over-winter
survival rates relative to L3 which remain in gastropods during hibernation. In addition,
L3 which emerge from moribund or dead gastropods and remain on the vegetation or in
the water may have an increased availability fot transmission over those which remain in
the gastropods.
The stylet-like shuctlw in the buccal cavity of the L3 may function to facilitate
emergence from gastropods and for feeding in the environment. The ability to feed may
increase the longevity of L3 in the environment and, therefore, subsequent transmission
to muskoxen.
Emergence of L3 may represent an important life history strategy for U.
pallikuukensis, providing L3 in the environment when gastropods are not available.
Factors inducing emergence are not known, nor has the pattern of emergence in the field
been characterized or quantified in detail. Studies under n a n d conditions, describing
W emergence and subsequent mobility and survival, are important for understanding the
significance of this phenomenon.

9.2.5 Spatial and temporal transmission patterns of U. pallikuukensis
Transmission of U.pallikuukensis may occur either when L3 in gastropods are
accidentiy ingested by muskoxen, or when W,which have emerged from gastropods
into the environment, are ingested with vegetation or water. The f!irstmode of
transmission requires both temporal and spatial overlap of muskoxen and gastropods,

whereas the second mode requires only spatial overlap of these hosts. A third mode of
transmission may be vertical, with L3 transmitted either across the placenta to the fetus
or in the milk to the calf. First-stage larvae of U.pallihiukeflsis have been reported in
the feces of 3 month old wild muskox calves, indicating the possibility of vertical
transmission (Gunn and Wobeser, 1993; Hoberg et al., 1995). This route of
transmission could not, however, be investigated in these studies.
The question remains as to where transmission of U.pallikuukensis occurs.
Specifically,are there habitat types or particular locations that are important for
transmission? Based on the presence of excellent intermediate hosts (D. laeve), and on
information from the available literature on muskox habitat use (Wilkinson et al., 1976),
mesic sedge meadows are probably good terrestrial habitat types for transmission of U.
pallikuukensis. In wetter habitats with freshwater gastropods, however, the dynamics
of larval development, emergence and transmission are not well understood and,
therefore, the potential for these habitats as foci for transmission cannot be assessed.
Specific sites in which muskoxen concentrate (e.g., high quality vegetation,
mineral licks), and in which suitable intermediate hosts are present, could also represent
potential foci for transmission. Foci of this type may vary among muskox populations
and across geographic regions. Further theoretical and experimental investigations of
the life history traits, abundance, and distribution of the various gastropod species in
relation to distribution and habitat use of muskoxen, on both broad and more localized
scales, are recommended to determine if there are spatial foci for transmission of U.
pallikuukensis in the Arctic.
The temporal pattern for larval transmission to muskoxen may vary. Third-stage
larva are theoretically available in varying quantities in gastropods or on the vegetation
and water at all times during the year. Even in winter, muskoxen may ingest emerged
L3 while grazing. Considering both emerged W and those remaining in gastropods,
most W would be available in August and September, the fewest probably in June. In
theory, low level transmission could occur year round, while a peak may occur during
late summer.
If the greatest exposure of muskoxen to L3 occurs during August, the prepatent
period and subsequent pattern of larval production appear to maximize the survivd of L1
in the environment and subsequent infection of gastropods. Animals infected in August
would start producing L1 by November. Small numbers of L1 would be produced
during the first 3 mo of patency (until February), and subsequently larval production
would increase considerably, depositing numerous L1 in feces on the snow surface.
Survival of Ll may be relatively high because larvae would be frozen almost

immediately and remain frozen until the spring thaw. Numerous L1 in the environment
during the spring would resuIt in early infection of gastropods, thereby maximizing the
potential time (degreedays) available for development to L3.
It is obvious that transmission dynamics are closely linked to ambient
environmental settings, vegetation, parasite development and survival, and that
amelioratingconditions may have an effecton parasite populations over time. This is of
immediate concern in the Arctic where the global warming trend is most pronounced
(Environment Canada Atmospheric Environmental Service, CLirnate Research Branch).
A warming climate may mult in a longer season for parasite development in the
environment and more rapid larval development on a daily basis. In areas where U.
pallikuukensis is currently established this could mean a wider window for development
and transmission, possibly resulting in parasite intensity increasing in the muskox
population. In addition, warming conditions may provide suitable environmental
temperatures in regions which currently cannot support parasite development, and the
parasite may extend its geographic range. The gastropods and vegetation are also
intimately linked to the Life cycle of U.pallikuuke~~~is
and, therefore, the effects of
climate change at these levels should also be investigated.
9.3 Effects of

U. pallikuukensis on tbe

host population

The effectof U.pallikuukensis on the muskox, at individual and population
levels, remains speculative. Although the pulmonary pathology appears limited in mild
infections, the infection seems to be cumulative (Gunn et a]., 1991; Hoberg et al., 1995)
and, as the size and number of cysts increase, pulmonary function may be
compromised. In nature, clinical signs of exercise intolerance, direct mortality, and
indirect mortality associated with gnzzly bear predation, have been attributed to these
lungworn. The best strategy for examining the effect of U.pallikuukensis on infected
populations may be through treatment trials of wild muskoxen, coupled with extensive
investigation of causes of mortality in these populations. Computed tomography may
prove to be a useful tool for characterizingand quantifying pulmonary pathology and
cysts of naturally infected animals. Concurrent investigation of other pathogens is also
necessary. The recent discovery of a moderate prevaIence of antibody titres to
Toxoplasma gondii in this muskox population is a reminder that other disease processes
may affect the host population dynamics and that such processes may be additive or
synergistic (Kutz et al., 2000a). This also suggests that it is important to determine in a

more comprehensive manner the host and geographic distributions of pathogens and
parasites across the Arctic.

9.4 The geographic distribution of U. pallikuukensis
Hoberg et ai. (1995) suggested that the current geographic distribution of U.
pallikuukensis may be a result of isolation of the host andor parasite on both deep and
more recent historical scales. Our findings also suggest that recent host isolation may be
a factor in the restricted distribution of U. pallikuukensis. Local extirpations in the first
half of this century resulted in few, small, disjunct muskox populations across the
mainland and arctic islands (see Fournier and Gunn, 1998). In some of these
populations U.pallikuukensis may not have been able to maintain itself because of
insufficient host densities, climatic conditions, or availability of gastropod intermediate
hosts. It appears, however, that the parasite was able to survive in the remnant muskox
population north of Great Bear Lake. The current distribution of W.pallikuukensis may
be following this muskox population as it slowly expands. Unlike caribou, muskoxen
are not highly mobile, migratory animals and, therefore, although L1 production is high,
the geographic extent of environmental contamination has been limited. Climatic
conditions and gastropod availability on the eastern mainland are likely suitable for
transmission of U.pallihukensis and we should expect, therefore, the gradual
expansion of the parasite's range across the mainland. The presence of an as yet
unidentified ptostrongylid (based on larvae in the feces) of caribou and muskoxen east
of the curtent known distribution for U.pallihukensis supports that climatic conditions
and gastropod species are suitable for transmission of these parasites.
In the absence of human interference, the establishment of U.pallikuukensis on
the arctic islands is less likely. Muskoxen appear to be the only suitable definitive host
of U.pallikurckensis and, because movement of muskoxen between the mainland and
arctic islands is rare, introduction of the parasite is unlikely. If caribou were suitable
hosts a widespread distribution of U.pallihukemk across the mainland and, given
suitable climatic conditions and intermediate hosts, on the arctic islands would be
expected An example of the contribution of cariiu to the epidemiology of a muskox
parasite is apparent with the abomasal trichostrongylid TeIadarsagia boreoarcriclcs. The
absence of genetic variability between mainland and island populations of this parasite
has been attnited to the historical gene flow mediated by movement of the parasite
between these locations coincident with annual cariiu migrations (Hoberg et d.,
1999). Thus, although T.boreoarmcus is less common in caribou than muskoxen, it is

the former host species that provides for a wider geographic distribution. Because U.
pullikuukemis appears to be host specific, translocation of the parasite with the
movement of caribou or other species is unlikely.

9.5 Urningmakstrongylus pallikuukensis as a model system for
investigation of parasite dynamics and climate change

This research has provided the foundation for a descriptive model to help
understand current limitations for transmission and distribution of U.pallikuukensis
(Fig. 9.1). Evolving from a combination of laboratory and field research, including
novel studies on larval development in gastropods in an artificial enclosure system in the
tundra, this model provides a basis for developing predictions about biotic responses to
climate change in the Arctic. Using degree-days calculations incorporating microhabitat
temperatures and features of gastropod behaviour, this model may be useful for
predicting whether a parasite, if introduced, could establish in a geographic location.
Also, by incorporting predicted global warming temperatures it may be used to anticipate
the effects of climate change. Tundra-based experiments couid employ the enclosure
system to examine current development of U.pallihukensis or other protostrongylids
in other intermediate hosts, habitat types or geographic locations. This enclosure system
could be used to monitor the effects of a changing c h a t e on parasite development rates,
and could be modified to simulate global warming and thus used to predict the effects of
warming on parasite development,
9.6 Conclusion

In the last 5 years we have made great progress in understanding the biology of
an Arctic protostrongylid in its intermediate and definitive hosts. These studies have
demonstrated that U.pallikuukensis may use several strategies to successfully maintain
itself in the muskox population, for example: localized pulmonary pathology; high levels
of L1 production; extended patency; use of a variety of terrestrial and freshwater
intermediate hosts; rapid development in the environment; overwinter mrvival; and
larval emergence. These findings are important not only with respect to U.
pallikuukems, but have increased our knowledge of the Pmtostrongylidae in general.
Perhaps more importantly, this research is the foundation for a model which may be
applied to other parasites, geographic locations or climatic conditions to investigate or
predict rates of parasite development and availability in the intermediate hosts.

Through this doctoral research and related projects it has become apparent that
our knowledge of the parasite fauna of arctic ruminants is sparse. Our understanding of
the biotic and abiotic influences on the epidemiology of this parasite fauna is less. The
Arctic is recognized as a very fragile ecosystem, where small perturbations at 1 level
may have far-reaching consequencesat another. Parasites are an example of 1 level in
this ecosystem. They can be dramatically influenced by climate and have the potential to
be detrimental at another level, the host populations. Further research on biotic and
abiotic influences on the parasites of arctic mammals should be pursued with an
awareness of how the changing global climate will influence the parasites, their hosts
and the arctic ecosysem as a whole.
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