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ABSTRACT o

The lungworms Protostrongylus stilesi and/for
Protostrongylus rushi have been’imﬁiicated as a major
mortality factor in bighosn\sheep (OVIS canadensis
canadensis) die- offs occurring thlS contury Although ba51c
aspects of the life cycle have been eluc1dated ’hechan1sms
of Lransm1551on, the effects of - PPotOStrongyluG spp on-i1£e
h1story parameters and behavior of the ,snail 1ntermed1ate
host, and the.r effeqts on recruitment to bighorn sheep
pophlations through lamb mortality are not clear.

First-stage Protostrongylus larvae infec}ed the snail
Val]g%ia pulchella mostly through penetration of the foot
.muscle, and less freguently by the oral route. The rate of
development in V. pulchella was linearlyirelated to'
temperature with a thermal threshold for development of 8°C
and a thefmal constant of 305 degree-days.

Lungwé}m infection did not affect fecundity or
mgrtality of V; pujchel7a. As well, growth rates of
offspring of infected snails were not impaised.

Some behavioral modifications were‘observed in infected
snails. Their responses to stimuii such as heat, light or
cover were the same as those_of.pninfected Snails but
infected snails seemed more active. HoweQer, it is difficult
to assess whether or not those modifications would enhance
transmission §o'the-de£initive host.

Each of three fres-ranging bighorn lambs experimentally

infected with 125-150 or 1000 infective Protostrongylus

id



&

. larvae in 1982 and 1983 respectively had a marked increase
inﬁlarvg& oufputs following infection. The highest larval
oéépﬂt (LPG‘='lérvae per gram of dried feces) reached by ~
experimental lambs before winter_wefe 1090 LPG in 1982 and
over 5000 LPG in 1983. Despite the abnormally high larval

}outputs,;no clinical signs of pnéuﬁénia were observed‘;;ong!‘
expgrimentally infected lambs. were observeg. A year after |
infection, iarval‘shedding of the experimental lambs of 1982
that had become yearlings was not significantly different
from that of naturally infected yearlings.,

Séveral lines of evidence suggest that the prepatent
’period for Pr*otostr'ongyws is less than 35 days.l
T{ansplacental traﬁsmission occurs at”Ram Méuntain;as shown

by the presence of PPOtOStﬁongylus'fi;stlstage larvae in

v : ' A\
ecal samples of lambs approximately three weeks;old.

/

/ . " . .
Protostrongylus spp. possess several .characteristics to

enhance transmission to bighorn sheep: the use of two modes
to infect their intermediate host, their ability to develop

rapidly in snails at warm temperature to ensure presence of

infective snails on winter ranges of bighorn sheep where
density of the definitive host is high, no health damaging
-/ effects on the intermediate host to promote viable snail

\pEbplations and transplacental transmission to increase

‘ .
chances of infecting bighorns where snail densities are low.
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; . INTRODUCTION {
Bighorn sheep are considered one of North America's

most valuable game animals‘bepause ofitheir elusive nature .

and their pristine habitat. however, lung disorders, '
especially the.lupgworm-pneumonia éomplex (Protostrongy lus
spp infeetions complicated by bacterial or viral pneumonia)
have been implicated as causal factors in many die-offs over
.the past 50 years (gee reviews %y Buechner, 1960; Forgester,
1971; anq Hibler ‘et 57., 1982). Bighorn mortalities
attributable to the lungwormﬁpneq%onia complex have reduced>
populations in fﬁé USA by up to 95% (Forrester and S%ngen;

A a‘19637./;n Canada, sporadic all-age die- offs have been‘
obse}§ed (stelfox, 1971), and Stelfox suggested that
populatlons of bighorn sheep seem to be naturally regulated'
by a lungworm pneumonia which prevents prolonged
bverpopulatlon with consequent forage destruction.’

. ThellUngworm-éﬁéuﬁonia complex aiso inf;uences
‘récruitment §9‘bighorn sheeé’populations by acting as a

ﬁi major mdrtality‘faétor\a@ohg lambs. ..=e éﬁechner,1960 and -

.h‘ Howe,{966 for mQrtality patterns; Spraker, 1979 fof

Péathology). Hibler et. al. (i982) sta-ed. that pneumonia of

\\\blghorn lambs was“rbsponsable for 75-Y’% of the extensive

Aecurrent lamb mortality during mid- summer and early fall ap
Plke s Peak, Colorado.-Hlbler et al.(1972,1974)\a6d ‘
Sﬁraker(1979) showed evideﬁce of transplacental transmission

R

of lungworms and believed that it was a causal factor in the

-~

T — e

mortality. In Canada, Eranspla;ental transmission is also

%

P,

/. | .
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khown to occur (Gates aﬁd Samuel, 1977) and so is signific;nt
late summer-early fall mortality of lambs (Horejsi, 1976).
Several factors have been or may be impiicated in both
the die-offs and ghe iamb moftality. Some of the possible
~inter-relat/ionships between important factors are outlined
in Figure 1. Mortality of bighorn lambs can be influenced by
two types of factors: those that'indifectly reduce their
ability to resist diseases, such as n;tritional stress on
pregnant or‘lactating ewes (Huhter,i956; Butterworth and
Blore,196§); and those that promote transmission of
lungwérms, such ‘as ﬁigh.prgcipitation (Forrester,1969), a
high density of sheep (see réyiew‘in Bﬁechner,1960),wand
poor range conditions (Demarchi and Demarchi,1967). Lamb
mortality seems to occur when there is some combination of
these factors actiné at once (Horejsi,1976). !
However, little attention has beendpaid to what may
weil be the most.influentiél detérminant of the outcome of a
parasite-host encounter, the immunocompetency of the host.
Where young animalé‘are exposed to parésiéic infections, it
is mportant to consider both the ability of the animal to
fespond whiie immunologically immature, apd‘yhe ;ignificance
of early exposure on sugsequen; immunologic development.
Domestic animals under six ﬁéntﬁs of age may or may_not rhave
‘iﬁpdired responses to immunization ﬁith.some sensitizing
parasitic infections buﬁlnot'to others. Manton et él;(1962)‘

demonstrated ‘that Blackface lambs were not able to mount an

effective immune response to Haehonchus contortus unfil they



Figure 1. Factors that may be implicated in bighbrn lamb mortality,
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were four to sixlmontgé old. Ross (1970) has observea that
the ability of domestic lambs to’resist Trichostrongylus
infections was almost nil until the age of five months, but
éreatly improved by the, seventh month. However, Hallidax
(1978) reviewed some of the literature and believed that
domestic lambs twb to four months of age becqﬁé as
resistant,'ahd respond.és vigorously as adults to a variety
of infections. o

Early infection can also ;ééult in immune tolerance-a
permahent impairmenf of resistance (Kassai and Aitken,
_1967);’altHough persistence of the antigen may be necessary
for the maintenance of tolerance (Jarrett et al.,1968;
Jarrett,1971)¢~Gibsﬁn (1952) demonstrated that acquired
resistance to parasites may he depressed by massive early
infection._HZ experimentally infected several one month old
lambs with single doses of 10000, 15000, and 20000
Trichostrongylus axei larvae and observed respec;jvely,
strong resistance, no effect, and decreasea‘resistance when
challenged again. Thus, the role .and mechanisms\éf-‘x
immunologic tolerance remain unclear although there seéms,to
exist a reduced responsiveness to parasitic infections when n
thesegoccur early in life.

These studies suggest that{ for Protostrongylus in
vbighQﬁn sheep, prenatg} }ungﬁofm\infection, or early
post-natal infection, céula resuﬁ; in impairment of the
immune response by the ihdﬁétion of tolerance. This

phenomenon is not necessarily detrimental to the host but
. - \\\ g
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may reflect an evolutionary equilibrium between the i mune
response and the parasite population whereby the(pépdélte
may carry on efficiently its functions w1th a mégiﬁal
pathologlc insult to the host (Damian, 1964). However, when
this quilibrium is broken, perhaps by extensive early

. infection, the result may be fatal\to'the host.

‘ The lungworm-pneumonia complex in bighor? sheep is
characterized by an acute, often fatal coursé in lambs
followed by a chronic course in adults that_;ave Sﬁrvived
the acute phase (Howe}1966). According to current concepts,
as expressed by Forrester (1971) and Hibler et al. (1982),
the lungworms Protostrongylus stilesi Dikmans, 1931 and

- Protostrongylus r'ush'}i Dikmans, 1931 act as predisposing
égents which condition the lungs for pneumonia through
secondary microbial infection, primarily by bactéria of the
genera Pasteurella, Corynebacterium, Stheptococcus, and '
Neisseria (Hibler et al.,1982) or by myxoviruses
(Howe , 1966).

Since one of the major etiological factors in»the
lungworm-pneumonfa complex is.the lungworm, it is important
to know 1ts llfe cycle, especially the mechanisms of
transmission. The life cycle of protostrongylld lungworms,
which involves a molluscan 1ntermeé1ate‘host, is shown in
Figure 2.

‘After being fertilized in the lungs (P. stilesi in the

parenchyma and P. rushi in the bronchi), fémale;adult worms
»

lay eggs which hatch into first-stage larvae (L,g). These



Figure 2. Life cycle of Protostrongylus stilesi in bighorn sheep.
(Modified from Hibler et al.,1987; see text fo1\' explanation).'
X .




larvae break out into the alveoli (P. stilesi), migrate up
the respiratory passages, are swallowed and passed ih‘ﬁhe"'
feces (1 in Fig.2). Larvae on‘the-pagture (2) can survive at
least one year (Lange,1973) and are very resistant to |
extreme environmental_conéitions such as temperature and
humidity (Honess and Frost,1942; Couey,1950). First-stage
larQaé invade or are eaten by certain terrestrial snails
(3). Snails that serve as :intermediate hosts for
Protostrongylus larvae are mostly small and inconspicuous
members of the genera Vallonia, Pupilla, Gastrocopta,
Pupoidés, Vertigo, and Euconulus (reviewed by Buéchner,1960;
Foireste},19715.

Very few protostrongylid lungworms have been examined
for their mode of entry”intﬁ ‘their intermediate host.
Hobmaier and Hobmaier (1934) claimed that lungworm larvae
inges?ed by snails do not survéye and only those that have
penetrated the foot become infective. However, Kralka (1983)
has observed that Protostrongylus boughtoni, a parasite of
snowshoe hare, can get in the snail Vallonia pulchelia only
via-ingestion; Plaft and Samﬁel-(1984) reﬁorted that

Parelaphostrongylus odocoilei larvae use either an active

mode of entry (penetration of the foot tissﬁe) or a passive

mode (ingestion) depending on the species of their gasffopod

intermediate host. It is still unclear how P. stilesi and P.

rushi gain access to snails.

Once in the intermediate host, the larvae molt twice to

reach the infective third-stage (L;) (4). Hibler et al.

~

A
Wl



(1982) stated that development of prbtostrongylids of
bighorn sheep to the L;s requires 45 to 60/days, depending
upon environmental conditions. As is normal in ‘
poikilotherms, the development of nematodes that use énails
as intermediate hosts is temperature—dépendent, with the
éuickest development at high temperatures. However the
details of temperature dependence such as the rate of
lungworm development ét specific temperatures, which could -~
lead to the interpretation of biological data on infected
snails in natural condit{ons, are unknown.

To coﬁplete the life cycle, infective larvae must be
eaten by a bighorn (5). Most consider "accidental ingestion”
of snails containing infective larvae as the mechanism by
which sheep acquire lungworms. However, the dpparent
efficiency of transmission reflecteé/dn the prevalence of
infection in Roéky Mountain bighorn‘sheep |
(100%:Forrester,1971) and 1in snails infected
'(5—10%£Latson,1977), suggests that the parasite may alter
its intermediate host's behavior to enhanceftransmissioﬁ.
| Once the Lis are in thé gastro-intes;inal tract of the
definitive host, they migrate via an unknown route to the
lungs and develop to‘the adult staged The prepatent period
is not known. As indicated earlier, lungworms may be
acquired transplacentally (7) and if this transplacental
infection (or 6ther early infection) is severe, the lamb may.
die (6). Lambs wifh extensive lungworm infections have

frequent paroxysms'of coughing, shaggy hair coats, are small
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in size aﬁd light in body weight comparéavto healthy lambs,
andxgeldom frolic (Spraker,1979). |

As is obvious from the above @iscussion, mény aspeéts
of the mefhanisms of lungworm trah%&ission and theif‘effects
on both the}intermediate and definitive hosts are pborly ¢
understood.*In particular, ﬁpthing is known about potential
effecté'of larval PPotOStrongylué on the survival,
reproduction, or behavior of the snail hosts. Therefore,>
this thesis eﬁamined aspects'of the lifé‘cycle of the
lungworms in a labdratbry—infected intermediate host snail,
Vallonia pulche7la,vghd'ihfectivity_iﬁ‘ﬁrgeFranging bighorn
lambs. Specific objectives of the study were:aw

1) To clarify two ¥Specks of the life cycle of
Protostrongylus species in the intermediate-host,.namely a)
the‘mode(s) of entry used by first;stage Protostrongylus |
“larvae fo infect V. pulchélla, and b) tﬁe effect of
teﬁperature on the rate of deyelopmént of Protostrongylus
larvae in V. pulchella. ;

2) To determine the éffects of PFotos{;ongy7US>larvae
on three life histo;y parameters of V. pulchella: a) the
rate of egg production, b) the rate of mortality, and c) the
growth rate of ofgspring of infected snails.

3) To determine whether or not lungworms alter the
" behavior of V. bulchella. |
-4) To determine whgthef or not :.ansplacental

transmission occurs in the bighorn sheep population at Ram

Mountain.
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5) To determine whether or not extensive'early exposure
to Protostrongylus lungworms can induce pneumonia in bighorh

lambs. | 4

|

|
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I11. MATERIALS AND METHODS !

Since larval stages of Protostrongylus species (namel}'
Pr'otostr'ong_ylus stfrlesi and P.rprushi) fonnd in bighorn sheep
cannot - be distinguished they w1ll be referred to throughout
- the rest of this the51s as "PPotostPongylus" When reference
to other species of PPQtostPongyIus is meant, "species of
Protostrongylus™ will be used. D '

Vallonia pulchella snails used in this study wete
collected from a lungworm—free colony found on thejcampus of
laboratory%reared-descendepts 61 members of that'colony.
This colony is an introduced one, found associated with an
introduced Manitoba maple tree (Acer,hegrundo) on_campus.,
Although V, pulchella‘has a wide distribution in North ]

America (east of the Rocky Mountains, from southern Canada

to Missouri and Kentucky: Burch, 1962), it has ‘never been

S

reported on bighorn- sheep ranges in Alberta. However V.

pulchel lashas been fouhd naturally 1n£ected With—— =

———

protostrongylid lungworms in Colorado (Pillmore,195§). Since
this snall is a natural 1ntermed1ate host for
Protostrongylus, I con51dered it a suitable host.

Snails were maintained in a terrarium containing soil
and leaf litter collected from the same 51te on campus. '
Distilled water was sprayed onto the leaf litter twice a k\
Mweek;'and-once a month a few grams of CaCO, was added to-the' o
water. Thr,s nails were continuously fed leaf litter and -

‘({‘ .

lettuce. L : \ ’“Wm””f”“f S

12
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Snails were infected by placing about 50 of them in a
jpetri digh (7.8cm diam.), lined with filter paper discs
kwhatman-#1) onto which was poured tap water cdhfaining
‘_aﬁprdximately 10,000 first-stage Protostrongylus larvae,

y récovered_from bighorn sheep feces using a modification of

the Baermann technique (Samuel and Gray, 1982).

MODE OF ENTRY - - L <
- ‘ N E | <

A total of ?6 specipens of V. pulchella wvas exposedjﬁo;
a two-hour period, after which seven snails were\fixed C
immediately in.Bouin'é fixative and the remaining snails
we}e returnéd to a finger boﬁl qpntaidind sterilized soil
and leaf litter. Groups of 5-7 of theée ddails we{g/f{;Ea at
3, 6, 9,.12, 24, 48, and 72, hours post exposure. The snalls .
were ‘left in the Bouin's solution for 9 days and then |
dehydrated in a graded series of alcohol,_embedded in
paraffln, serially éectioned\at 7um, stained with Hafris’
hematoxylln and counterstalned in eosin. All sectlons from
gach sna11-were examined using a compound mlcroscope for

Sl | |
detection of larvae. The number and locatlons of 211 larvae

were recorded.

EFFECT OF TEMPERATURE 6§/£EVELOPMENT OF PR?TOSTRONGYLUS IN

V. PULCHELLA - Ty

E2N

'Seventepn colonies, each containing 30 infected snails,
were used in the experiment. Four colonles were kept at each

~of 30°C, 25°C, 20°C, 15°C, and one at 10°C. To monitor

(=4}
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larval development, snails were placéd on awwé{ slide and

2allowed to move freely. The slide was inverted under a o

L (-;', o, N PR . .
diSSecting microscope to allow examination of the snail feet

where the larvae occur. The number of sna1ls in ‘each colony
containing thlrd stage larvae, 1dent1f1ed by - the1r dark
brown cuticle (Pillmore,1955), was recorded Based on |
prellminary results,hsnails in the colon1es kept at 30° c,
25°C, and 20°C were checked every second day, those ati15°C
every-fourth day and the one at- 10°C, weekly. ln?anotherh '

experiment, designed to verify whether or not rate of

development of larvae in the snail host would be affected“by

a change of temperature,,groups of 10 snails were
transferred ‘to 25°C after 18, 32, 46 or 50 days at 10°C“
The date on which at least half of the snails in each

<

colony contaln a third larval stage was - determlned ThlS .
'date was used to est1mate Tso ("time requ1red for 50% of the
larvae to reach a part1cular developmental stage (Tokeson
and Holmes '1982)). The constants of a l1near regression of
the rate of development (1/T50) on temperature were used to
measure the thermal ‘threshold (the temperature below whlch
no measurable development occurs, calculated as -a/b). and
the thermal constant (the number of degree days requxreduto
complete development, calculated as 1/b) (Campbell et

al., 1974).
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EFFECT OF PROTOST RONGYLUé INFECTION ON EECUNDITY, MORTALITY
AND GROWTH RATE OF V. PINCHELLA L

‘ Twenty—five eelonies of 30 snails each were used in the
experimeng. When the expe;iment'started, four colonies of
infected snails and fdur‘colonies,of uninfected snails were
kept at each of.§0°C, 25°C and 15°C, and oﬁe.colony of
Uninfected snails at 10°C. Every four days, the number of
snail eggs present in a colony was recorded and the eggs
removed from the colony At the same time, all snails w1th1n
lhe colony were examined Fnder 2 dissecting scope in order
to check their viability. The number of dead snails was
‘:fecorded;v

The median test (Siegel,1956) was used to eompare the

number of eggs per snail-day and the number of‘dead snails
,between infected and uninfected colonies, before and after
the flrst larval moult (the flrst moult occurring at day 8
at 30°C, day 12 at 25°C, and day 20 at 15°C). Plllmore
j(1955) showed that maximum size of PPotOStPongylus larvae is
attail 2 at the time of the first moult; thus. the greatest
e “rgeti. demaﬁd, that could possibly impair some of the t
hos. . physiological functions, should be made on the host
atdéhat time. For each of the.fwo parameters, egg-laying and
ﬁbgg;lity,‘the median test was performed by comparing each
of the four values of infected end"uninfected colonies with

the median for each day. Total numbers before (and after)

the first moult were used in the test.
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Determination of growth rates of young snails born to
infected and uniﬁfecteé V. pulchella was done by removing
eggs from colonies of in?ected and uninfeéted snails and
placing them in finger‘bowls lined with soil and leaf litter
and kept at three_different'te@peratures, 10°C, 15°C and
@5°C. At each of the three temperatures; thefe weré'twé
) équnies of 50 eggs each, one golbny from-gnfected_parentsA
and the other one. from uninfected parents. As .soon as the
youné snails were large endugh”to be‘readily v%sible (at
leést 0.5 mm) , half of them were measufed Qeekly (only half
vere measured to reduce mortality, because the young snails
have their shelléveasily broken from handling). Measurements
of the diameter of'sheils were done using a calibrated
oculér micrémeter in a compoung microscope.

~

¢ - . ' .
EFFECT OF PROTOSTRONGYLUS ON BEHAVIOR OF V. PULCHELLA .

ATempefaturg gradient
/The-résponses of infected and uninfected snails were

'. tested in a temperanre gradient between 3012°C and 10+3°C
‘established if a réctangula; métal dish (30cm‘X 19cm), lined
with wet filter paﬁer, placed half on a'platform heater and
half on a bowl of ice. Three experiments were conducted,
each using two grbUps‘of 15 uninfected snéils and two groups
of 151infected snails.'Each experiment was cpnducted in the
light for 75 minutes, the maximum time for‘dhicﬁ the
temperaturevgradient could be controlled. Evefy‘iéwminqtes,y

the position of snails (in the~warm or in the cool side) was
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recordedt For experiment one, snails were initially placed
in the middle of the heat gradient, for experiment'tgo, the
sgails were placed in the cool side of the dish, anddfor
experiment three, the sngils were started in the warm side
of the dish. In experlment two and three, a line was drawn
where all snalls were started If they moved from that line
toward the cool area, the p051tion was recorded as being in.
the cool side. If they moved from the line.toward the warmer
area, the position was recorded as being in‘the‘warm side
even though the,snéils had not gone be&ond a line that was
drawn across the middle of the dish. A chi-square test
(Siegel, 1956) was used to determine whether or not tdtal
numbers of snails that moved into the warm side differed
frbm random and whether or not infected snails tended to getﬁ
"trapped" more (or less) freqﬁently than uninfected ones.

- (1f a snaii_enters a favorable area, will itttend to stay
there ;"be trapped"--whereas‘if it enters an unfévorable

area, will.it tend to leave, thus "not be trapped"?)

Reaction to light

The preferences of uninfected and infected snaiis for
light or dark conditions were tested in a petri dish (9cm
diam) half—covered'with two layers of dark green-plastic
material. A heatless lamp was uged aé a source of light. The
bottom\part of the petri dishAﬁés lined with wet filter
paper on which snails were allowed to crawl. Four groups of

ten uninfected snails each and four groups of ten infected
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snails each were started in the dark side. Every 15 minutes

for two hours, their positions (in the:daék or in thé light
side) Qere recorded. This procedure was repeated, /l&ging
the snails in the light side. Differences in total.numbers
of infected and uninfeéted snails in the light or in th;

dark were tested using a sign test (Siegel, 1956).

Rate of .activity
The rate of activity o} infected and uninfected snails
‘wés examined in- light conditions using a heatless lémpl Each
of the twenty infected snails and twenty uninfected snails
were put singly in a petri dish (9cm diam) lined with'wét
“filter paper. They were allowed to crawl forv7pﬁminutes. On
the 1id of each petri dish a line was traced to follow.the
movements of\thL snails. Every five minutes, the distance
travelled by snails was recorded by measuring-the length of
the line tiéced. The total distance in miMimeters tﬁat each
of the twenty infected snails travelled was tested againstf

the total distance that each of the twenty uninfected snails

covered uéing a Mann-Whitney-U test (Siegel, 1956).

Attraction to leaf litte;

To determine whether or not infected snails would seek
vegétation cover more or less than uninfected.snails, ten
groups of éen uninfected Snails and ten groups of ten
infected snailé were placed in 9cm petri dishes lined with

 filter paper and half covered with leaf litter material.
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Snails were.started in the half not covered with leaf
‘litter. Their positions (in or out of leaf litter m?%erial)
were recorded every 15 minutes for 90 minutes. A §
Mann-Whitney-U test was used to test whether or not numbers
of infected and uninfectéd snails bef colony found in the
leaf.{ifter after 90 minutes differed and-a chi;square test

. was performed to test whether or not total numbers of
3 £ ‘

infected and uninfected snails in the leaf litter'differed.

EXPERIMENTAL INFECTION OF BIGHORN LAMBS

Description of the study-area

Ram Mountain (52° 25'North, 115°'45'West);is the
southernmost peak in the Brazeau range and is bounded on‘the
north by the North Saskatéhewan River. The Ean%eJ with its
valleys qriented northwest to southeast, is co@posed of a
varied terrain of bare rock summit§, talus and wooded
slobes, low relief alpine tundrz and rugged escarpments. The
ext?eme elevationé of the range vary between 1082m and 217Sm
with treeline at about 1500m. Weather conditions oﬁ the
mountain are extremely variable. For more detail of the
area, see Johnson‘(1975).

"lThe flora above timberline is comprisedvmostly of low
growing forms of plants such as saxifrages (Saxifraga spp.)
and moss campion (Sjilene acaulis). In the alpine meadows,
sedge (Carex nardina) land wheat grass (Agropyron- lat iglume)

are abundant. The subahpine forest found at or below

,timberline is composed of white spruce (Picea glauca vars.
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" porsildii and albertiana), subalpine fir (Ables laslocarpa)
and lodgepole pine (Pfnus contorta var latifolia) (Johnson, v
1975). The most/frequently obsefvea mammals on the mountain
during the summer are mule deer, moose, marhots, ground and

-

red squirrels and pikas, in addition to bighorn sheep.
|

Description of the herd

At the end of the summer of 1982, the total population
of bighorns on Ram Mountain was 111 (Jorgenson and
Wishart,1982) . It is a young herd wifh 65% .of the
populétion less than 4 years of age. The sex ratio
(males;femaleé) was 1:1.1. Eighty-one percent of the:
reproduc%ﬁvely active ewes lactated, and 26 lambs were born.
Neonate ﬁértality was apprdximaﬁely 16%. The 1982 lamb crop
had a2 1:1.6-male to female sex ratio. Generally, according
to Geist's (T971) criteria, the Ram Mountain herd is one of
high quality.because of its high productivity, high lamb

survival, low life expectancy, and fast growth rates.

Experimental protocol

Lambs reduiréd for experimental infection were captured
along with other sheep in a corral trap using salt as a .
bait. Upon capture, standard body and weight measurements
(for use by'Alberta Fish and Wi{é}iﬁe) were taken and
identification Jags were ‘affixed to the ears.

Seven lambégwere caught’on June 10,1982 and three of

them were given~125-150 infective larvae (L,s) of
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PPotostrongylus spp. upon capture. On August 21,1982, each
of twb additional lambs was infected with the same.dose. The
following year, each of three lambs was infected with 1000
L,s on June 17 (n=2) and June 22 (n=1). The Lis used were
recovered from experiméntally infected sﬁails, V317 nlé
puléhella. The foot of each snail contaiﬁing lagvaé‘was
severed and put in a saline solution.\The L,s in this
solution were fed orally to eacﬁ lamb using~d syringe with a
plastic tube fixed at its.end. The tube was inserted
directly into the back of the mouth of the lamb to ensure
that the solution containing the infective larvée.was
swallowed completely. A petri dish was put under the lamb's
mouth in the event that some of the solution was coughed up.
When that happened, the solution in the petri dish was
checked for the preSence‘of larvae under the microscqpe. If
presentP the brocedure was repeated. The syringe was‘always
rinsed Fnd the lamb fed the rinse to ensure that all larvae
were given to the individual lamb. These.experimentélly
infected lambs will be referred to in the rest of this
thesis as "experimental lambs".
The free-ranging lambs not gi;en experimental
infections served as control lambs. In 1982, all (n=21)
lambs were captured and submitted to the same treatment as
the e#perimental lambs excépt‘for the absence of larvae in
the saline. In'1983, almost all lambs were captured, but not

given-saline’, since this treatment did not have an effect on

the lambs in 1982. These lambs are referred to in the rest
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of this thesis as "naturally infected" lambs.

All experimental lambs wére radio-collared and their
movements were monitored throughout the summer. Fecal
samples were collected as often as possible by locating the
lamb with the radio-receiver, following it with a
variable-power spottihg scope (Bushnell 45X) until it
defecated, having an observer mark the spot and keep it
under constant observation, directing a second person to the
" site until the fresh feces were found. The behavior (play
and resting time) of experimental_lambs and naturally
infected lambs was compared subjectively.

After October,-snowfails prevented easy access to the
mountain; in November 1982 and January 1983, surveys were
conducted by helicopter, and additional fecal samples were

collected from the experimental lambs and other members of

the herd.

-



111. RESULTS

MODE OF ENTRY

In the histologicél sections, first-stage
'PFotostPongylus lérvae were found inlor penetrating the
épithelium of the fobt (Fig.3a,b), the mantle (Fig.3b), the
mucosa of the intestpne (Fig.3c) or the esophagus, and in
the intestinal lumen of Vallonia pulchella. Many of the
larvae were also found in the pharyngeal muscles (Fig.3d).
The locations of the;e larvae ind%cate tha% ﬁirs;-stage |
bnotostrongylus larvae are capablé of infecting Vallonia
pulchella by penetration of the surface epithelia, bf by
ingestion.

| Fromazero to six hours post-exposure, approximately 22%

of the larvae were fodnd in'each of the pharyngeal muscles -
>and the alimentary,tract, about 45% in the foot and about
10% in the mantle (Table 1). About two thirds of the larvae
in the alimentary system‘were in the tissues.of the
esophagus or the intestine, and the other third in the
lumen, Larvae in the gut wall vere assﬁmed to have
penefratgd after having been ingested; however, as indicated
below, larvae in the intestinalvlumen cannot be assumed to |
be destined to penetrate.-since the pharyngeal muscleshlie
close to both the surface of the proboscis, which is inv
contact with the substrate when the snail is crawling, and
the pharynx, larvae in the pharyngeal muscles can be
intérpreted as having penetrated the tissues of the anterior

|
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Figure 3, First-stage Protostrongylus larvae (arrows) in various

tissues of Vallonia pulchella

a)Larva outside the epithelium of a fold of the foot
muscle (penetrating in another section), and a larva
already in the foot muscle (F).

b)Larvae in the mantle (M), and in the foot muscle.
c)Larva pene;rating.the intestinal (INT) wall,
d¥arva in the pharyngeal muscles (PH).
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part of th foot or proboscié“during exploratory movements
ofwthe latter or can be interpreted;aS”having been ingested
and migrated out-of the esophagus. Therefore, it is not
clear how the larvae in these muscles entered the snails, so
‘that these larvae and thOSe‘in'the‘inteStinalilumen have
been disregarded. Of the remaining~larvae 53% entereo via
the oral route whereas 77% penetrated directly.

hlthough the enails had'been removed from the source of
infection} the mean number of larvae-per snail increased
with time atter the two—hourvexposure (r=.620, '
b<.025)(Fig;4). The greater number of larvae per snail at
‘the end of the experinent than at the beginnino'and the
presence of larvae in the act of penetratxon through 72h
post- exposure (Table 1) suggest that snails were
contlnuously reinfected despite the removal of the source of
1nfect10n.

Not only were there more larvae per snail, hut
locatlons of larvae dlffered The - number of larvae in the
mantle augmented w1th t1me Ar=. 557 p< 01) while the number
of larvae in the pharyngeal muscles, “in the foot, and‘{n the
gut did not change significantly with time (pharfngeal r-'
muscles:'ré.230,-p>,05{ foot: r¥.134, p>.b5:iintestihal
wall: r=, 232, p>.05; intestinal lumen: r= 243, p>.05).
Presence of larVae yn s1tes where direct penetratlon could
vnot occur (e. 9., b1€sues nearby the intestine) 1nd1cated

[

. that mlgrat;on of larvaebto different tlssues took place.v

Larvae in tissues did not show any signs of degeneration

N . -~
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Figure 4. Influence of time after a two-hour exposure on t:he number of
Protoscrongylus larvae per snail.
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such as broken cuticle or cell autolysis.

EFFECT OF TEMPERATURE ON DEVELOPMENT OF PROTOSTRONGYLUS IN
V. PULCHELLA '

I Time of development of Protostrongylus larvae in the
inéermgdiate host V. pulchella, within a suitable -
temperature range (10°C-30°C),'w$s inversely correlated to
temperature: at 30°C, ng to the infective stage was .
approximately 2 weeks, whereas at 10°C, Tjso was more than 10 o -
timés as long (Table 2): The rate of development to the
infective stage was linearly related to temperature (r=.993,
p<.001); éhe regressiog accounted for over 98% of the ;
va;iaﬁbe (Fig.5). The thermalathréshold for deQéidpment was
8°C and the thermal constant was 305 degree-days. S

Infected snails kept at 10°C for'1é, 32, 46 and 50 days
. took 15, 13; 11, and 11 days, respectively; to produce L,s
when incubated at 25°C. They developed significantly fastgfv
thaniexpected'(SS%, 92%, 88%, aﬁd Qi% of expected time,
resgg¢§iyely) g%ohbigéd probability p<.005). Thé percentages
were tested anawlheir probabilities combined as outlined in

Sokal and Rohlf (1968). The expected times were obtained as

2,

PRI
RIS T

follows: 2°C (10°C-8°C, the thermal~thfeshold),'wés
multipliga by the number"of’days spent at -10°C, the
reﬁultiné nUmber was substrécted from 305, the thermal
“constant in degree-days, to give the number of degree-days

expected. The actual number of degree-days, being the number

of days rgquired at 25°C for larvae to become infective



Table 2. Length of development (days) of Protostrongylus iarvae i?\“

Vallonia pulchella at five constant temperatures.

L3/snail

L Tewperature
Developmental v ‘
period (to L3) 30°C 25°C 20°C 15°C 10°C
Mean 14.5 18.5 23.0- 44.3 181.0
S.D 1.0 1.0 1.1 1.5 -
Mean no. of 9 12 7 8 13

30 °
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Figufe 5.,
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Effect of téhperature‘on the rate of development to the
third larval stage of/Protostrohgylus in Vallonia pulchella.
The regression line is enclosed in the 95% confidence intervals.
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multlplled by 17 (25°Cc-8°C), was divided by the number of
degree- days expected to give the perceJtage of the expected
" time. Thus, development was retarded atl lower temperatures
but this retardation did not inhibit, and may even have
enhanced, the develobmental capacity of larvae at later
warmer temperatufes (25°C).
EFFECT OF PROTOSTRONGYLUS INFECTION ON FECUNDI.TY, MORTALITY
AND GROWTH RATE OF V.PULCHELLA

. The number -of eggs laid by either the infected or
uninfected sneils was ereater'at the beginning of the
experiment than after one month suggesting that the snails
might have become reproductivelyﬁpxhausted (Fig.s); In
_addition, fecundity of all snalls was less at 15°C than at
- 25°C or 30°C (p<.05), and at 10° C, snails did not reproduce,
indicating that lowptemperatures inhibit reproduction. The
effect ef Protostrongylus infection on fecundity of V. |
lpulchella was nil; there was no significant difference at
any temperatuns in egg-laying between infected and
uninfected snails; o

Protostrongylus infection did not cause a greater
mortality‘of V..pulchella than in non-parasitized snails
eihce the‘numbef of dead infefted snails did not differ
significantly from the number of dead uninfected snails
(p>.05) (Fig.7). However, mortality of snails was less at
15°C than at 25°C or 30°C (p<.05) sugéesting»that low

temperatures, by reducing the metabolic rate of :snails, may
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Figure 6. Egg prod. 2tion by infected and uninfected Vallonia pulchella
at three constant temperatures. Each symbol represents the
mean number of eggs/snail-day for four colonies; the arrows
indicate the end of the first IBEVal moult. The medians
given are the median number of eggs in all colonies for
each date prior to the first larval moult.
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Figure 7. Mortality of infected and uninfected Vallonia pulchella
. at three constant temperatures. Each symbol represents
the mean number .of live snails for four colonies. The
medians given are the median number of live snails in all
colonies.
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have favorgd“longer survivorship.

Protostrongylus infection of snails did not influence
the g{owth rates of their offspring (Fig.B)(seé Appendix
I1). At 25°C, there was no significant difference between
the growth rates of snails coming ffom an infected colony
and those coming from an uninfected one (p>.05). Eggs-ffom
infected and uninfected snails incubated at 10°C did not
hatch and those incubated at 15°C hatched but had a low
survival_raté suggegting that optimél temperatures for
hatching and growth were similar to those for maximal egg

production.

EFFECT OF PROTOSTRONGYLUS ON BEHAVIOR OF V. PULCHELLA
Three gquestions were asked in the experiments on the
effects of parasitism on snaiis when tested on a heat
gradient: is movement of infected snails impaired? do
"infected snails get trapped more or less often than

uninfected snails? and is their temperature preference

37

altered? In all three experiments, regardless of whether or

/ , .
not snails were started in t“g middle of the heat gradient

the warm side, or the cool side, there was no difference

’

between the number of@infected and. uninfected snails moving

along the heat gradient (Table 3). However, significantly

‘more infected snails went to a temperature region and

returned (p<.025) indicating that those snails wandered more

in unfavourable areas and were less trapped than uninfected

snails. However, the temperature preference of infected
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Figure 8. Growth rates of offspring of infected and uninfected
Vallonia pulchella, at 25°C.  The symbols represent the mean
shell diameter and the lines represent the standard deviation

g of the means.
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«

Table 3. Response of infected and uninfected snails to a heat gradient.

No. of snails No. of snails

moving to hot side moving to cold side Total Total
] uninfected infected uninfected infected uninf. infected
Time. (min) 18 2 ‘1 2 *1 2 1 2

Started in the middle of the heat gradient

15 1 6 2 5 1 5 1 0
30 3 7 1 6 2 4 2 1
45 4 7 2 5 2 5 1 0
60 -5 6 2 4 2 7 2 2
75 6 5 2. 7 2 7 1 2
No. moving 6 7 3 9 2 8 3 3 23 18
No. returning O 2 1 2 0 1 2 1 3 6
Total no.
moving . 6 9 4 11 2 9 5 4 26 24
Started in the cold side of the heat.gradient
e ,
15 1 0 0 3 0 0 0 1
30 3. 2 1 4 0. 0. 0 1 -
45 9 4 2 7 0 0 0 1
60 12 5 4 8 0 0 0 2
. 75 . 12 9 5 9 1 1 0 0
No. moving 12 9 5 9 1 1 0 2 23 16
No. returning O 0 0] 0 0 2 0 2
Total no. -
moving 12 9 5 9 1 1. 0 4 23 18
N Started in the hot side of the heat gradient
— e s - .
15 TSI ——3._ 6 0 0 2 1
30 10 12 4 5 00— 1 4
45 12 12 3 .8 1 0 2 3 T
60 13 14 4 6 2 0 2 .3
75 12 12 -6 7 3 0 0 4
No. moving 13 14 7 10 3 0 3- 5 30 25
"No. retur.ing 1 2 1 3 0 0 3 1 3 8
Total .nc¢.
moving 14 16 8 13 3 0 6 6 33 33

a1 and 2 are two groups of 15>§nails each
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snéils was not altered by parasitism. When data for in{gpted
and uninfected snails were tested separately; neither showed
a temperature preference.,However; when data for infected
and uninfected snails were combined and tested, there is a '
significant preference for the warm side~4b<.05). When they
were placed at the cool end of the g;adient, theytmigrdted_
to the warm end; snails placed in the warﬁ side tepded to
stey there. Since there were no signs that movement of
snails in the watm end“was inhiS;ted, the results indicate
that snails (infected or not) preferably moved over a warm

i

substrate than over a cool one.

'
1

. When responses of infected and uninfected snails to
light. and dark conditions were tested,.infected snails were
more: actlve than uninfected snails. Thus, when snalls were
started in the dark two moves were“observec.amongwmu.
uninfected snails from the dark to the light Side or
vice-versa, versus 18 mbvee from infected ones, and when
snails were stafted in the light, 26 moves were qbsetved
among uninfected snails vetsusﬂ47 from infected onee (Table
4). |

" When snails were-plaeed in dark conditions, most/
snails, infected or'uninfected, stayed there, but more T

" infected smails wandered—in w
Or' - one uninfected snail moved 1nto the light zone, but
ret.cned to the dark zone by thehnext observation péribd

whereas: 12 infected snails wandered ifh the light zéhe and 6

. o .
returned to the dark zone. When snails were started in the -
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Table 4 . Response of 1nfected and uninfected snd1]s to light, Each ¢
colony consisted of 10 snails- ; :

Snai1s started in the dark

Uninfectéd snails : Infected snails

- No. of snails in the light No. of snails in the light

Time (min) = Colony 1 2 .3 [ 3 4

15 0 0 0 0 o 0 1 0.

30 - 0 0 0. 0 IR 1T
45 0 0 0 0o 2 2 1 1
" 60 0 0 0 0 2 1T 2 1
75 0 1 0 0 2 3 2 1

90 0 0 0 0 2 0 (R
105 0 0 0 0 2 0 1 3
120 0 0 0 0 3 o. 1 2
move to light '~ O 1 0. -0 3 4 | é 3
move to dark 0 1 0o o 0 &1 1
total moves 0 2 0 0 3 g 3 a.

. Snails startedmthehghf e e

Uninfected énai]s Infected Snéils
No. of snails in the dark No. of snails in the dark
15 3 5 5-. 6 3 1 4 7
30 3 5 5 7 3 3 5 8
45 4 5 6 7 5. 2 7 7
60 4 6~ 7 7 5 2 3 6
75 4 6 7 76 3 7 6
90 4 6 7 6 5 2 & 8
o 105 4 6 ,7 6 3 2 5 8
120 E T 6 6 3 3 5 . 6
' move to-light 0 ) 1 1 3 2 6 4
move to dark 4 6 7 7 -6 5 11 10
total moves 4 6 8 8 9 7 17 14
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light zone, more infected snails (32) than uninfected snails.
(24) moved to the dark zone, with only two uninfected snail;v

but 15 infected ones returning back to the light zone.

'Thefefore, when testing light-dark preferences of snails,
significantly more infected snails went.to a light region
and returned indicating that those snails crawled more in
unfavoufable lightbareasﬂ'Thus, although Pﬁotostrongylﬁs
infected sna#ls preferred dark condit{dn§“just like
uninfected snails, infected snalls tended to move more..

i It is dlfflcult to .assess whether or not

- sProtostrongy.lus 1nfect10n altered the rate of movement of Vf
pulchella. Although the total distance covered by the 20
iinfgcted snails did not differ signifiCAntly from that
covered by ‘the 20 uninfectedvsn;ils (U¥178,,p>.05) (Table
§), infected snails stopped and restarted more frequently‘
“than uninfected snails. Furthermore, as can be seen in

“Figure—9,-both-infected and. un1nfected_§ggil§j activity .

dlffer between para51tlzed and ‘non- para51tlzed snalls,'w1th
parasitized snails moving more, ea;ller.

The average number of infected'snaiis'per colony in the
leaf litter after 90 minutes did not differ signifi antly |

from that of uninfected snails (U=24, .10>p>.05) (Table 6).

%—~?ﬁ?€ﬁ€?ﬁoré,'tﬁﬁ@rﬁ*sﬁa&&v‘infectedno:“not,¥wasmi,Athe leaf
“litter, it stayed there for the duration of ‘the xperiment

(only one snail, an uninfected one, migrated ouf of the leaf ~



Table 5 . Rate of movement
measured over 12

43

of infected and uninfected V. pulchella
consecutive five minute periods.

Totai distance (mm)/snail
median
‘range ‘

.Mean distance/period
snails moved

median .

' range

No. stops and restarts
No. periods snails moved

median
range

Infected snails

112
0608

- 3.2
0-11.1

0-12

Uninfected snails

‘ 93
© 0-750

ww’
N

W

0-12
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Figure 9. Mean distance covered by infected (n=20) and uninfected
snalls (n=20) at each five minute period over 60 minutes.
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litter). However, the total number of infected snails moving
to the leaf litter (69) was significantly greater than the
total number of uninfected snails (44) (p<.01), and in all'
but one time intérval, the number of infecﬁed snails moving

to the leaf’littér was greater. Thefefore, parasitism seemed

to have some effect on snails seeking leaf litter.

EXPERIMENTAL INFECTION OF BIGHORN LAMBS

Two experimental lambs, Blk-Wht and Org-Yel, were
experimentally“infected in August; no fecal samples could be
collected from them after the experimental infections would
have been pateht. Therefore, it is impossible to assess
whether or not these infections took. All other experimental
lambs shed significéntly more larvae in their feces than
naturally infected lambs (Fig.10,11) . The highest larval
output réached by an experimeﬁtal:lamb in 1982 (dose,
125-150 Lss) was 1090 LPG (Larvae Per Gram of feces), and in
1983 (dose, 1000 Lis) the highest output was over 5000 LPG.
In addition, as_can be “seen by comparing figures, the mean
August—Septéﬁber'larval‘output for expeniﬁéntal lambs (}i
infected with 1000 L,s was significantly‘higher than for
experimental lambs infected with 125-150 Ljs (p<.05)
 suggesting that a\iérgér intake of Lis led to a greater
establiﬁhment of worms in the lungs.

In 1983, larval shedding of all three experimental
“lambs exhibited a.bimodal pattern: the first peak apbeared

immediately post-patency, and the second peak at the time of

-



Figure 10. Comparison of larvae perzgram of dried feces (LPG) of
experimentally infected and control lambs (Ram Mountain,
1982). The solid squares and the dotted area represent
respectively the monthly mean larval outputs and the stan-
dard deviation of control lambs. The arrows represent .the
date of infection of experimental lambs. '
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Figure ll.Qlomparison of larval outputs (LPG) of experimentally infec-
ted and control lambs (Ram Mountain,1983). The solid
squares and the dotted area represent respectively the
monthly mean larval outputs and the standard deviation of
control lambs. The arrows show dates of infection of expe-

rimental lambs.
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!
immediately post-patency, and the second peak at the time of °

weaning (September). The two peaks were separated by a
period of two to three weeks when larval shedding was very
low, suggesting that the lambs were able to respond to the
infection and were thus immuﬁocompefent to ‘lungworms at the
time of infection. '

Only tws naturally infected lambs in 1982 and one in
1983 had high larval o?tputs; Org-Yel (Fig.io) was shedding
over 600 LPG in late Kﬂgust‘when it was experimentally given
150 Lys; one month latér, his larval output was 1100 LPG.
Blk-Yel, a lamb not exposed(experimentally, was passing 874
LPG in hi; feces in August 1982. This lamb was abandoned ét
appfoximately three weeks of age in early June. He remained
small during the summer and died the following wﬁntef.
Blk—ﬁlkﬂ a naturally infected lamb in 1983, had a larval : 1
‘outpﬁt(Bf almost 1000 LPG on August 29. Two weeks later, his
output dropped by half. He appeared healthy. | |

Even though the numbers of L,s in thé feces Sf

experimental lambs were abnormally Eigh for summer months,

4

the lambs did not exhibit obvious differences from naturally
infected lambs in play or resting time and did not show
clinical signs of pneumonié such as scruffy hair coaf or
.coughing. In addiéion, experimental lambs did not differ
significantly in weight (Table 7, U=11, p>.10); Experimental
lamb_Yel-Xel infected with 1000 L,s was the only lamb in'

1983 to suffer a mild short-term bout of contagious ecthyma

e
[oaEs

i

N

around its nose..
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Table 7. Weights of experimental and control lambs in August 1983 (Ram
: Mountain). '

Lambs' I D. Sex | Weight (kg) _ Date of measurement

Experimental lambs

Wht-Wht M , 22.0 August 19
Blu-Blu i - F 22.5 August 23
Yel-Yel | g M 24.0 August 29

X=22.8%1.0 '

Naturally infected lambs

Wht/Org 'M 23.5 * August 18
Unmarked Fooo 22.0 August 19
org/Yel CF 20.0 August 19
Yel/Wht P : 18.0 August 19
B1k/Blu Com 26.0 August 23
B1u/B1k M 26.5 August 23
B1k/Wht M 29.7 August 27
VOrg/Nht F 22.5 August 27 .
B1k/B1k M 24.5 August 28
Yel/Org M 28.0 August 28
Yel/Blk M 29.5 August 28
X =26.6 +3.87
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During the fall of 1982 and the winter of 1982-1983,
all experimental lambs were relocated and observed monthly.
Unfortunately, fecal samples could not be collected during
the'winter. The physical condition of all experimental lambs
' appeared excellent and 51m11ar to that of naturally infected
lambs The carcass of Blk-Org, - wh1ch had been part1ally |
eatén, was found on July 24, 1983. The cause of the death

was unknown, but the lamb had been seen in good health

v

throughout the wlnter and
4days prlor to dlscovery(ofp'
su1table for further exa

B 5 .
Durlng the summex of W ecal sa&bles were collected

from the four ;emaxnlng exper1méntal yearlings: (sheep
infected experlmentally as lambs the prev1ous summer)
Larval sheddlng, a year post 1nfect10n, did ‘not appear
different from those of naturally infected yearlings

(Fig.12) except for Blk-Wht one of two lambs infected in

5w
L

g

late summer.
: All three expefimentél lambs exposed to 1000 L,s in
1983 were examined within 36 days of infection; all had
increased larval output at that time. Lamb Yél—Yel best
exemmlified this bf apparently respohding to exposure of
1000 L,s on June 18 with a %arval‘shedding over 3000‘LPG
(Fig.11) o;aJuly 23, 198%. This suggests that the prepatent
period for PPotostPongylus spp. is.less than 35 days.

In add1t1on, the L1s of Protostnongylus were found in

the feces of three of eleven lambs sampled between June 10



Figure 12. Larval outputs (LPG) of experimentaaly infected (all
symbols except solid triangles) and control lambs of 1982
a year post-infection (Ram Mountain). The solid triangles
show the mean monthly larval outputs of control yearlings;

the dotted area represents the standard deviation of those:
.
means. N ‘
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and June 19, 1982; the'lambS'were“hpproximately three weeks
of age. This providgs circumstantial evidence for

transplacental transmission of lungworms.,



\ - ~ 1IV. DISCUSSION

>

MODE OF ENTRY ' o~ ;\

L
Flrst stage PFotostrongylus larvae used two, modes of
\

entry to infect V.”pulchella; most dlrectly_peneqrated the
surface epithelium of the, foot, the mantle and probably the

- |
ptobosc1s, but some were 1ngested then penetrate khe

»

mucosal ep1thel1um of the esophagus or intestine. My
observatlonS'on_developlng PPotOsTrongylus in snalls\showed;
that second and‘third—stage~larvae were present .only ln the

foot muscle. Therefore, larvae penetratlng tissues other

s

than those of the foot muscle must mlgrat to the f:nte

!
l

muscle to develop or else perish. _ . .
Kassa1(1958) showed that f1rst stage protostroﬁqylld

larvae (Cystocaulus ocreatus) 1n9ested by Helix species

)snalls d1d nct survive, Most were elther passed out in the

1

feces or dlgested those that penetrated the ‘intestinal
.

walIs gOt stuck near. the outer sufface of the latter, where
they degenerated However snalls of the genus Hel ix are
very large compared to V pulchella, and the dlstance the
larvae would have to mzorate is much greater. In thlS study,
“‘i

the ev1dence was 1nconcluszve I observed no s1gns of

)/ ) R

”'nfylarvae remalned apparently viable and 1n‘good

prfon at’least three days in several snail t1ssues.

@

'Such larggebmaytdegenerate later “or _may mlgrate to the foot

prlor to development. ‘The few L,5 observed at 9 72 hours¢

post exposure 1n tassues other than those used for

k4 - Tyt P
! R ) L
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penetration suggest that the larvae do migrate; the

‘relatively constant number in the foot muscle qvcr the first

three days suggest they may not or that they pay take
considerable time before migrating. If they do migrate,

.migration itself is probably effected rapidly'because of the
sdhll 5129,of the snail.

Th% fact that the number of larvae per snail increased
e 4 P )y

\M.v
B ;l
)

iﬁth t1me 1nd1cated that rnfectuoh d1d not stop when*sna1ls

‘A’r«ﬂ )‘

4a&r@ removed ﬁrom the sogmce of 1nfectlon. Laryvae for

‘”dontxnued exposure may hqve come from .one (or both) of two

sources- larvae prese%t in’ the gut of some snalls could have

'been excreted andwlnfected other snalls, or larvae could

v B

B have been. present; but,undetected, in the mantle cav1ty of

A . ;
“the snails. In those snails fixed early, such larvae may

T /

have been washed away in the (fixative, whereas in those -

snails fixed late such larvae mayvhave had. time~to infect

/
them. The former hypotheSIS seems unllkely, since all larvae’

in the gut were gounted'- and therefore could not account

. i o
jor an 1ncrease 1n the number of larvae 1n ‘snails examined

?later. However, the latter hypothe51s is supported by the

"increased number of larvae in the mantle wall,ias well as

' ’/ 8 h'

the ev1dence for contlnued larval penetratlon of the snail's
mantle wall up to 72 hours postbexposure.

leferent metastrongy101dQhematodes may use elther%the

A

oral route (passave mode) or penetratlon (act1ve mode) to
1nfect their - gastropod 1ntermed1ate host (Table 8).. The mode

f
of entry used by a g1ven spec1e5 may be d1ctated By<factors
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such as the nematode species itself, the intermediate host:

species, the nematode-host species combination, or the

method of exposure of the intermediate host to the larvae.:

t
The mode of entry of at least ten species of

metastrongyloids has been studied in more than one

intermediate host species. Six nematode species use a

consistent mode of entry in several intermegiate hosts
(e;g., Muellerius tenuispiculatus invade ac iveiy Cepaea
v indobonensis and’ Succinea putris) wheregs four species us
either mode to invade their intermediateyhosts. It is

difficult to assess why such varlatlon in- mode of entry

exists. However, rom the present studles, there does not

seem to be a factor in the nematode that stipulates the mode

of entry.

e

Several gastropod hosts have been used to investigateb

the mode of entry o§4more than one nematoae species. There
are at least two species of intermediate hosts that are
consisteetly invaded by the same mode (or consistentl§ by
both modes) of entry by differeﬁt parasites (e.g.,
Zopotoides abboreus is invaded by both modes by

Aelurosfrohgyfus pridhami, Panelaphostrongylus odocoilei,

and Panelaph@stnongylus tenuis; Helix aspersa is actively

‘,1nvaded by ﬂelurostnongylus abstnuszs and Anafllanoides

/

PostPatus) HowéVbr, there. are five spec1es of 1ntermedlat

N

hosts 1nvaded by dlfferenk mdﬁes of entry as reported by

q

. §a
several studlés (e. 9., Achatlﬁanullca 1s 1nvaded by

Anaf ilaroides rostratus actively agg.Qy Ang iostrongylus

. 13
.
Lt~

e
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Canfohensfs by both modes). Such variation ‘may be due to
some properties of the snail. Joyeux and Gaud (1946) (but
see Kassai, 1957, for a contrary opinion) stated that
Muellerius larvae are able to "penetrate'only smallospecies
[snails] covered_with loose mesoderm”, a characteristic ‘that
is common in‘small and in yonng snails. Thus, Hobmaier and
Hobmaier (1934) who obtained only a passivelmode of entry by .
M. capillaris may have used adult snails that had a tough
mesoderm, whereas Svarc and Zmoray (1974) may have used
juvenile sneils'with a loose mesoderm to obtain an active
mode of entry by M. tehuiSpiculatus. Therefore, there does
not seem to be a consistent mode of entry ihto a .specific |
bintermediate host. | . |
The reports in which both modes of entry have been used

are not consistent with the hypothesis that‘the mode of

entry may be specific to a partlcular host- pan.51te

'comblnatlon. In addition, the only comblnatlongﬁhat has been
: studled by several workers is the Anglostﬁongylus
cantonenSIs-Blomphalana glabﬁata comblnatlon, in which no
consistent mode of entry was found o "{ﬁ' o
Three princ1pal'methods have been used to expose snails
to-first-stage nematode'larvae. First, the intermediate
hosts have been put in contact with larvae infected food
(feces or lettuce) (method 1 in Table 8) In the two studies
using this method, 1ngest10n is reported as be1ng the only
modevof‘entry. Second, the 1ntermed1ate hosts are placed in

an aqueous solution containing lagyae (method 2 in Table'B).
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Anderson (1962), Harris and Cheng (1975), and Yousif and
Lammler (1977) noted that both modes were used, whereas
,Hamiltoh (1969) indicated penetration of the foot as the
onl& mode. Yousif and Lammler (1977) iufected both active
and anesthetized snails in an aqueous solution containing A.
cantonens. ﬁ,s; They observed a significantly greater
number of larvae in active snails than in anesthetized
snails, which had oontéuhctioning buccal‘masses, and
concluded that the oral route was the prlmary mode of entry.
In the third method the 1ntermed1ate hosts ‘are allowed to
crawl on a filter paper wetted\w1th a 1arvae infected
aqueoue solutlon (method 3 in Table 8). U51ng thlS method,
Kassai (1958) observed active penetration, Kralka (1983)

t
M K

jf”entry whereas Plat&

observed 1ngest10n as ‘the only mod“
and Samuel (1984) observed both modes for Zonqto&des
"'arboneus and only penetration of the foot for Deroceras
laeve and'MﬁtPina Timpida, and I have observed both modes of
entry. Therefore! ﬁoless firet-stage larvae are mixed with
food, io vhich oaSe,laryal'ingestion seems to be the mode of
entty; the*method.of'exposure does not seem to provide a

clear pattern in the pathway usedlby larvae to invade their
intermediate host. )

' I

Although the mode(s) of entry of.several pérasitic R
nematode;intermediate host.systeds have been elucidated, the
mechanisms governino mode (s) remain unclear. The use of an
Aactiye mode has major adveptages; larval stages may‘respond

to some envirohmental‘stimuli in ways that usually bring
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- them closer to a potential intermediate host
(MacInnls 1976). Therefore, any ab111ty of first-stage
LPPotostPongylus larvae to respond to- stimuli in the
environment would promote infection of snails and represent
a significant adaptation toward effective transmission to.v
their definitiQe host bighorn sheep. Kassai (1958) has found
sﬁchHability' dHail's mucus trails have been shown to induce
;

a response by protostrongyl1d larvae to favor penetration.
However, in thls case, because of the small size of the
'larvae and thus their unlikeliness to travel any distances,
contact with the*gntermediate host's mucus is prebably a ::)
random event. Other poﬁential;edvantages of the active mode
include an ability of the larvae to identify the host as an
-appropriate one thereby avoiding ioss through failing to
develop in an unsuiteble'host, and an ability to gain entry
.in- a site suitable for>aeveiopment in the host. However, a

vmaiq:disadvantage of the active mode may be a shorter

| f;ee:liviﬁé life span resultiﬁg from the more rapid use of }I%;

energy reserves, . | o
Probably the main advantage of the passive mode is a

longer free- l1v1ng life span\resultlng from a conservation

of energy. However, because;the parasite may not respond to
any env1ronmental stimuli, and encounter of the parasite 2
with the host being a chance event, the possibilities that
“the parasite contacts a wfong host are greater. As well, if-
the parasite is ingested and needs to develep.in tissues

other than those of the gastro-intestinal tract,
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considerable energy may be required by the parasite to
‘attain its site of development. o | .
Since Protbstrongylus lar§ae are able to use either
mode of entry to invade their intermediate hosts, they might
have evolved adaptations that would eombine advahtages of
‘the_aCtive'and passive modes. Such adaptations may include:
a relatively long free-living life span, use of the passive
mode during periods of larval inactivity due to unfavorable
environmental conditions, and invasién'of‘small snails to
promote larval development in a suitable site (foot) when
"either mode is used. ‘ '
EFFECT OF TEMPERATURE ON DEVELOPMENT OF PROTOST RONGYLUS IN ~
V. PULCHELLA |
Once PPotostPOngyluS larvae have invaded their
intermediate hosts, temperature prebably becomes fhe most
1mporta§§ env1ronmental factor affectlng thelr development
‘PPotostPongylus larvae developed rapidly at hlgh
temperatures in Vallonia pulchella'bug development was
markedly slowed down at lower temperaéures ﬁntil’a thermal
f?. threshold (8°C) was reached where no larval development
. 'proceeded The experlments in which 1nfected snails were
kept at cool temperatures (10°C) for a length of time and
then transferred to an optimum temperature ihdicated that‘
the retardation of development at lower temperatures did not
- involve a diminution in viability or in the developmental

‘capacity of the larvae. In all cases, development of larvae
iq :
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~

proceeded immediately and at a faster rate than expected..’
The cause of this accelerated development is hot'clear? A
similarly accelerated development has been observed fo%
Polymorphus marilis in Gammarus lacustris by Tokeson and
Holmes (1982). Perhaps some larval physiological functions
are conducted more efficiently than others at low'
temperatures or more efficiently during or aftef a change of
temperatures than if kept at constant temperatﬁres.“

Several other studies on lungworm-gastropod systems
have reported the number of days required by various
lungworms to reach the third larvél stage in intermediate
hosts. hhen the":ates‘of development converted from the
develbpmental time (in days) reported in those studies were
~plotted against temperature, most of the points fell outside
the 95% confidence intervals for the regression of the rate
of develdpment of Protostrongylus larvae in Valloﬁ?é |
pulcﬁelia (Fig.13). Geherally, the rate of development of
Protostrongylus larvae is the same or higher than fhose
“reported for other lungworms eﬁcept forAMuellePius
capillaris‘(Roée, 1957). waeve};jiﬁe faqt'thét
‘Rrotostrongylus larvae have avtherma’ thfeshold-of SfC is
éhared.by~other lungworm—gast:opod systems. Gerichter
(1948,1951) and Kassai(1958) observed that CystoCaulus
ocreatus do not undergo moﬁltiné at temperature; of 4-8°C.
Protostrongylus rufescens (Gerichter, 4951), Protostrongylus
kochi and Aelurostrongylus abstnusus (Gerichter, 1948) also

do not develop at temperatures below 8°C. Howevef,

ra
-4



~ Figure 13.

Rate of development to third larval stage of various lungworms
compared to that of Protostrongylus stilesi and/or P. rushi.
The dotted line is the regression for Muellerius capillaris as
calculated from data (open squares) in Rose (1973). The solid
lines enclose the 95% confidence limits of the regression of :
Protostrongylus spp (see fig 5) (Sokal and Rohlf, -1969). Solid

symbols show rates calculated from data in the literature.
1. Gerichter (1951), 2. Cabaret and Dakkak (1979), 3. Kassail
(1957), 4. Davtyan (1945), 5. Joyeux and Gaud (1946).
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" that taken £o reach the ‘infective stage. Rose (1957) showed
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Muellerius capillaris can develop at 4-8°C (Gerichter,1951),
and Rose's data provide a calculated threshold of 4°C.
However, caution must be exercised when rates near the

thermathpreshold are extrapolated from the regression line

since Stinner et al. (1974) have'demonstrated that rates

. obtained from the regression line near the threshold valuc

are less than theé actual ones. Thisfis due to the fact thot
rates of development measured at all temperatures prc ide a
51gm01d curve instead of a llnear one.

The apparent dlscrepanc1es in the rate of development
v

between specxeSnof lungworm larvae may be atterptable to

one or more of three procedural factors or. three'real

factors. The first procedural factor is the lack of

R

'prec1slon in temperature measurements (or t1mes of

S
Ja 2

developm ) as recorded by several authors, in partiehlar

Gerichter (1951). His rates of development have been

2

celculated from results‘of experiments run atltemperaturesu

~varying between 20 and 30°C, calculated at’ the mean of 25°C.

Any difference between the actual mean temperature and that

used in the calculations could lead to marked differences in

‘rates of developmeént. On the basis of Rose's study, a span

of 10°C in recording temperatures could account for almost a

doubling in the rate of development of larvae. A second

procedural factor that may be invpred”is the difference

. between the time taken to reach the_thrrd larval stage and.

&

that the number of days required by Muellerius capillaris
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larvae to reach the third larval stage and the infective

stage as described by Gerichter (1948) are different

espec)ally at lower temperatures. Thus, it is possible that
&
dlfferent authors used different end p01nts, resulting in

dlscrepanc1es in rates of development. Tf this is the case,

it may - éxplain the d1fferences between Gerlchter s work '
(1951) and Joyeux and Gaud's work (1946) on Pﬁotostnongylus
“nufescens (Fig.13). Thirdly, some of the studies reported
minimum times to development to the third (or infective) '
/‘sta537 not Tso. Most of the other studies did not mention

the criteria used in deci?ing the ené point, therefore smail"
variations between stndiesebased-on this probahly,exist.fMy'
'own observations shoﬁ that at high_temperatures,‘minimuni

time to development to the third stage'is similar to Tso.

~

However, at ‘low temperatures (15°C) minimum t1me to
development can be faster than Tso by at 1ea$t three dayszl”

’(about 7% of Tso) Thereforeﬂ thls factor can account for .

only small varlatlons between studles. ' L

1

One of the real factors contr1but1ng to dlscrepanc1es S
“3

in the rate of development of lungworm larvae may b- he,”“
approprlateness‘ of the 1ntermed1ate host As- desqrabed bﬁh
Gerlchter (1948) an approprlate snall host 1s one 1n‘_-'.~

Saem

larval development is rapld whereas "1nappropr1ate snails

AR

)

are those in-which’ only a small. percentage of the snails can
- g ?»

be infected, and the development of the invading larvagm

. proceeds slowly, Gerichter did nét provide data to support

—_ X . C -

- .

o



2.

- copcentrated in. the Su d ngs of the sobe glands (bc om:

?

- s A " ’ " et . ) ,
\ o\ ! B

) » . ‘n , ' 71
by kA . é \ . .

Y. , .
3 L [ . )
G

this’ d;fference in developmental rate. However, d1fferent
authoAs have reported dlfferent rates: of development for the
same para51te in dlfferent 1ntermed1ate hosts, as shown 1nA

fxgure 13 In part1cu1ar, Gerlchter s work is’ 1nconslstent

_with that of other authors, the'"approprlateness of the

1

‘isole glands in the nutrltlon of.M ﬁé;wasplculatus larvae

»offdevelopment of protostrongyl;d larvae However, Kassal_

gastropod host may have 1nf1uenced the developmental time of‘

N '-\4' 1~ | 3 . . ".‘A‘

the larvae. Lo ‘ e - - . ”:“
; RV S SR
‘A second real factor that may produce dlfferences in

L .”

a)

rate of ﬂevelopmenmrls assoc1ated w1th the phys1ologlcal

' Qﬁstate of the snall and of the larvae. SVarc and Zmoray
g .

[V

(1974) reported that Muellerlus tenutspfculatus larvae that”

of the foot) of Cepaea vlndobonens[s developed normally

‘ b/

the 1nf@et1ve stage whereas those located 1n the upper foot

(whzcﬁ lacks sole’ qgands) were delayed in development ‘They'

o N owlada
2 :

attrlbutgd thlS phenomenon to the 1mportant role played by.

-

Davtyan (1940 3n Kassa1 1958) claimed thgk the nutr1t10nal
L Sy
cond1t1on of sna1L§ do not Jn generga 1nfluence the rata T

(1958) concluded that in some 1nstances larvae.are unabl“
develop, or develop slower, in snalls hav1ng markedly
reduced metabollsm; wh&Eh often occurs when snalls are xn a

torpld state (e g., aestlvatlon) since the nutrltlve level

v Ry
\‘.'-

| of the tlssue flu1ds may he so\reduced that larval .

= development cannot be sustalned h -'A;ﬁf?;:““* .
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o

tly, ggoéraphical isolatesiof«some-species,of

lupgworms may have developed"into different strains adapted)
to different constlons and w1&h “‘different rates of

e,
development 1ﬂithe1r dlffe£ent gastropod hosts. This could

r

‘“‘atgon obqerved between’v

9 B\

account for some of the
e

Gerichter's work and t\;nv;
B S N P .
G%yd) workéd 1n a very hot*and ar1d reg1on, Palestlne, cl %

-

others s1nce ‘he (and Joyeux and

_ whereas most of t}xe&z ers worked in cooler reglons of

" Europe or North Amerlca However, thlS feature Eannot .

‘.

¥  explain the dlfference betwan hls work and th%@%of Joyeux 'ﬁ*:a

- and. aud. " v ,._f~ag. ‘ C N
8 _,’-{ D. . . o, . .o ; 9. " ol
Factors sueh as crowdlng andhmult1p1e 1nfectzons goan&?
"‘".4-“)‘-
seem to 1nfluénce rate of development Althgéah crowdlng has

o A (n” (

been found to retard deve10pment of some larval paraslteg,"¢¢ SR

?ﬁh namely\fﬂwhyllobothnlum dendriticum (Guttgwa, 3967) : *W%

-*Halvorsen (1976) ‘1n a rev1ew paper, conclude'

g not the dgse w1th nematédes. Concurrent }nfeét_f"

» : ik
dlfferent speg@pﬁ of parasxtesrln a host haﬁéé{lso been

7

2.
e

g shown fo have deleterlous effects for the development of vﬁp N _fi

-~

" some pseudogiill1d1an cestodes (Guttowa, 1967) but Ger1¢hgﬁF

> (1948) observed that multlple 1nfectlons of lungworms 1n . f‘“"
. . ¥
snalls d1d not 1nfluence their rates of development -?:’ v
IR S
leen all the factors that may. 1nfluence the . N ol -

i

development of lungworm larvae in gastropod hosts, 1t 1§

poss1ble that the detalls of the rate .of development of Aw

R

PPotosthngylus 1n other 1ntermed1ate hosts w%ll not; -

Sl

resemble those obserVed in VaLIonla. HoweVer, the general
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pattern presented hexe seems ‘to be un1versal and 1nd1cates
~ that under natural cohdrtlons PF@tostPongylus larvae 1n a

sna11 host probably deve10p very slowly during eo0l weather

(<15° C)/but rapldly at warm ambient temperatures (>25°C),

and suggests that no larval developmeﬁt would proceed at

', temperatures lower than B8°C, preclud1ng development in °

[}

=

Qe

o

L

".v‘*.p_
MRS

&

‘L\.

h1bernat1ng snalls. ‘ 3 P T {f,;' N
. v .
Developmental rates oi PfotostﬂongyluSglarvae at

dlfferent temperatures in the laboratory CaR be used to
e b Lo ‘{'

calculate expeqted developmental rates udi?tﬁf

i e

3 condltlons if da11y 501L»teﬁperatures are“avé albfé Such
~¢

data were avallable géom an aspen grove on the Sheep R?ver'
.,r" % .

winter range durégg 1980 1981. Boag and Wf@hart (1982) ‘in a:

B

of potent1al 1ntermed1ate hoﬁ% snalls va's found w1%h1ﬁ "
L \'I:#q E . % R
forested areas, 1nc1ud1ng the aspen grozg where s01ﬁ

) temper&tures were: taken This wﬁnter range is’ axprlme

habltat for brghorn sheep from September t'

perlgd ,;.tg;ggg -shéep of

Calculat1ons of QeVelopmental rates applled ‘o fleld N

Vcond1tlons are as follows. fleld temperatures at .4- hour "
1ntervals were obtalned from thermograph records. The
temperature excess over the thermal threshold (8° C) prov1ded
the number of degree perlods accUmulated by worms in. sna1ls
over hach four houf period. Degree perlods were d1v1ded by

_su.% give ‘degree-day.s.‘and totalled unt11 the' the'rmal

. constant (305 degiifrdays),was reached. ;'h7 - ,

A

‘!; ‘ : K ‘ ,. 73,

Fd

. studyuofvth1s’range, demonstrated thdt the maxaﬂm abundance'

groves.' o

e,

'“Durlng thlS o
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[

4

’raggﬁ Ere v1able for at least a year (Boag and
a

P W\,‘ " "‘~ n L b4 .
ey AN ' i
A _These methods ihdicate‘that almost no development

iy
o

occurs during the cool weather of sprlng or fall, but that
very §§p1d development zakes .place 1% the summer. The data
| :

sal'so 1nd1qate (Fig. 124 that to be 1nfect1v _ﬂlsheep by

.late May, when.the .. "ep- ‘are leav1ng the"nf;' 'ing grounds,

larvae must have i ected the snalls by early September of
the prev1ous year, and surv1ved overw1ntet//To be infective
by late Septémber, when snalls'are becom1ng inactive, larvae

must have infected the snalls by mid- July These tlme

perlods may ‘be overestlmates s1nce, as demonstrated wOorms -

74

kept in SnallS kept at low temperatures develop faster than

=

o

a

usual when transferred to hlgher temperaturesk"us

.

The sna1l 1nteﬂmedsat§,hosts on the Sheeleiver w1nter

&

J ) 1;7

W rt,J982) once snalls acqu1re larvae, they retaln most

4;_ of those larvae for“llfe *personal observatlon) These two

R
( re
features su ge .

that 1nfect ed snalls should be avallable to
.

blghorn sheep on thelr w1nter range in both ‘'spring and fall
o

_Howeyer, since populat1ons of snalls suffer.overw1nter

“ .
mortality, thEnfstart expanding during the summer to reach a
. .

" peak in lateRSUmmer—early gallJ(Boagfand wishart 1982), the
«

number hi snails en the w1nter range is probably ¥

~ P
: con51derably greater in the fall than in the spr1ng. Also,

because of rap1d larval development at hlgh summer ﬁ

N

»
temperatures, 2 greater proportlon of these snalls are .

11kely to carry 1nfect1ve larvae 1n the fall Consequently,

. »

1nfectlon of sheep is most likely to occur in the fall.

U

i

w

~



Figure 14. Predicted development of Protostrormylus 1arvae (Lls to
L3s) in Vallonia pulchella throughout the year based on
s0il temperatures measured in an aspen grove at Sheep )

_ River, Alberta, to calculate the mean accumulated degree-
.  days (solid symbols) at the end of each month.

~ »

v
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Slgn1f1cant 1nfectlon of sheep on the~summer range is

Aunllkely s;nce the hab1tat on th1s range is generally

unsu1 able for snall populatlons, sheep ocdur at lower

‘iden51t1es, and numbers of larvae shed by the. sheep are

‘generally low AUhazy et a] 1973).

‘offspr1ng

EFFECT OF PROT osT RONGYLUS tNFEc'rIogq gN FEGUNDITY MORTALITY

ad GROWTH RAMES OF V- PULCHELLA» & RIS

Ay
e

¢$na1l fecundlty was dlrectly related to temperature, as
8 O

,temperature 1ncrea5ed S0 d1d egg laylng Wh1tney (19380

B3

1nd1cated that egg laY1ngf1n“V pulche?la may takeuplace o

awamal is &n asgoodhstate of nutr1t1on and v

I A o
1txons, such as tempegature and humldlty,
\ 'F

?

perlsh since they are susceptlble to»de51ccat10n' for eggs

la1d during cold weather, the retard1ng effect on*
development and hatchlng would prolong thelr exposure to

other hazardsxwlt 1s thus to the*advantage of- sna115a¢o«lay

<

ceggs 1n warm and humld condltlons to favor surv1val of the

[ T i Al
’ C -

t,!b ) 4
Egg- laylng decreased with time probably because, at

best, egg product1on 1s\llm1ted by the large size of the

eggds (approximately 0.5mm in diam.) in proportion to the

size of snails (less than .2.0mm), which necessitates their

¢

being laid singly. Therefore, snails may become

reproductively exhausted from tod intensive egg-laying.

=%

e

_ . w
Eggs la1d under dry condltlons are more llkely to

ty
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-8 and then decreased remarkably Some hypotheses can be put
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;hoﬁevet, at ali temperatures, eg§§ﬂay1ngdpeaked at day

o
@

L
forward. First, the transfer q; snails from a terrarium with

abundance of leaf lltter and lettuce, to a flnger bowl with
a llmlted amount ‘of leaf litter may have caused a sudden
r\creaSe in. €99~ laylng ‘as the snails’ 1n1t1ally pé% in the

finger bowls had plenty of food but as the resources became

- depleted,. reprodUCtion slowed. This is very likely, because -

egg-laying by snails kept in the terrar1um always increased
folloﬁﬂng addltzon of leaf lltter and lettuce. Second the
accumulatlon.of by-products (e.q. feces, mucus) 1n’bowls

after some time may have had an 1nh1b1t1ve ‘effect on

breproduct1on. s well, stress 1n3§ced through handl1ng

=
~ A

snalls,.as described below, ma-;ﬁ;\e&preVented reproductlon.
R T

.here-maintained at

o

relatlvely constaht humldlty level s1m11ar to that ‘of the

S1nce the snalls kept in boh A

P

terrarlumt’lt is unllkely they suffered from, de51ccatlon
after day 8 or-12. It is also.lmgrobable that a change in
temperature, when snails were transferred from the terrarium“

<

- 'to bowls, may have’trlggered and then reduce@ egg -laying.

Snalls transferred from the terrarlu;

room temperaturt, approx1mately 22 °C) to bowls‘hep at 25°C ¢

- would have shown;a:;%%fErent egg laylng pattern than those :

at 15°C and 3D>C.

it was shown that Pnotostnongylus larvae dld not

influence fecundity/of thelr 1ntermed1ate ‘host V pulchellé¢-‘

s 3 A4

Thus far, most 1nformatxon on para51t1c effects on molluscan
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intermedﬁate hosts life cycle parameters comes from
trematoée infections which have been shown to exert a
negat1ve influence on their 1ntermed1ate host S reproduct1ve
system (Wright,1971). Lungworms can be expected to cause

fewer problems to host reproductlon than trematodes for two
*

reasons. First, lungworms develop tpthe’lwzpct1ve stage in

thé/foot of their gastropod host and are not in direct

contact with the host's reproductive organs, thus reducing

their chance of damaging the reproductive organs. And

second, as mentloned.earlier, the,createst energetic demand
~-on the snall host probably—occurs.when lungyorm larvae
,'undergo development up to the first gcdy51s whereas in

trematodes, 1nvad1ng larvae contlnue to reproduce, thus

r

maklng mlgher energetlc demands on the host for a long

pé%godﬁof time. Therefore, the nematode- 1ntermed1ate host
&
system probably does not need to derive advantages that a

v trematode castrator would such as 1ncreased host B

surv1vorsh1p and growth to augment energy availability for
e
the para51te to improve its own fitness (Baud01n 1975).

N

Snall mortalltyﬁyas 1ndependent of t1me. Two major
stress factors can be respon51ble for that other than

mortallty from natural ,causes. Flrst the colony was
e « -

\Jsearched thoroughlyﬁevery four days or egg collection, thus
o’ N .

dlsturblnjz;nalls by mlsplac1ng then  while %earching;
. Second, -e ery'four daysvall sna;ls were picked up with

forceps and placed on a wet sllde<to verlfy v1ab111ty
-

some 1nstances, thls procedure inflicted shell damages fatal

R o s N
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to the snails. These two stress factors may also expla}h—th:\

Y RSO iy

reduction in snail fecundluy . - o

ijs‘ﬁo dlfference in the rate of mogﬁggﬁty

Uted snails and un1nfected snails. Several
"-studles, 1n addltlon to this. one, have reported that s
lungworm 1h£ect1on does not influence mortality rate in h .
gastrop;ds. Gerichter (1948) observed that snails. infected
with as many as 200 larvae were apparently not. harmed, and

| their mortaiity rate was as low as that of‘uninfeCted
snails. Kassai (1958) experimentally infected Hel ix spp.
with over bQOd protoStrthYIin larvae without observing any
"ill effects on the snails,’Cabaret and Dakkak (1979) showedt
that CochlfCeIla snails heaV1ly 1nfected w1th Cystocaulus
and Neostr'ongylus also- had\a low mor;}%hty rat%Thus, it 1s
'recognlzed that lungworm larvae do ﬂ' ste f
?lohe1r 1ntermed1ate host at least ‘in t%ggé%boratory
. _ Growth ratesﬁafter six- weeks of age of offsprlng of'
infected snalls were not different from those of offsprlng'
r‘of uninfected snails, indicating that infected snaiis'are.

: oapable of laying eggs from which healthy animals can grow.

It is'unlikely that some differences in groﬁthﬂgat?séﬁgk- W

%Edamage to

jimmediately/ajter hatching or within gix w?eks of birth may <

have occurred agngone undetected sihce measurements takenﬂ
551x\weeks post hatchlng showed no d1fferendbs. Nevertheless,

data suggest that the qﬁalltﬁgof eggs o% 1nfected snalls is

-

* not ;mpalred} »parasxt1sm Whltney (1938) ‘observed that

juvenile Vallo la snails grow under favorable corditions at
. ' M ’ .

-
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““dependent on activity (thus on temperature) and food -

Pl : . r ~

about 0. 2mm per(week (dlameter of the shell)q.Thls growth
} ,gl‘ 4
rate i's mdti'r Qad than the one- observed in this study

hpprox;mately 0.03mm/wk). Since growth- of youngwlsh
[ [T . . .

(Plllmore 1955), different experimental conditions are
}1kely to yleld different growth rates. However, the growth
rate obsdd¥ved in thlS study is much slower than the one .
observed by Whitney (1938), suggestiné thatathe ekperimental
COnditions in‘this studv vere not\favorable. Thus, qual1ty
of eggs comlng from 1nfected parents ‘must have been AU

relat1vely good since the offspr1ng were able to devéﬂop as

well as offsprlng coming from unlnfected parents evéh in

‘unfavorable’ cond1t10ns. .

R J

ﬁ . So far, 1t has been shown that PPotostPongylus larvae

gido not have a 51gn1f1cant effect on the life cycle

. q‘ 1
parameters of the 1ntermed1ate host Vallonla pulchella.

However, the results of the exper1ments de51gned 123thed £

behav1or study dlsclosed some behav1oral modification of V
pulchella by PPotostPongylus 15§%ae The responses of

1nfected,snatls to thres st1mu11 (heat gradlent 1lght ;)
¢ .

bcondltlons, and presence of vegetablon) were _generally

a

cons1stant- 1nfected snalls were less often trapped than
hv _‘ %
'unlnfected snails’ 1n the heat gradlent experlment and 1n ‘the .

'jl1ght condition experlment, and the1r response to the

.stlmulus (heat and light) was the same slnce they.both

..
u
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preferred to crawl over a warm substrate and wander in dark

areas. Also, both infected and uninfetted snails sought the

. cover of vegetation. However, rates of movements of infected
v _ :

“and uninfected snails for all four experiments seem to

A A

b

differ with infected snails being generally more active than

unlnfected snails. Thus, PPotostFongylus infection did not

“have an effect on responses of sna1ls to ‘stimuli ‘but seemed

to have decreased their chances of be1ng trapped 1n‘an'area3

When infected snails were allowed to crawl freely for a

‘period of time, the dlstance they covered was the same as

ﬁ.‘
the. one covered by unlnfected snails.’ However, 1nfected

iy

snails stopped, ‘rested and started crawllng agalnamore

£
often -than unlnfected snalls. Perhaps, presence of larvae in

‘o

the foot Qf snalls is 1rr1tat1ng or is dralﬁzngﬁenergy from _

5

fthe snalls so much that-ﬁt obl1ges them to stop and: rest

‘W“

ERY

'.more often. 5 ' L8 S ' z,\

-by para51tes to 1ncrease predatlo n the 1ntermed1at% \

Holmes and Bethel (1972) outlxned four strateg1es uked

A
!

hosts. These are reduced stamina, ncreased consplcuousness,'

]

i .

strategies are used pr1mar1ly when the 1ntermed1ate host is

)
. ”

act1ve1y preyed upon by the def1n1t1ve host. Slnce o e

acc1dental 1ngestlon ‘of sna1ls by b1ghorn sheep is . 'ﬁ

k3
cons1dered the mode‘of 1nfect10n of the def1n1t1ve host

V

only two of the outlined strategles dould be appllcable to

P

:thxs system. dlsorlentat1%n and altered responses. : ,u;i-

PEAE < E

disorientation, and altered responses. However, such f‘9w~, :

.

oty

¢



Disorientation of infected intermediate hosts is
associated with parasites damaging. the.central nervous

system or major sensory receptors ‘of the host, so that a
. ) - A L

v
. ¢

. .disoriented host would wander into unUsual_habitats, or make

',DfCPOCOelfum_dendetleym in ants’ (Anokhin, 1966, in Holmes and

.

"favallﬁb&e to acc1dental 1ngestzon by herb1vores and thys

'gaProtoStPongy

L altered reSycﬁ“

4

l

_responses of an 1nfected host are changed responses to some

.env1ronmental st1mul1. A good example of such effects is

=

Bethel 1972) Infected ants resppt to droppmg temperatures

by cllgg;ng to grg@S t1ps durlng t e cold hours of the day
wﬁw

1nstead 3f returnlng to the ¢olony as do. Jnlnfected antSa

Such reg nse enables the 1nfecﬁed»ants tO/becoﬁe’more-*

i

‘enhance para51te transm1551on to the deflnltlve host Th the

RS
& A

’T“Vadlonla system,~e1ther a dlsorlentatlon or -

'lnteCted snails sUCh as tolerance'of‘ q

\

colder temperature§§ br1ghter l1ghth&ond1tlons, more exposed"

areas mlght have been ant1c1pated because of the hlgh

Q
entage of 1nfected sheep. However, para51tlsm had no’
LJ’ . L4 .. .

‘on the light and temperature preferences of sna1ls,
"decrease the1r rate of trapplng 'S0 that the 1nfected
‘@ - 8.
snails Were more frequently found in unfavorable areas._ e

<
.
b e

It 1s dlfflCUIt tb assess whether these~m1nor behav1or

Av, “ R

~mod1f1cat1ons 1nduced hy lungworms 1n the;r 1ntermed1ate

y P
hosts would actually enhance transm1551on : :

VoA
. R v

e . PR N .
ST - L~ . .“:‘p |, . ST

. ‘ ' ) i v
itself more available or conspicuous to a predator. Altered .

CL
N



EXPERIMENTAL INFECTION OF BIGHORN.LAMBS

,Caplllaﬁls in’ the lungs,of;domestlc sheep prodees.a good

| explalqed by the fact t

. B4

Q .
Results of the exper1menta1 1nfect10ns of . lambs w1th

PPotostPongylus Spp. were assessed by the numbers of larvae

w‘

' recovered from the1r feces using the Baermann s technzque.

)

However,‘because there 1s con51derab1e var1at1on 1n larval
ouﬂputs from orie anlmal over t1me one must be careful when
assesslng ‘such results. For example, Rose (1959) shows that-

although the number of superficial nodules of MUeIIerYus

~1
&

_approximation of the number of worms'in'the'lungs, the

nqmber of L,s in feces) &g&not correlate w1th the numi;r of ;

W

| .adults in the lungs. A%ﬁgrdlng to Rose,‘th1s can be partly

t a h1gh proportlon of nodules are -

'made up of 51ngle worms, thus no copulatlon can take place.-

\

This of course results in no L,s *in the feces. Forrester and‘

k]

Senger (1964) alsocreported con51derab1e var1at1on in the

'“ﬁﬁmber of Protostrongylds larvae w14h1n -an 1nd1v1dual

dropp1ng of a blghorn, and between samples of droPplngs C

| o

' collected dally from the same anlmah Therefore, results

»‘10Q0 Ly S of PPotostbongy7us spp 1n 1983 reﬁulted 1n 3 ﬁgv‘

;smaller numbers of L,s shed in the feces of lambs g1ve

1
Ry

3 g

should be analyzed w1th some caut1on espec1a11 \here theré V;‘

Y
are- relatlvely few samples f_om each lamb De plte th;s

‘caut1op, 1t As obv1ous that exposure of bzgh rn lambs '6,;sth'

-

:establlshment of adult para51tes ‘in the lungs,*as 1nd1cated
B A
‘by the very large numbers of L,s gned 1n/the1r feces hhei A

/

A ————
s 3

. . . [
. . . J fo
9- an el

-

jobtalned from the exper1menta1 and naturally 1nfected lambs o
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a
125-150 L,s in 1982 are less convincing, but still suggest
that;worms did establish and réproducé successfully in the
lungs, at least of the three lambs exposed éarlyain the‘

-~

summer .
The similarity in lafval outputs (LPG) of.experimental
;sﬁeep (low dosé group) one year post-exposure to those of
~ naturally ihéectediéheep is probably related to the
well-knowh feasonally c}clital larval outputs of
Protostrongylus spp. in bigﬁornrsheep (Uhazy et a7i,1973{
)Jorgénson and'Wishart,1982) with a typical low shedding of
_lérvae dﬁring the summer ?nd fall, and a high'shedding'in
"late winter and early springl Two explanations for the
reduced sgedding in sumﬁer‘and fall afe likely: first, that -
adulﬁ worﬁs are short-lived and most die by summer. Sebond,

3

that established adult worms are either reproauctivély
inactivé;li.e.i they do no£ lay eggs during the summer, oOr
eggg a;d L,:s are.trapped in the tissues and do not leave the
l%ﬁag during the summer. However, whether or th‘the wo;ms
are short—;iVed; some intrinsic regulafion.of-the acfivity_
of the Qorms'in the lungs must be taking place, since the
period of high larval shedding corresponds to the time of
the yeAE when bighorns are in their Qorst body_conditibn).
but not to the timé eXpécted according»to»thé life cyclé.
- Because ingestion of infécted shailsvprobabij tzkes place in
garly fall, as shown above, and the prepatent period is less

~than 35’days, a high larval shedding would be expected to

follow in late fall orAearly winter, at 2 time when bighorn

\

1}
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sheep are still inbéood'body condition.

Larval shedd1ng of ‘all three. experlmental lgnbs in 1983
exhlblted b1moda1 curves, suggesting that b1ghorn lambs are
.immunologically competent to fight lungworm ;nfectxon by thg
" time they are one month old. An initial infection of 1000
Liys probably led to thé.establishment of adult worms in the
lungs and to pfoduction of the larvae of the;fjrgt péak
followed by a period of lo& larval output where the worms €'
might havebbecome temporarily rebroductively exnausted.
and/or weré'prevented to reproduce by the host_immunological
response. The secona‘peak corresponds to the time when lambs
are weanéd; this probéﬁly produced an immunological stress
that alloﬁed.feproduction of the worms or hatching of eggs
on release of Lts:

Such responsé to infection by young bighorn lambs
indicate that they are not 1mmunologlcally tolerant to
lungworms and do not have a reduced ability to respond to
the worms. However, much remains to be known abqut the
'immunological status of bighorns toward the parasite and it
is only through an understanding of the host s defense
-mechanlsms to Protostrongylus 1nfect10ns that these and
other pgrplexlng features of the lungworm-pneumonia comp}gx
can ever be éoivea. ‘

éenerally, prepatent peniods of spécies of
Protostrongylus are relatively short (see review in Kralka,
. 1983). For example, in domestic sheep and éoats,

Protostrongylus raill iet i, Protostrongylus rufescens and

a
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Protostrongylus skrjabini have preoatent periods between 30
and 37 days, which corresoonds closely to that observed in
bighorn sheep by Spraker (1979) and in this study. However,
longer and more inconsistent prepatent periods have been
determined in bighorns;and bighorn hybrids. ﬁor\example
.Pillmore (1956, 1959) and La:ge (1973) reported prepatent
periods of 60 days and 42-56 days respectively for '
4Pr~otostr'ongylus stilesi and/or P. rushi {p a ,»
biohorn/domestic hybrid;and in a bighorn. Prepatent periods »
‘were inconsistent (63, 119 and 122 days) in three
bighorn/moufion-hybrids infected experimentally with P,
Stilesf~(Monson_and Post., 1972). &t is;difficult'to explain \
the variation in the different prepetent periods of ‘
PPotostPongy?us spp. observed by~some researchers, but

‘

perhaps factors such as the def1n1t1ve host species (hybrlds'.,
may be 1nappropr1ate hosts, hence longer prep:tent periods)
and 'its immune status, condltlon of the 1ngested larvae, and
poor sc1ent1f1d;methods are responsible.
Circumstaotial'evidence for trahsplacental trensﬁESS§on
has been. exten51velyndocumented (Forrester and \
Segﬁer 1963, 1964° Howe,1965; Uhazy et al., 1973; Gates and
‘Samuel, 1977; Hibler et al.,1972,1974). However, in several
P of these reports, lambs thought'to heve been
\\transplacentally 1nfected with lungworms were older than six
weeks. Given a four to five week prepatent period,
1nfect10ns at that age could have occurred through

acc1dental 1ngest1on of infected snails while feeding on
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vegetatioh since lambs can nibble'gréss within two weeks
after birth (Murie, 1944 and Welles and Welles, 1961, in
Lawson and Johnson, 1983) and in this study,ga lamb abandoned
at about three weeks of age was able.to survive indicatin;
that such grazing can be éxtensive.

~ Spraker. (1979) invgstigated transplacental transmission
by negropsying 32 bighorns that incldged fetuses at 3.5

mon&h of gestation and lambs up to four mo#ths of~ 'agé.'He
r’ I)

‘d‘;erved a clear pattern -of clinical signs, and of gfoss and

histological lung lesions that ¢orrelated with the activity

and maturation of P. stilesi in the lungsjof these lambs.

: Spraker\ggncluded from his necropsies that L,s of

Protostrongylus cross the plécenta’of the adult ewe and
enter the fétal liver in thé laéter stages of pregnancy.
These L;s remain in the liver until parturition'after which
they migrate to the lungs of the newbé%n, develop to
maturity~by 3.5 to 4 weeks and produce thousands of ova by
épproximately 5 weeks. Assuming that the develppment of -

ingested L3sbis the same as transplacenfa;ly transmitted L,s

(or possibly slower, if L,s develop somewhat during

"migration) shedding of larvae in feces of lambs

approximately three weeks old indicates that the lam5§{-
acquired lungworm infection prior to birtﬁ.‘Howeyef, since
it takes approximately 4.5 to 5 Qeeks for L:s to appear, the
presence of small numbers Sf larvae in the feces of lambs

about three weeks old suggests that the L,s shed in the

feces may have been tranplacentally acquired,L,s and not
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4

those produced byladult worms that developed from

transglacentally transm1tted L,s. is possibility is
suppprted by the demonstrated pre;::::\pf L,s in the livers
and the lungs of fetuses (Gates and Samuel, 1977- |
* Festa-Bianchet and Samson, 19842.

| The extensive iambamortality 6ccurring‘in some American
states (see review in'Spraker,‘1979) has been attributed, to
PPotostPongyIus lung;orms present in sufficient numbers to
cause severe lung damage (Spraker, 1979). Hibler et al.

(1982) speculated that "lambs born in sheep population where.

R

. vgfminpus pneumonia . is responsible for severe lamb mnrtality

frequently are infected with 300 to 500 ;arvaa [Lasj. The ’
exact number nacessary to predispose lambs to fatal
Qerminous pneumonia igxunknown, but 100 probably is e
sﬁff{cient". The discrepancy between this statement and<my

‘~resulta }eada to four hypotheses: 1) different ﬁopulations
of bighorns (or .a pnpulation under different conditions over.
time) may be variable. in their résistance to lungworm

. 1nfect10n, 2) more than one 'strain' of P. stilesi and/or P.
rushi may exist ,, 3)(another agent, bacterial or viral, must
be present in addltlon to the lungworm to 1nduce fatal
damage to the blghorn lung, or 4) only a small part of the

»L,s glven tn free-ranging lambs establthes in the 1ungs.

Stress could be a &ajor component of the ‘first
hypothe51s. Populatlons under stress can be more susceptlble

to disease. Lange (pers. comm., 1979 in Lance, 1980) observed

that a group of approximately 30 desert bighorns (Ovis
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Canadensfs mexicana) in New Mexico suffered an epizootic of
‘éohtagious ecth&ma immediately after capture and
confinement. Accérding to Lance (f980) "although documented
by case history and observational data opnly, it is believed
by reéearchefs that acute Pasteurella sp. pneumonia, seen in
lconfingd sheep aqd the all age die-offs in large_f::e',
ranging herds, is induced through long-term low level
stress”. Thus, he épeculateskthat long-term low level stress
reduces aisease resistance throdgh adrenal cortical
stimulation or other mechanisms. ‘

Another component of the firét‘hypothesis is the
inherent abilify of sheép yithih certain herds to resist
infection better than others. Range conditions and |
environmentaI‘factors mediatedrby geographic isolation have
contributed toxtheuestablishment of log and high quality
populations“qg characterized by Geist (1971). Sheep of high

~.

”'qualitj populaf;ons, in better body condition, may be bettdr
éble to resist infection-with Protostrongylus (or othe;‘
.di§easesslthan sheep of low quality populations.

Geographic isoiation may also have faygored the
evolution of certain genetic poolsAin bighorn,sheeb
populations that would render them more or less resistant to
disease. The existence of clearly defined differences ig

‘ susceptibil{ty of domestic Sheep.to nematodes has been shown
(Vhitlock,1958; Scrivner,1964,1967; Ross,1970; Altaif and
Dargie,1§76) and, often, the gehetically determined |

resistance to a nematode infection is a function of the
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host s iﬁmunological responsiveﬁess fo the presence of
parasite/gntigens (Hudson, 1973). |

It is knownvthat certain bfceds of domestic sheep and .
certain individuals within bregds better survive infections
of trichostrongyle nematodéstha}elin,1978). It has also

been demonstrated that breeds of'sheep of hemoglobin type A

were more resistant to Haémonchus contortus *than breeds\of

sheep of other types (B'oerbA/B)i(Evans and‘Whitlock,1§64).

Thus, geographic isolation that exists between bighorn hefds

may have contributed t; restrict their genetic pools (Skiba

and Schmidt, 1982) so that some populations,'just like bi?dgg\
of domestic sheep, may have evolved with certain |
physiological traits that would enhance or deéreése their
ability to fight parasitic infection such as lunggorms.

//f Becausé of the geographic'isolation (e;g;, bﬁbhorns on
the'southernmost part of the Brazeau range are totally
isolated from other herds in the pf%vince), PPbtostPongyIus
stilesi (or P. rushi) may have becomeka polytypic specie;,
that is, in certain bighorn sheep populations a more
virulent strain of lungworms may be present than. in the
other sheep populations. This phénomenon is currently
observed émong the different geographic forms olel
contortus and the result is bionomic and immunologic ¢

| })differences between geographic strains (Das and

y; Whitiock,1960; LeJambre ang Whitlbck,a968; Cfofton and. .
- Whitlock, 19683+ As for lungworms of bighérn sheép,

3

mbrphological differences led Honess (1942) to believe that

.
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a third species of Protostrongylus, Pr*oi‘ostnongylus frosti, .
existe%éin Wyoming. Although this species is very: similar to
P. st}le i, and is not generally recognized“as a distinct
entity, the differences between them may reflect strain
diffe;ences, wi;h greater differé&nces in pathogenicity.

The presence of a bacterium o;‘a virus méy be
imperative to induce “fatal damage“to the bighorn lung. »
‘Lungw@rm larvae might only ;reéte-lesiong that will |
fac%litate-microbial invasion (Post and Winter,1957), with a
greate; number of lesions, ‘associated with more damage by
Vmicrobes. In Alberta, Pasteurella‘hemolxtfca Type T
(non-hemolytic) have béen isolated from lung, throat and
nasal swabs (Onderka, pers.fcomm.,1983) of bighdrnslin the
sdufhern @%}t of the pfovinceL(C;owénest Pass herd, géterton .
- L.akes herd, and Shéep River herd), and in southerﬁ British
Columbia. Lungworm 1eVels‘are variable ranging ffom low in
‘ﬁritish'Coiumbia to.moéerate and severe in Alberta (Samuél”v
and Onderka, pers. comm.,1983). All of the sheep infected
with Pasteurella hemolytica Type t (non-hemolytic) have had
serious respiratory problems.’This bacterium has not been’
found in the resﬁiratory tract of any of the 62 bighorns
examined from Rah Mountain, although it has been found in
bthe only bighorn from which the tongils were examiﬁed
(Onderka pers. comm., 1984) ﬂ

 Since it ié ﬁot kno?n what proportion of infective

larvae ingested by bighorns will become reproductive adult

worms in the lungs, it is possible that even a dose of 1000
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Lys may be too small to leed to the establish ent of a

significdnt number o /worms, to 1nduce pneumon1a. This could
have been tested by ;kelng a known dose of 1nﬁéqt1ve larvae
to a lungworm free bighorn and examining its lungs for adult
worms at the t1me of the prepatent period. No lungworm-free

blghorns were avallable, and the small number of

experlmentally infected free-rqnging sheep p:ecludedqfﬁlling

any to determine the number of adult worms present.

/ In order to assess which of the hypotheses (or a
combipation, or all) is (are) correct, more knowledge‘on the
.immunocoméetehcy of bighorn‘sheep is necessarj./It is only
through an understanding of the immunological mechanisms
used by Rocky Mountain bigtorn.sheep to fight lungworm
infection, an infection present in almost every Rocky
Mountain bighorn herd in North America, that the
lungworm-pneumonia complex can be understood, and perhaps

i [

‘controlled.

)
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V. SUMMARY
There is no .strong eyidencefthat Pnotostronayluq\
' ‘ , o -/ _ ,
lungworms alter the population dynamics of their .

intermediate host populations or the behaviour of their - " |

S
g

intermediate hogts, except for rate of activity. Whether or

M

A

not this enhances transmission to bighorn sheep is

' [ ] s .'/ S -
gquestionable. Despite that, the mechanisms of tran;@;gﬁwop.u: ‘
‘ ‘ . , \-‘.\\( L 4 ' \.““*\«
of larvae to the definitive host must be efficient since:

nearly all Rocky Mountain bighorn Shegp in North Aﬁéii&qﬁé?étA
infected withvlu;gworms.' ) o
i Temperature is brobably.theimost important

environmenéal‘factor affecting the development of

]

Protostrongylus larvae in their intermediate hosts, since at
highvtehperatures the infecﬁivetstage is'éttained raéidly
. whereas at lowAtempérétures almost nb larval devéloﬁment
occurs. Sin;e«snails can_be viable for several yéars and
retain lungworm infection once acquired, it is clear that
snails coﬁtaining infective larvae can be available to sheep
all year round. However, because of fhe timing of infectgpnv
of snails, the rate of larval aévelopment in snails (under
field conditiogns), and the density of sheep and of snails,
infection of biéhorn s?eep éfobably occurs in the fall on

AN

the winter range)]
Ingestion of high numbers of snails containing
infective lungworm larvae does not necessarily lead to fatal
vérminous pneumonia in\bighorn lambs as demonstrated by.thg‘
résults of the experimqntal infections performed on bighorn

94" . T~
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1ambs at Ram Moynta1n. Therefore, the verminous pneumon1a
that has been responsxble for lamb mortal1tﬁ in Colorado is
not necessarily a’mortal;ty factor appllcable to all bighorn
herds. Therejare other factors (e. g., stress, environmental
conditions, body cond1t10n of the eve dur1ng pregnancy and
1actat1on and perhaps the extent of bransplacental
transm1551on) that seem equally 1mpgrtant in determining the
probability of death. | -
There is indication that bighorn lambs approximately \
one month old a;e already immunologically competent to fight
lungworm inféctaon since larval shedding of all three
experimental-lambs'given 1000 Lys exhibited bimodal curves.
This’study suggests that the immunological aspects of the
luncyorm-pneumonia complex are probably the main key.
features aetermininé'the significance cf:the wcrms' activity
~in the lungs. This area of research could yield exciting’
~results and prov1de 1n51ght on the perplex1ng lungworm

problem in bighorn sheep, and perhaps on ways to control it.
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AFPENDIX I. Fecundity and mortality data for infected and uninfected
| .

1 snails at three different temperatures.
|
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100

84

gt

eggs/s-d

. 225
. 267
.275
.233
- 542
.475
. 408
.375
. 458
. 241
. 250
.203
. 186
.412
. 158
.132
.078
.107 -
. 135
.045
.121
. 027
.035
.082
.079
21058
. 082
. 041
.018
.021
~.009
.011

.019

0
.019
.033

0
.012
.020

0

no.

eggs

38
21
28
19
45
37
40
28
32
19
13
13
35
14

5
11
18
12

QOO OOFNMIMRUNEFWOO N W~

no.snails
alive

30
30
30
30
30
30
30
30
30
29
29
30
29
.26
28
29 |
29
25.
28
29
28
25
26
28
25
20
26
26
24
20
25
26
21. .
15
22
25
21
15
22
23

s~d

120
120
120
120
120
118
118
120
118
110
114
118
116
102
112
116
114
100
108

114
106

90
104
108

98

80
102
104

90

70

94
102

84

60

88

96

82

60

86

90

eggs/s—d

.317
. 175
" .233
. 158
.375
.314
.339
.233
.271
.173
.114
.110
.302
. 137
. 045
- .095
© .158
PIZO
.046
. 044
. 066
.033
.019
- .055 .
.031
.013
.020
. 048
1011
014
.021
. 009

.011
.010
.012
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30°C
. UNINFECTED INFECTED .
days na. no.snails s-d eggs/s-d no. no.snails s-d eggs/s-d
eggs alive ' eggs alive
4 28 30 120 .230 36 30 120 .300
15 30 120 .125 24 30 120 .200
22 30 120 .183 18 30 120 -.150
14 30 118  .119 22 30 120 -.183
8 46 30 - 118  .390 12 30 120 .100
32 30 102 .314 .33 30 120 '.275
.57 . 30 118  .483 12 30 118 .102
39 29 104 -~ .375 35 30 118  .297
12 . 29 29 ¥l6 .250 = 25 30 118 .212
9 21 84 - .107 . 48 30 118  .407
40 - 29 116 ~ .345 25 29 ‘116 .216
- 17 " 23 92 .185 *36 29 112 .321
16 9 29 114 .079 " 8 29 112 .071
11 21 78 - .141 18 29 106 . .170
25 29 116  .216 9. . 29 110z . 082
11 23 92 .120 . 21 . 27 108 2%.194
20 4 28 112 .036 6 27 106 .057
11~ 18 68 .162 13 24 96 .135
7 29 114 .06l 7 26 102 .069
5 23 90 .056 9 27 108 - .083 -~
24 16 28 112 .143 3 26 102 .029
2 16 © 58 .034 5 24 90 = .056
4 28 112 .036 4 25 100 . .040°
1 22 86 .012 12 27 106  .113
28 10 28 110  .091 0 25 . 96 0
0 13 50 0 9 21. 84 .107
0 28 112 0 6 25 94  .064
0 21 82 0 5 26 - 100 .050
32 0o - 27 102 0 1 23 90 .01l
0 12 48 0, 4 21 82 .049
0 28 110 0 3 22 88  .034 ‘
0 20 80 0 2 24 96 .021 '
36 0 24 96 0 0 22 88 0 -
0 12 48 0 0’ 20 76 0
1 27 108 . .009 0 22 . 86 0
0 20 78 0 1 24 94 .011 .
40 1 24 - 94 .011 0 22, 88 0 .
0 T 12 48 0 2 18 _ 76 .026
0 27 108 0 0 21 - 82 0
0 19 76 0 2 23 <88 .023
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'APPENDIX II. Growth rates of offspring born to infected and uninfected

Vallonia pulchella, at two constant temperatures.

25°C | ‘ | .-
Age (weeks) offspring born to
uninfected Vallonia
X diam(mm)+ S.D
6 N 0.84 0.04 n=50
7. 0.87 0.03
8 0.90 0.04
9 0.92 0.06
- 10 ; 0.95 0.07-
- 11 0.97 0.09
12 1.04 . 0.10
14 1.16. . 0.09 n=32
>
H
. 15°C
6 0.56  0.05 n=11
7 0.61 0.05 ’
8 0.64 0.04 n=5

‘% offspring born to
. infected Vallonia
" X diam(mm)+ S.D

Py

~reoo000
= OO WWWY 0o m
W WO W sy

copeoooD
HOOOOOOO

w
?n
4 |
W,
~O

Qw3 Un

n=27

0.02 n=6

0.04
0.04 n=5
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APPENDIX III. Larval counts (LPG) of experimental lambs (indicated by
asterisks) and control lambs for 1982 and 1983 (Ram
Mountain).



ID LPG
blk-yel , 0
*blk-arg 20
*org-blk 0
Flu-blu 21
org-blu 0
org-wht - 0
blu-yel 0
yel-yel 18
yel-wht 0
blu-org -0
*org-org 20
*org-org 70
*blk-wht 2
wht-org 134
. blu-yel 7
" blu~wht 211
blu-wht 14
yel-blu 169
yel~-blk - | 3
blk-blu = , |33
wht-blk - 41
yel-yel 30
*org-blk 221
. blu-wht 5
blu-bly 4
wht-wht 40
org-wht 46
blu-ozg 84
*1k-otg 465
yel-wht 130
wht-org 160
*blk-wht .251
blk-yel < 874
*blk-org. - 1090
. yel-org '
'*di‘g—ye 1 644
*blk-wht 34
yel-blk 21
blu-wht 182
blu-yel 112
yel-blu 173
wht-yel 253
blu-blu 56
ofg—orgf - 15
org-wht - 233
yel-yel 275
blk-yel 468
xblk-org 651
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DATE OF COLL%FTION
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* org-yel
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yel-blu
blk-blu
org-org=
org-wht
" yel-blu
" blu-yel
wht-wht
* org-blk
* org-org

LPG

7
72,
- 150 -
492

344

© 1102

243
. 368
. 93
- 271

380 %
W 23 N1l

251
478
570
2800
693
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DATE

20 "
20"

.20

22 "
2;12 "
224‘ "o
23 1"
23 yer

.1 November
1 "

2,3 ‘"
23"
23 ”
23 "

~

”17 September

0
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ID

wht-wht
blu-blu
yel-yel
wht-wht
blu-blu
un 1
un 1
un 1
* yel-yel
un 1
“un 1
org-org
un’ 1
* blu-blu
* yel-yel
un 1
* wht-wht
* yel-yel
“wht-yel
* wht-wht
* wht-wht
org-org
un-'1
* yel-vel
;un 1
un 1
un 1
* blu-blu
* yel-yel
un 1
, un-1
* blu-blu
* wht-wht
un 1
. blk-org
* yel-yel
org-blk
blk-blk
blu-org
org-wht
blk-wht
* wht-wht
blk-blk
* blu-blu
" wht-org
org-yel
yel-wht
* blu-blu
un 1

* F * % %

9

LPG

400
356
346
280

" 140

3288
279
233
293

15
24
1368
211
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3514
208
250
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3108
28
43
.25
2774
3707
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348
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16
116
497
154
147
809
977
5402
1828
3180
354
468
236
206
777
10
227
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55
44
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23
23
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28
28
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13
13
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16
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16
16
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