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Spatial variation in susceptibility to infection in a
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SUMMARY

Parasites should be better at infecting hosts from sympatric populations than allopatric populations most of the time
(parasite local adaptation). In a previous study of a population of snail parasites (Microphallus sp.) from Lake Alexandrina,
New Zealand, we found that Microphallus was more infective to snails (Potamopyrgus antipodarum) in shallow water but
not in deep water. Here, we repeated the original study and also monitored the development of the parasite. We found
that parasites from shallow water were more infective to hosts from shallow water and developed more rapidly in these
hosts. In contrast, parasites from deep water were not more infective to hosts from deep water and did not develop more
rapidly in them. These results suggest clinal variation in the susceptibility of these snails, with shallow-water snails more
susceptible than deep-water snails. We offer 2 possible explanations for these results. First, gene flow in the Microphallus
population is primarily from shallow to deep water, leading to an asymmetric pattern of local adaptation. Alternatively,
snails from shallow water may be more susceptible for reasons independent of gene flow, perhaps due to differences in

host condition between habitats.
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INTRODUCTION

Under theory, parasites should become adapted to
infecting local populations of their hosts in the same
way that organisms become adapted to the local
conditions of their physical environments. However,
for parasites, the environment (the host population)
can also evolve, potentially leading to oscillatory
dynamics in both host and parasite allele frequencies
(see Hamilton, Axelrod & Tanese, 1990; Peters &
Lively, 1999). Nonetheless, parasites should become
better at infecting individuals drawn from their local
host population than individuals randomly drawn
from an allopatric host population most of the time,
assuming some degree of host population structure
(Ladle, Johnstone & Judson, 1993; Ebert, 1994;
Judson, 1995; Gandon et al. 1996; Lively, 1999); a
number of recent studies are consistent with this
prediction (Parker, 1985; Lively, 1989; Ballabeni &
Ward, 1993; Ebert, 1994; Ahmed, Mundt &
Coakley, 1995; Burdon & Thompson, 1995; Webster
& Woolhouse, 1998; see Kaltz et al. 1999 for a
counter example). The degree of local adaptation,
which is usually measured as the infectivity by
parasites to local host populations compared to
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remote host populations, is expected to be af-
fected by both gene flow between populations,
and the effect of infection on host fitness (Lively,
1999).

In previous studies, we have found that the
trematode Microphallus sp. is locally adapted to
populations of its snail host, Potamopyrgus anti-
podarum (Lively, 1989; Lively & Dybdahl, 2000).
Such a result suggests that selection resulting
from local coevolution results in parasite popu-
lation structure at loci involved in infectivity. A
different result, however, was observed when we
conducted reciprocal cross-infection experiments
with parasites taken from different depth-stratified
habitats within the same lake (Lively & Jokela,
1996). In this case, parasites collected from snails in
the shallow water were better at infecting shallow-
water snails than deep-water snails, but the converse
was not true; parasites collected from deep water
were not better at infecting deep-water snails than
shallow-water snails. This result is logical in the
context of the foraging behaviour of ducks, the
definitive host for the trematode. These dabbling
ducks forage in shallow water, and therefore would
seem much more likely to pick up infections in
shallow water. The sexually produced eggs resulting
from these infections would then be dispatched over
both shallow and deep habitats, but recycling of the
infection, and hence coevolution, should be re-
stricted to the shallow water.

Because coevolutionary interactions can lead to
periods in which locally adapted parasites appear to
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be better at infecting remote populations (Morand,
Manning & Woolhouse, 1996; Kaltz & ShykofT,
1998; Lively, 1999), studies indicating that parasite
populations are not more infective to local popula-
tions should be repeated. In the present study, we
repeated the cross-infection experiment 1 year after
the original experiment. We were especially in-
terested to determine whether the asymmetry be-
tween the shallow and deep sources of parasites was
maintained. In the original study, we also found
evidence suggesting that parasites may have different
developmental schedules depending on the source of
the host (Lively & Jokela, 1996). Unfortunately, the
experiment was not replicated within each sampling
time, and hence the result could have been due to
random variation among containers having different
host—parasite combinations. In the present study, we
used more replication within sampling periods to
evaluate the hypothesis that development rate is
affected by the particular host—parasite combination.
We also determined whether parasites cause different
levels of mortality in hosts from different sources.

MATERIALS AND METHODS
Natural history of the interaction

The parasite is an undescribed species of Micro-
phallus (Digenea: Microphallidae; Lively, 1987) that
has 1
Potamopyrgus antipodarum (Prosobranchia: Hydro-
biidae; Gray, 1843), and the definitive hosts are
water fowl. Snails become infected by ingesting
Microphallus eggs. The eggs then hatch, and, if not
killed by the snail, the resulting larva develops

intermediate host, the prosobranch snail

vegetatively into hundreds of cysts (metacercariae)
that lodge in the snail’s viscera causing complete
sterilization. The cysts ‘hatch’ following ingestion
(along with the snail) by waterfowl, and become
hermaphroditic adults. These adults cross-fertilize
(see Dybdahl & Lively, 1996 for a genetic analysis)
and produce eggs, thus completing the life-cycle.
The snails occur as diploid sexuals and triploid
asexuals (Dybdahl & Lively, 1995). In Lake Alexan-
drina, there is a cline in ploidy level such that diploid
sexuals are more common in shallow water whereas
triploid asexuals are more common in deep water

(Jokela & Lively, 1995a; Fox et al. 1996).

General methods

In January 1996, we collected several thousand
snails from 2 habitats of Lake Alexandrina on the
South Island of New Zealand at a site called West
Bay (see Fig. 1 in Jokela & Lively, 1995b). We
collected snails in the shallow water from willow
roots by dragging a kick net through the roots. We
used nets and snorkeling equipment to collect snails
from the deep water (4—6 m deep) which live on
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Elodea canadensis. We conducted the experiment at
the Edward Percival Field Station in Kaikoura, New
Zealand.

We fed metacercariae of 75 Microphallus-infected
snails collected from the shallow habitat to 3 mice
(each mouse received the metacercariae of 25 infected
snails). We used mice as the definitive hosts because
Microphallus produces viable eggs in mice (Lively &
McKenzie, 1991). Similarly, we fed metacercariae of
65 Microphallus-infected snails collected from the
deep habitat to 3 different mice (each mouse received
the metacercariae of 19-26 infected snails). We kept
3 additional mice as controls, which were not fed
metacercariae. We collected fecal pellets (containing
Microphallus eggs in the 6 experimental mice)
2-5 days post-infection (Lively & McKenzie, 1991).
For each of the 3 parasite sources (shallow, deep,
control), we randomly distributed the faeces among
8 different 21 containers (8 shallow, 8 deep, 8
control, for a total of 24). The water in each 21
container was changed frequently to prevent fouling.

We exposed these faeces to 9600 snails (400 adult
snails in each of 24 containers). LLarge numbers of
snails were exposed so that we could subsample from
each container at 5 different times and thereby follow
the development rate of the parasite. We exposed the
snails by adding the contents of each of the 21
containers holding the faeces, to a different 441
container holding 400 adult snails. For each parasite
source there were 8 44 1 containers, 4 containing 400
snails from the shallow-water habitat and 4 con-
taining 400 snails from the deep-water habitat. This
design allowed snails from both habitats to be
exposed to parasites from their own habitat as well as
from the foreign habitat. The control snails were
necessary because we collected the snails from the
lake and consequently some were expected to have
been already infected. Also, the controls allow us to
determine whether the experimental infection was
successful and to determine the proportion of snails
that were already infected in each parasite source.
Every second day we changed the water in the 441
containers to prevent fouling. Thirteen days post-
exposure, we transported the snails to Indiana
University for further study. At Indiana University,
we maintained the snails in 142 1 containers at 17 °C.

Does total parasite prevalence differ between hosts
from different sources?

We sampled the experiment 5 different times (13, 19,
24, 33 and 57 weeks post-exposure). At each time,
we measured the length of the shell of 50 individuals
per container (total of 1200 snails at each time),
determined whether the snails were infected with
Microphallus or any other digenean, and determined
the stage of development for Microphallus infections.
The procedure for determining the stage of de-
velopment is described below. We analysed preva-
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Fig. 1. Prevalence of infected snails by treatment
averaged over all 5 time-periods. The prevalence of
infection over all times was pooled because the repeated
measures analysis revealed no significant effect of time
nor any indication that total infection varies with time
(the parasite by time interaction was not significant).
The overall means for each treatment were calculated
using the mean of each replicate mean (IN = 4).
Therefore, the standard error (shown in the error bars)
was calculated as s.E. = s.D./square root of N, where N
is 4. The overall means for each treatment were
calculated with 975-1000 snails.

lence in the experiment using repeated measures
ANOVA with each container as the repeated unit.
The dependent variable was prevalence of infection.
The between-subject effects were host and parasite
and the within subject effect was time. Control snails
were not included in the analysis because prevalence
in the controls was the same in both parasite groups
(T=007, p.r. =6, P=095, Fig. 1). We made
planned comparisons to examine specific hypotheses
about host effects. For this analysis we examined
only 3 of the 5 dates, beginning (13 weeks), middle
(24 weeks), and end (57 weeks), to avoid singularity
in the covariance matrix. The 3 dates were chosen to
include the entire duration of the experiment.

Does host mortality differ between parasites from
different sources?

At Indiana University, we counted the number of
dead snails in each container every week for a period
of 28 weeks. We analysed mortality with a 2-way
ANOVA with mortality per box as the dependent
variable and host and parasite source as the in-
dependent variables.

Does parasite developmental stage differ between
hosts from different sources?

At each time that we sampled the experiment we
examined the parasites in each infected snail and
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scored each infection as 1 of 5 categories according to
the developmental stage of the parasite: (1) germinal;
(2) predominantly blastocercariae; (3) mixed blasto-
cercariae and metacercariae; (4) predominantly
metacercariae and (5) all metacercariae (as given by
Dybdahl & Lively, 1998).

Similar to the analysis of prevalence, we compared
the development stage of the parasite in different
host—parasite combinations using repeated measures
ANOVA with each container as the repeated unit.
The dependent variable was developmental stage of
the infection. The between-subject effects were host
and parasite and the within-subject effect was time.
All uninfected snails were excluded from the analysis
as were all snails in the control group. After finding
a significant host by parasite interaction, we con-
ducted independent contrasts to determine the
host—parasite combinations in which development
rates differed. For this analysis, we examined the
first 3 sampling periods (sampling periods 1-3; 13,
19, and 24 weeks) to avoid singularity in the
covariance matrix. The first 3 sampling periods
encompass the period before development was
complete (stage 5) in most host—parasite combi-
nations (see Fig. 2).

RESULTS

Does total parasite prevalence differ between hosts
from different sources?

The results were consistent with a previous study
that showed clinal variation in infection (Fig. 1).
Parasites from shallow water were significantly more
infective to snails from shallow-water than deep-
water habitats (7' = 8-2,p.F. = 59, P < 0-001, Fig. 1),
but deep-water parasites were not better at infecting
deep-water than shallow-water snails (Fig. 1). In
fact, parasites from the deep water were significantly
better at infecting shallow-water snails (7' = 3-3, D.F.
= 4-0, P = 0-030). Significance levels for the planned
comparisons were not adjusted because the contrasts
were orthogonal (Sokal & Rohlf, 1995).

We found no effect of time among samples, and no
interactions between time and host or parasite or
between host, parasite and time (Table 1). Thus,
parasite prevalence did not change during the
experiment.

Does host mortality differ between parasites from
different sources?

There was no indication of differential mortality
according to treatment (Table 2). On average, 21-5
snails died per container, but the deaths were not
associated with host source, parasite source, or the
host-by-parasite interaction (Table 2). Thus, it is
unlikely that the results that follow could have been
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Fig. 2. Relationship between mean stage of infection (parasite development rate) and time in all host—parasite
combinations. The vertical bars show 1 standard error of the mean.

Table 1. Repeated measures ANOVA analysis of prevalence of

infection over time

(The dependent variable is prevalence of infection. Analysis was conducted on 3
samples only, time 1, time 3, and time 5 (beginning, middle, and end of sampling

period).)

Source of variation D.F. MS F P

Within-subjects effects
Time 2 109-19 1-80 0-187
Host*Time 2 38-57 0-64 0-538
ParasitexT'ime 2 3394 0-56 0-578
Host#ParasitexTime 2 124-39 205 0-150
Error 24 60-58

Between-subjects effects
Host 1 955577 4195 < 0-0005
Parasite 1 7897-07 34:66 < 0-0005
Host«Parasite 1 68-87 0-30 0-593
Error 12 227-81

Table 2. Two-way ANOVA summary results for mortality

(The dependent variable is the number of dead snails.)

Source of variation D.F. MS F P
Host 1 1837 0-34 0-564
Parasite 2 72:79 1-37 0-281
Host*Parasite 2 21-13 0-40 0679
Error 18 5332

affected by differential host mortality among parasite
sources.

Does parasite developmental stage differ between
hosts from different sources?

Analysis of parasite development time revealed
significant host and parasite effects and a significant
host by parasite interaction (Table 3). The host by
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parasite interaction reveals that parasite development
rate differed between the two hosts. Independent
contrasts revealed that shallow parasites develop
more rapidly in shallow hosts than in deep hosts (T' =
30, p.r. =47, P = 0034, Fig. 2) but deep parasites
develop at the same rate in the 2 hosts (7' = 0-44, D.F.
=51, P = 0:675, Fig. 2). Significance levels for the
independent contrasts were not adjusted because the
contrasts were orthogonal (Sokal & Rohlf, 1995).
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Table 3. Repeated measures ANOVA analysis of development rate of

parasites in shallow and deep hosts

(The dependent variable is mean development stage of infection. Analysis was
conducted on 3 samples only, times 1-3, before development was complete (stage
5) in all host-parasite combinations (see Fig. 2).)

Source of variation D.F. MS F P

Within-subjects effects
Time 2 7-95 42:63 < 0-0005
Host+Time 2 0-26 1-40 0266
ParasitexTime 2 0-28 1-51 0-242
Host«ParasitexTime 2 0-42 2:23 0-129
Error 24 0-19

Between-subjects effects
Host 1 1-:06 823 0-014
Parasite 1 0:66 513 0-043
Host«Parasite 1 0-80 6-18 0-029
Error 12 0-13

DISCUSSION

Using a reciprocal cross-infection experiment, we
examined the infectivity of trematode parasites
(Microphallus sp.) taken from shallow- and deep-
water habitats on host snails (Potamopyrgus anti-
podarum) that were collected in the same habitats.
We found that parasites from shallow water were
significantly more infective to hosts from shallow
water, which is consistent with a similar study
conducted in the previous year (Lively & Jokela,
1996). Similarly, we found that parasites from deep
water were also significantly more infective to host
snails collected from shallow water, which is con-
sistent with the non-significant trend observed in the
previous study (Lively & Jokela, 1996). Hence the
results are repeatable, and are consistent with other
evidence (Lively & Jokela, 1996) for a cline in
susceptibility such that susceptibility is highest in
snails from shallow water and lowest in snails from
deep water.

There are 2 possible explanations for this pattern
of results. First, the results are consistent with the
idea that gene flow in Microphallus occurs from the
shore outward to deeper water. The mechanism for
this kind of asymmetric gene flow could be based on
the foraging patterns of the definitive host of
Microphallus (Grey Ducks and Mallards). These
dabbling ducks forage primarily in the shallow
margins of the lake, but move to deep water to rest
or escape danger. Hence, these ducks should be
depositing parasite eggs over the deeper water even
though the infections were gained in shallow water
(see Fig. 2 of Lively & Jokela, 1996). If this idea is
correct, then only parasites from shallow water
should be locally adapted to their hosts, because it is
only in the shallow water that the parasites are being
recycled back into the same host population. This
prediction assumes that snails remain in the habitat
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where they were infected. This assumption is
supported by previous studies of snails in this lake,
which show that snails are genetically structured by
habitat (Fox et al. 1996). Gene flow, and therefore
movement, must be very limited for snails in shallow
water to be genetically distinct from snails in deep
water. These ideas suggest that one explanation for
the results is coevolutionary dynamics between host
and parasites that only occur in shallow water.

The second explanation for why parasites from
both shallow and deep water are more infective to
hosts from shallow water is that these hosts are
generally more susceptible to infection by Micro-
phallus, independent of coevolutionary effects. For
example, host physiological condition may vary from
shallow to deep water in such a way that shallow-
water snails are simply more easily infected. Ad-
ditionally, ploidy varies from shallow to deep, such
that diploid snails are more common in shallow
water and triploid snails more common in deep water
(Fox et al. 1996). If diploid snails are inherently
more susceptible, then hosts from shallow water may
be, on average, more susceptible to parasite infection.
However, in a previous study in this lake, we found
no difference in the prevalence of infections between
diploid and triploid snails in the mid-water and
deep-water habitats (Jokela et al. 1997). Hence, if
snails from shallow water are more susceptible to
infection, it is probably not caused by differences in
inherent susceptibility between diploid and triploid
snails, but the hypothesis merits a direct exper-
imental test.

On average, snails from deep water are larger than
snails from shallow water. Because snail size may
affect susceptibility, if size is related to age, dif-
ferences in susceptibility in snails from different
depths may be related to size. Several studies have
shown that age alters susceptibility in snails; some
show that older, larger snails are more susceptible to
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trematode infection (reviewed by LLim & Heyneman,
1972; Sousa, 1983; Lauckner, 1986), whereas in
others, younger, smaller snails are more susceptible
to infection (reviewed by Lim & Heyneman, 1972;
Anderson et al. 1982; Sousa, 1983; Anderson &
Crombie, 1984 ; Lauckner, 1986, Niemann & Lewis,
1990). However, in most of these studies trans-
mission to the snail occurs via an actively swimming
miracidium. Thus differences in susceptibility at
different ages are related to variation in the at-
tractiveness of hosts to miracidia. Consequently,
susceptibility is unlikely to be affected by age in P.
antipodarum because Microphallus is transmitted by
passive ingestion of an egg, rather than by miracidia.

We found no evidence that mortality of the hosts
differed according to parasite source. There were no
interactions between source of the snails and source
of the parasite. Hence, under the conditions of this
experiment, parasites from both shallow and deep
water had equivalent effects on mortality in hosts
from shallow and deep water. In contrast, we found
that parasite developmental rates differed both
between hosts and between parasites from different
sources. On the first 2 times that the experiment was
sampled, parasites from shallow water developed
more rapidly in hosts from shallow water, yet
parasites from deep water developed at the same rate
in both hosts from shallow and deep water. These
results are consistent with those of Lively & Jokela
(1996) who found that parasites from different
habitats developed at different rates.

Similar to the results for infectivity, the de-
velopment rate results could be explained by local
adaptation or factors independent of coevolutionary
dynamics. Consistent with the results for infectivity,
the results suggest that local adaptation is present
only in parasites from shallow water; parasites from
shallow water are ‘matched’ to their hosts from
shallow water and parasites from deep water are not
‘matched’ to their hosts from deep water. Again,
these results are also consistent with the idea that
gene flow occurs from the shallow to the deep water
of this lake. If gene flow is one-way, then strong
selection for slower development must occur in the
parasites that survive through a single generation in
hosts from deep water. Alternatively, development
rate of parasites may depend on the number of
parasites that successfully infect the host. If many
infect the snail host, then parasites should develop
rapidly in order to compete most successfully for
limited host resources. If few parasites infect a snail,
then development does not have to occur rapidly for
parasites to utilize many host resources. This idea
assumes that the parasites can detect how many
other parasites are present and respond to this cue. If
this mechanism is correct, then rapid development
of shallow parasites on shallow hosts occurs because
the prevalence of infection, and therefore within host
competition, is highest in this parasite-host com-
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bination. A similar strategy has been shown to occur
in the rodent malaria Plasmodium chabaudii; more
transmission stages are produced when within host
competition is high (by infections with different
parasite genotypes) than when within host com-
petition is lower (by infections from a single
genotype; Taylor, Walliker & Read, (1997)).

In summary, parasites from shallow water were
more infective to hosts from shallow water and
developed more rapidly in these hosts. The converse
was not true, parasites from deep water were not
more infective to hosts from deep water and did not
develop more rapidly in their local host. This implies
that either coevolutionary interactions are more
likely in the shallow water, which may explain the
higher frequency of sexual individuals in shallow
water, or that shallow snails are simply more
susceptible to infection independent of coevolu-
tionary interactions.
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McKenzie from the Zoology Department of the University
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