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ABSTRACT

Observation: Two independent experiments have shown that freshwater snails (Potamopyrgus
antipodarum) collected from the shallow-water margins of a lake are more susceptible to
infection by a trematode worm (Microphallus sp.) than snails collected from deeper habitats.

Question: Is this cline in susceptibility caused by (1) inherent differences in susceptibility, or
(2) the presence of a co-evolutionary hotspot in the shallow water?

Organisms: The freshwater New Zealand snail, Potamopyrgus antipodarum, and its common
parasite, Microphallus sp. (Digenea, Trematoda).

Methods: We exposed snails collected from shallow-water (< 1 m), mid-water (1–3 m), and
deep-water (4–6 m) habitats to parasites dissected from snails sampled from the shallow
and deep habitats. We also exposed random samples of this same set of snails to parasites
collected from two remote lakes, which have no co-evolutionary history with the Lake
Alexandrina snails.

Results: Snails collected from the shallow habitat were more susceptible to infection
regardless of the source of infection, which is inconsistent with the co-evolutionary hotspot
hypothesis. In addition, parasites from Lake Alexandrina were more infective to snails collected
from Lake Alexandrina than from the two allopatric lake populations, and the shallow-water
source of parasites was more infective than the deep-water source of parasites.

Keywords: co-evolution, local adaptation, Microphallus, parasitism, parthenogenesis, ploidy,
Potamopyrgus antipodarum, Trematoda.

INTRODUCTION

Individuals that reproduce sexually are at a disadvantage compared with those that
reproduce asexually. They either produce fewer grand-offspring than asexuals [the cost of
producing males (Williams, 1975)] or they contribute fewer copies of their genes to the next
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generation [the cost of meiosis (Maynard Smith, 1978)]; either one or the other (but not both) of
these costs is imposed, depending of the type of uniparental offspring (Lively and Lloyd, 1990).
Consequently, in the absence of some countervailing advantage, sex should be rapidly
replaced by asex as the mode of reproduction (Maynard Smith, 1978; Lloyd, 1979, 1980). The parasite
hypothesis for the maintenance of sex hypothesizes that parasites should be under selection
to infect the most common genotypes. An advantage to sexuals should therefore exist when
hosts and parasites are co-evolving, because of their ability to produce genetically variable
offspring. Two key conditions for this hypothesis to favour sexual reproduction are that the
effect of infection should be sufficiently severe and genotype-specific (Jaenike, 1978; Hamilton, 1980;

Hamilton et al., 1990). Support for the genotype-specificity portion of the hypothesis comes from
a variety of sources. For example, genotype-specific susceptibility, analogous to that
required by the hypothesis, is found in many systems (e.g. Dybdahl and Lively, 1995; Clay and Kover, 1996;

Webster and Woolhouse, 1998; Carius et al., 2001; Michiels et al., 2001). In addition, the genes involved in
the host’s defence generally show a high degree of polymorphism, supporting the idea
that time-lagged frequency-dependent selection is involved in the maintenance of such
polymorphism (Stahl et al., 1999; Bergelson et al., 2001).

Species well suited to testing the parasite hypothesis of sex include those that exhibit
both modes of reproduction – that is, those containing both sexual and asexual females.
Our studies have focused on testing various assumptions of the hypothesis using the New
Zealand freshwater snail Potamopyrgus antipodarum (for a recent review, see Jokela et al., 2003). This
system is particularly valuable for such purposes because parthenogenetic (asexual) females
often co-exist with sexual females in natural populations, such as in Lake Alexandrina on
the South Island of New Zealand. In this paper, we focus on dissecting the underlying
causes of a pattern seen previously in Lake Alexandrina that was congruent with the
parasite hypothesis for sex. Namely, the shallow-water habitats contained a higher propor-
tion of sexual individuals than deeper habitats, and the proportion of sexual individuals
was correlated with the frequency of infection by a castrating trematode, Microphallus sp.
(Jokela and Lively, 1995a, 1995b; Jokela et al., 2003).

One possible explanation for the observed pattern of sex and infection in the shallow-
water habitat follows from the behaviour of the main definitive hosts for the parasites:
ducks (Anas superciliosa and A. platyrhynchos). The parasites have to be ingested by ducks
to complete the life cycle, and since ducks do not forage in the deep habitats [> 4 m (J. Jokela

and C.M. Lively, personal observations)], it is possible that the cycling of the parasites, which is a
prerequisite for co-evolution to occur, is confined to the shallow habitats of the lake (Lively

and Jokela, 1996). Hence, the parasites might be locally adapted to infect the shallow-water host
genotypes, which are known from genetic data to differ from the conspecific host genotypes
in deeper water (Fox et al., 1996). Two previous experiments have suggested that such small-scale
local adaptation might exist in Lake Alexandrina: we found that shallow-water snails were
more susceptible to infection than deep-water snails by parasites collected from both loca-
tions (Lively and Jokela, 1996; Krist et al., 2000). We refer to this hypothesis as the ‘co-evolutionary
hotspot hypothesis’.

In contrast, inherent differences in susceptibility may exist along the shallow–deep cline.
Thus the greater frequency of infection in the shallow water may reflect greater frequency of
more susceptible individuals in the shallow water (the ‘inherent susceptibility hypothesis’).
In the present paper, we contrast these two hypotheses by including two remote sources
of parasites in the experimental design. If there are inherent differences in susceptibility
along the shallow–deep cline, then the remote sources of parasites should show the
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same pattern of infection as the local sources of parasites (i.e. there should be no
host-source × parasite-source interaction). Conversely, if the local parasites are specifically
adapted to the shallow-water hosts, then an interaction effect should be observed such that
the local parasites are more infective to shallow-water hosts, relative to the deep-water hosts,
compared with the remote (non-co-evolving) sources of parasites.

MATERIALS AND METHODS

Study system

Potamopyrgus antipodarum is a common freshwater Prosobranch snail that is found in most
freshwater habitats of New Zealand (Winterbourn, 1969, 1970; Timms, 1982; Lively, 1987; Winterbourn and

Fegley, 1989; Scott et al., 1994). Sexual snails are gonochoristic (populations have both female and
male individuals) and diploid, while parthenogenetic clonal females are triploid (Wallace, 1992;

Dybdahl and Lively, 1995). Population genetic studies indicate that clonal snails originate from
the local sexual population, because clones possess the same population-specific alleles as
sympatric sexual individuals (Dybdahl and Lively, 1995). We do not know how frequently new
clonal genotypes emerge, but clonal diversity is generally high in the studied populations
(Dybdahl and Lively, 1995, 1998; Jokela et al., 1999). For example, in studies of Lake Alexandrina,
150 multi-locus genotypes were identified in a sample of 650 clonal snails (Fox et al., 1996).

Given that the clones emerge from the local sexual population, it is not surprising
that they resemble the sexuals with respect to life-history traits (Jokela et al., 1997b). The key
characteristic of the system is that sympatric sexual and clonal females seem to be ecologic-
ally very similar in all respects other than production of males; holding habitat constant, the
sexuals and asexual snails mature at the same size, produce the same number of brooded
embryos, and show equal rates of egg abortion (Jokela et al., 1997a). Therefore, everything else
being equal, the parthenogens would seem to have the expected two-fold advantage of not
producing males, and they should rapidly replace the sexuals.

Microphallus sp. is the most common parasite species infecting Potamopyrgus antipo-
darum. This undescribed trematode invades the snails when they ingest tiny 6-µm eggs
of the parasite (Lively and McKenzie, 1991). Uncharacteristically for trematodes, the established
parasite develops to metacercarial stage in the gonads of the same host individual. Mature
infections produce up to several thousand cysts (metacercariae) that are tightly packed
in the spire of the snail. The species is not formally described, but genetic data (isozyme
studies) unequivocally demonstrate that the parasite populations from the South Island
lakes that we study are part of a single species, not several related subspecies (Dybdahl and Lively,

1996). The same genetic data unequivocally show that each infected snail generally carries
only one parasite genotype; that is, all metacercarial cysts in the snail are genetically
identical clones (Dybdahl and Lively, 1996). The parasite completely sterilizes both male and
female snails. In the laboratory, this terminal stage of infection is reached within 8–12 weeks
(Lively and McKenzie, 1991; Krist et al., 2004).

The natural definitive hosts of Microphallus are dabbling ducks and wading birds.
However, in our infection experiments, we have replaced the definitive host with mice
(Lively and McKenzie, 1991). Adult worms are very small (about 20 µm), and produce eggs in the
host’s gut within a few days.
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Lake Alexandrina

Lake Alexandrina is a subalpine, shallow (maximum depth 20 m), mesotrophic, glacial
lake on the South Island of New Zealand. Hydrology, aquatic vegetation, and benthic
invertebrate populations of the lake are well studied (Timms, 1982; Ward and Talbot, 1984; Talbot and

Ward, 1987; Rorslett et al., 1996). Special features of this mostly spring-fed lake are its small run-off,
stable water level, and homeothermic conditions year round (no vertical temperature
stratification) (Ward and Talbot, 1984). The lake is homeothermic due to strong winds that blow
east from the main divide of the Southern Alps (Ward and Talbot, 1984); the distance to the main
divide is less than 20 km. Littoral habitats are arranged in distinct depth-specific vegetation
zones that ring the lake (Ward and Talbot, 1984). In our earlier studies, we sampled six of these
habitat types ranging from shallow shore bank (0–0.5 m) to deep mud (10–12 m) (Jokela and

Lively, 1995a). In the present study, we focus on the three main habitat zones: (1) shallow shore
bank (0–0.5 m, mainly willow roots), (2) Isoetes kirkii macrophyte zone (1–2.5 m), and (3)
deep macrophytes (5–6 m, mainly Elodea canadensis and Myriophyllum species).

Laboratory infection experiment

We exposed snails collected from three habitats of Lake Alexandrina (shallow, Isoetes,
and deep) to parasites collected from four sources (L. Alexandrina, shallow habitat;
L. Alexandrina, deep habitat; Lake Mapourika; and Lake Paringa). All three lakes are on
the South Island of New Zealand. Lake Alexandrina is on the east side of the Southern
Alps, whereas the other two lakes are on the west side of the Southern Alps.

Parasite eggs were produced as follows. We dissected field-collected infected snails from
each habitat, and from each outside source. We designated three mice per parasite source,
and fed the metacercariae of 25–40 infected snails to each of these mice. The total number
of source infections split among the three mice per source varied by source; the total was
greater for Paringa (n = 106) and Mapourika (n = 105) than for both the shallow (n = 75)
and deep (n = 75) sources of infection from Lake Alexandrina. At 48 h post-infection, we
began collecting faeces from the mice, and continued collecting for 2 days. The faeces were
dissolved in water to prevent drying. Two-thirds of the water in the containers was changed
twice daily to prevent anoxia and rotting of the eggs. Before exposure, faeces from the three
mice that received eggs from the same source were pooled. On day 5 post-infection,
we exposed the parasite eggs to snails by pouring the faeces directly into snail containers.
Snails were allowed to forage on the sludge for 2 weeks. The snails were then transported to
Indiana University.

These host–parasite combinations were each replicated 4–5 times in 2-litre containers
(except the Isoetes host combined with the no-parasite control, which had 3 replicates).
Total number of containers was 73. We allocated 70 snails to each container; and each
container contained about one litre of water. The target snails came from very large
collections (> 20,000 individuals) in the shallow, Isoetes, and deep habitats of the south-
western end of the lake. We chose to use even-sized juvenile snails as targets (see Krist and Lively,

1998). These juveniles were separated from the adults using sieves. Snails that remained on the
1.4-mm sieve, but went through a 2-mm sieve, were used in the experiment. These snails
were fed Spirulina powder ad libitum for 2 weeks before parasite exposure.

Using the same methodology, we also included control replicates for each host source.
The controls were similar, except that the snails were exposed to equal quantities of mouse
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faeces (treated in the same way) that did not contain parasite eggs. These controls allowed
us to compare the level of background infections (those obtained in the field, before the
experimental exposures) among host sources. Normally, there are more infections in the
shallow-water sources of snails (Jokela and Lively, 1995b), but in the present experiment
background infections were more prevalent in the Isoetes habitat (mean = 0.117, standard
deviation = 0.042; n = 3) than in the shallow-water habitat (mean = 0.072, standard
deviation = 0.049) or in the deep habitat (mean = 0.042, standard deviation = 0.034; n = 5).
The difference, however, was not significant (F2,10 = 2.930; P = 0.10; n = 5). The controls
were thus omitted from the final analysis comparing different host sources crossed by
different parasite sources.

At 3 months post-exposure, the snails were dissected and scored for parasite infection.
Survival during the exposure was assessed as number of snails alive. In this type of
experimental design, the containers were the experimental unit. We used standard factorial
analyses of variance (ANOVAs) to test for differences in prevalence of infection and
survival among the treatment groups. Host and parasite source were treated as random
factors in all ANOVAs. We also used orthogonal contrasts (1) to compare the prevalence of
infection across habitats within each parasite source, and (2) to compare the means of each
parasite source. The analyses were performed on untransformed data, as the variances were
not significantly different (Levine statistic = 1.715, d.f. = 11, 44, P = 0.101).

RESULTS

We found a highly significant effect on infection for the source of hosts as well as for the
source of parasites (Table 1). However, in direct conflict with expectation under the hotspot
hypothesis, the interaction effect was not significant (Table 1). Instead, the results showed
similar patterns for infection prevalence for each of the parasite sources (Fig. 1). For
example, within each source of parasites, the mean prevalence of infection was greater
in the shallow-water hosts than in the other two host sources, but the difference was only
statistically significant between the shallow and deep hosts (Table 2).

We also constructed linear contrasts to compare the shallow source of parasites to each
of the other sources of parasites, and in all cases the results were statistically significant.
Specifically, the shallow-water parasites from Lake Alexandrina were more infective
(averaged over all three habitat types) than the deep-water parasites from Lake Alexandrina
(t44 = 2.979; P = 0.005), the parasites from Lake Mapourika (t44 = 10.885; P < 0.001), and
the parasites from Lake Paringa (t44 = 5.928; P < 0.001). These results suggest that the
parasites from the shallow water are better adapted to the Lake Alexandrina population as

Table 1. Results of ANOVA for prevalence of infection with respect to
host group and parasite source in an experiment addressing habitat-specific
local adaptation

Source of variation d.f. MS F P

Host 2 0.175 74.96 <0.001
Parasite source 3 0.353 151.55 <0.001
Host × parasite source 6 0.002 0.34 0.915
Error 44 0.007
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Fig. 1. Frequency of Microphallus infection by treatment. ‘Shallow’, ‘Isoetes’, and ‘Deep’ refer to
corresponding depth-specific habitat zones of Lake Alexandrina. Error bars indicate ± 1 standard
error. Shaded symbols represent the sympatric source of parasites (Lake Alexandrina): circles show
the data for the shallow-water source of parasites, and diamonds show the data for the deep-water
source of parasites. Open symbols show the data for allopatric source of parasites: squares show the
data for parasites collected from Lake Paringa, and triangles show the data for parasites collected
from Lake Mapourika.

Table 2. Mean infection prevalence and standard errors (SE) for the infection experiment

Parasite source Host source N Mean
Standard

error t-value P

Shallow Shallow 4 0.509 0.030
Isoetes 4 0.456 0.035 1.027 0.310
Deep 5 0.351 0.025 3.187 0.003

Deep Shallow 5 0.414 0.041
Isoetes 5 0.376 0.055 0.808 0.424
Deep 5 0.275 0.022 2.974 0.002

Mapourika Shallow 5 0.211 0.047
Isoetes 5 0.130 0.019 1.739 0.089
Deep 5 0.056 0.014 3.311 0.001

Paringa Shallow 4 0.340 0.034
Isoetes 4 0.282 0.043 1.275 0.209
Deep 5 0.165 0.019 3.698 0.001

Note: The t-values and the corresponding probability (P) values are derived from linear contrasts between
the shallow-host source and either the Isoetes- or deep-host source, nested within each parasite source. For
example, the first t-value (1.027) gives the test statistic comparing the mean of the shallow host (0.509) with the
mean of the Isoetes host (0.456) following exposure to the shallow source of the parasite (d.f. = 44 for all
comparisons).
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a whole (i.e. across all habitats) than are the deep-water parasites and the remote sources of
parasites.

DISCUSSION

We found no evidence to support the hotspot hypothesis. More specifically, we found no
significant interaction between parasite source and host source on infection, which might
have been indicative of a co-evolutionary hotspot in the shallow water, at least when
compared with the deep water. Surprisingly, the difference in prevalence of infection
between host sources was remarkably consistent across all four sources of parasites
(Table 2). The results are consistent, however, with the hypothesis that there is an inherent
cline in susceptibility to infection from shallow to deep in Lake Alexandrina. Across all
parasite sources, the shallow-water snails were more susceptible than the deep-water snails
to experimental infection by Microphallus (Fig. 1; Table 2). The mechanism underlying this
result is not known.

Although the co-evolutionary hotspot hypothesis is unsupported by the data, this does
not imply that co-evolution is not occurring at the level of the lake. Indeed, the local sources
of parasites were more infective across all host-habitat sources than the remote sources of
parasites, showing local adaptation at the level of the lake. This result is consistent with
previous cross-infection experiments, which tend to show very strong local adaptation by
Microphallus in several independent experiments (see review in Lively et al., 2004).

In addition, we found that the shallow-water source of parasites is significantly more
infective than the deep-water source of parasites on snails from the same lake, which is
consistent with two previous studies (Lively and Jokela, 1996; Krist et al., 2000). But it is now apparent
that this pattern is not necessarily a consequence of a co-evolutionary hotspot in the
shallow water. Why, then, are the shallow parasites more infective? It may be, as we
suggested earlier, that parasites in the deep water have entered an ecological sink, in the
sense that they are less likely to be consumed by ducks and hence less likely to complete
their life cycles. As such, deep-water infections may be further behind in the co-evolutionary
chase that is going on within the lake. This could occur, for example, if the infections in the
deeper water are generally older than the infections in the shallow water. This hypothesis is
similar to our previous suggestion, except it does not necessarily lead to a co-evolutionary
hotspot in shallow water. An alternative explanation is that parasites from the deep-water
snails are less infective simply because they are older, and the parasites are less likely to
excyst and reproduce in the vertebrate host.

In summary, the shallow-to-deep cline in infection did not result from a co-evolutionary
hotspot in the shallow water in this instance. We cannot rule out the possibility that such
hotspots might occur at different locations in the lake, or at different times at the same
locations. But the cline itself does not require the existence of a shallow-water hotspot.
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