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abstract: Understanding how sexual and asexual forms of the same
species coexist is a challenge for evolutionary biology. The Red Queen
hypothesis predicts that sex is favored by parasite-mediated selection
against common asexual genotypes, leading to the coexistence of
sexual and asexual hosts. In a geographic mosaic, where the risk of
infection varies in space, the theory also predicts that sexual repro-
duction would be positively correlated with disease prevalence. We
tested this hypothesis in lake populations of a New Zealand fresh-
water snail, Potamopyrgus antipodarum, by comparing pairwise dif-
ference matrices for infection frequency and male frequency using
partial Mantel tests. We conducted the test at three spatial scales:
among lakes on the South Island, among depths within an intensively
sampled lake (Lake Alexandrina), and within depths at Lake Alex-
andrina. We found that the difference in infection risk and the dif-
ference in the proportion of sexual snails were significantly and pos-
itively correlated at all spatial scales. Our results thus suggest that
parasite-mediated selection contributes to the long-term coexistence
of sexual and asexual individuals in coevolutionary hotspots, and
that the “warmth” of hotspots can vary on small spatial scales.

Keywords: geographic mosaic theory of coevolution, host-parasite
coevolution, Red Queen hypothesis, Mantel test, sexual reproduction.

One of the main aims of coevolutionary studies is to un-
derstand the strength of reciprocal selection over space and
time (Thompson 2005). According to the geographic mosaic
theory of coevolution, spatial and temporal variation in the
strength of selection results in a geographic mosaic con-
taining “hotspots” where interacting species are under re-
ciprocal selection, and “coldspots” where selection is weak,
absent, or not fully reciprocal (Thompson and Cunningham
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2002; Forde et al. 2004; Thompson 2005; Laine 2006; Smith
and Benkman 2007; Hanifin and Brodie 2008; Nash et al.
2008). The Red Queen hypothesis for the maintenance of
sexual reproduction fits nicely into this framework provided
there is geographic variation for the presence and/or
strength of parasite-mediated selection against common
host genotypes. Here, the prediction is that genetically di-
verse populations would be more likely to occur in geo-
graphic locations subject to predictable exposure to co-
evolving parasites, whereas parasite-free populations (or
populations where the coevolutionary loop is blocked)
would be expected to have reduced genetic diversity. If the
selection imposed by coevolving parasites is sufficiently
strong, then sexual reproduction can be favored over asexual
reproduction (Jaenike 1978; Bell 1982; Hamilton 1982),
even when there is a twofold cost of sex (Maynard Smith
1971, 1978; Williams 1975; Lively and Lloyd 1990). Hence,
for species where asexual reproduction is possible, the ex-
pectation under the Red Queen hypothesis is that sexual
reproduction would be more common in host populations
engaged in coevolutionary interactions with virulent para-
sites, and asexual hosts would be more likely to occur in
populations in which such interactions are not occurring
(Hamilton 1980; Lloyd 1980). Empirical studies to date gen-
erally support this prediction (Glesener and Tilman 1978;
Bell 1982; Burt and Bell 1987; Lively 1987; Lively and Jokela
2002), as well as other key assumptions of the Red Queen
hypothesis (Busch et al. 2004; Decaestecker et al. 2007; Wol-
inska and Spaak 2009; Duneau et al. 2011; Luijckx et al.
2011). If instead sex is beneficial for reasons that are in-
dependent of coevolutionary interactions, no such associ-
ation is expected.

The freshwater snail Potamopyrgus antipodarum is a use-
ful organism to test these ideas, because geographically
isolated populations vary in the frequencies of sexual and
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Figure 1: Map of the South Island of New Zealand showing the
location of the 15 lakes sampled for this study.

Table 1: Among-lakes generalized linear mixed model of variation in male
frequency with respect to sampling depth (fixed factor), sampling year, and
sampling site in the seven lakes included in the analysis

F df1 df2 P

Fixed effect:
Depth 69.90 2 11,202 !.001

Estimate t value df Adjusted P

Pairwise contrast:
Shallow-midwater .082 7.19 253 !.001
Shallow-deep .092 8.21 144 !.001
Midwater-deep .010 1.37 11,202 .170

Estimate SE P Low, high 95% CI

Random effects:
Year # site (lake) .966 .202 !.001 .641, 1.455

Note: Variation among years and sampling sites in different lakes were fit as a single random

effect. The model was fit using a binomial response and logit link function (AICC 56450, BIC

56457). Significance of pairwise contrast was adjusted for multiple tests using a sequential

Bonferroni correction. CI p confidence interval.

asexual individuals. These snail populations also vary in
the frequency of individuals that are sterilized by digenetic
trematode parasites. Earlier work has shown that isolated
populations having higher levels of infection also tend to
have higher frequency of males (Lively 1987; Lively and
Jokela 2002); this result holds whether or not males are
included in the estimates of prevalence, suggesting that the
pattern is not driven by overinfection of males (Lively
2001). Additional studies have shown further that a com-
mon trematode species, Microphallus, rapidly evolves to
infect the most common local clonal lineages in two dif-
ferent field populations (Dybdahl and Lively 1998; Jokela
et al. 2009), as well as in a controlled laboratory experi-
ment (Koskella and Lively 2009). Here we present a more

extensive and general test for a geographic mosaic in se-
lection for sex by examining the frequency of infection
and the frequency of sexually reproducing snails among
samples collected across multiple spatial scales, which in-
clude much of the ecological variability present in the
range of the interacting species. The results are consistent
with a parasite-mediated, geographic mosaic of sex.

Material and Methods

Study System

Potamopyrgus antipodarum is a freshwater snail, which is
native to New Zealand. Populations of this snail include
either diploid, dioecious, sexual individuals or triploid, asex-
ual females, or variable mixtures of both (Phillips and Lam-
bert 1989; Wallace 1992; Dybdahl and Lively 1995). In ad-
dition, genetic data indicate that the triploid asexual females
are derived from the local sexual populations, where sexual
and asexual females coexist (Dybdahl and Lively 1995; Nei-
man et al. 2005). Potamopyrgus antipodarum also serves as
a first intermediate host for at least 14 different parasite
species, of which the sterilizing trematode Microphallus sp.
is the most common in lake populations (Winterbourn
1974; Lively 1987; Hechinger 2012). In the well-studied pop-
ulation of Lake Alexandrina, both the prevalence of Micro-
phallus infection and the proportion of sexual individuals
declines with depth (Jokela and Lively 1995b), and these
depth-specific clines have persisted for at least 2 decades
(Jokela et al. 2009). A likely explanation for the association
between high sex and infection in shallow habitats is that
the final hosts for the parasite, waterfowl, often forage in
shallow and mid-depth waters, but not in deeper areas
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Table 2: Among-lakes generalized linear mixed model of variation in prev-
alence of Microphallus with respect to sampling depth (fixed factor), sampling
year, and sampling site in the seven lakes included in the analysis

F df1 df2 P

Fixed effects:
Depth 12.31 2 8,408 !.001

Estimate t value df Adjusted P

Pairwise contrast:
Shallow–midwater .004 .56 6,022 .577
Shallow-deep .026 4.67 342 !.001
Midwater-deep .022 3.14 1,323 .003

Estimate SE P Low, high 95% CI

Random effects:
Year # site (lake) 1.027 .223 !.001 .671, 1.572

Note: Variation among years and sampling sites in different lakes were fit as a single random

effect. The model was fit using a binomial response and logit link function (AICC 69985,

BIC 69992). Significance of pairwise contrast was adjusted for multiple tests using a sequential

Bonferroni correction. CI p confidence interval.

Spearman’s ρ = 0.317, n = 103, p = 0.001
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Figure 2: Scatterplot for the predicted values of male frequency against the predicted values for Microphallus prevalence for seven lakes on
the South Island of New Zealand. The predicted values were calculated using generalized linear mixed models with binomial errors and
logit-link function (see “Material and Methods”).

(Jokela and Lively 1995b). Thus, parasites infecting snails
in the shallow-water margins of the lake are more likely to
be consumed by waterfowl, which is required for completion
of the parasite’s life cycle. Parasite eggs deposited in deeper
parts of the lake can be ingested by snails, but infected snails

in deep areas are much less likely to be eaten by birds, thus
breaking the coevolutionary loop. Direct experimental evi-
dence for the idea that the shallow-water margins of lakes
are coevolutionary hotspots is presented in King et al. (2009;
2011).
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Table 3: Within-Lake Alexandrina generalized linear mixed model of var-
iation in male frequency with respect to sampling depth (fixed factor, three
depths) and sampling site (20 shallow sites, 17 of those sampled also in
midwater, and 15 in deep)

F df1 df2 P

Fixed effect:
Depth 22.96 2 49 !.001

Estimate t value df Adjusted P

Pairwise contrast:
Shallow-midwater .083 4.51 39 !.001
Shallow-deep .112 6.44 41 !.001
Midwater-deep .029 2.13 56 .038

Estimate SE P Low, high 95% CI

Random effects:
Depth # site .139 .050 .005 .069, .281

Note: Variation among samples was fit by including the depth # site interaction as a

single random effect. The model was fit using a binomial response and logit link function

(AICC 27591, BIC 27598). Significance of pairwise contrast was adjusted for multiple

tests using a sequential Bonferroni correction. CI p confidence interval.

Table 4: Within-lake Alexandrina generalized linear mixed model of variation
in prevalence of Microphallus infection with respect to sampling depth (fixed
factor, three depths) and sampling site (20 shallow sites, 17 of those sampled
also in midwater, and 15 in deep)

F df1 df2 P

Fixed effect:
Corrected model 47.45 3 82 !.001
Depth 22.96 2 49 !.001
Snail length 97.23 1 5,347 !.001

Estimate t value df Adjusted P

Pairwise contrast:
Shallow-midwater .157 3.85 37 .001
Shallow-deep .176 4.40 37 !.001
Midwater-deep .019 2.29 53 .026

Estimate SE P Low, high 95% CI

Random effects:
Depth # site 1.310 .332 !.001 .796, 2.154

Note: Length of individual snails was used as a covariate; the significant result shows that

the prevalence of infection increases with snail size. Variation among samples was fit by

including depth # site interaction as a single random effect. The model was fit using a

binomial response and logit link function (AICC 33340, BIC 33347). Significance of pairwise

contrast was adjusted for multiple tests using a sequential Bonferroni correction. CI p
confidence interval.

Data Collection

We analyzed samples collected between 1985 and 2011
from 15 lakes on the South Island of New Zealand (fig.
1, table A1; tables A1–A3 available online). The data set
includes 219 random samples totaling 22,794 dissected
snail individuals. For each snail, we determined the gender,
size, and parasite infection status. In 10 lakes, we sampled

three depths, shallow (!1 m), midwater (1–3 m) and deep
(14 m); for the other five lakes, we sampled only the
shallow and deep regions (table A1). Some of the data
came from previous studies, but the majority of the data
are reported here for the first time (table A1). Our data
are available from the Dryad Digital Repository, http://
dx.doi.org/10.5061/dryad.7341c; Vergara et al. 2013.

This content downloaded from 152.088.140.143 on September 11, 2019 06:15:40 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

http://dx.doi.org/10.5061/dryad.7341c
http://dx.doi.org/10.5061/dryad.7341c


Spearman’s ρ = 0.806, n = 52, p < 0.001
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Figure 3: Scatterplot for the predicted values of male frequency against the predicted values for Microphallus prevalence among sites for
three habitats (shallow, mid-depth, deep) within Lake Alexandrina. The predicted values were calculated using generalized linear mixed
models with binomial errors and logit-link function (see “Material and Methods”).
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Figure 4: Pairwise comparisons among lakes. Pairwise difference in percent males (Y-axis), against the pairwise difference in percent
Microphallus infection (X-axis), in the shallow, mid-depth, and deep habitats for every sample from 14 lakes. Each point represents a pairwise
difference between each year, site, and depth from every lake (N p 167 samples).
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Figure 5: Pairwise comparisons within Lake Alexandrina. Pairwise differences in percent males (Y-axis), against the pairwise difference in
percent Microphallus infections (X-axis), including all sites from the shallow (20 sites), mid-depth (17 sites), and deep (15 sites) habitats.

Data Analysis

In the first set of analyses, we examined variation in male
frequency and the prevalence of infection using generalized
linear mixed models (GLMMs), where our aim was to test
the hypothesis that shallow-water habitats are coevolu-
tionary hotspots. We analyzed both (1) among-lake var-
iation and (2) within-lake variation among sites at Lake
Alexandrina. For both spatial scales, we fit a GLMM pre-
dicting the probability of observing a male and another
GLMM predicting probabilities of observing a Micro-
phallus infection correcting for random effects (e.g. lake
identity, sampling site, sampling year).

In the among-lakes GLMMs, we included lakes where
sexual and asexual snails coexist and for which we had
samples from three depths (7 out of the 15 lakes, table
A1). In these models, we used sampling depth (shallow,
midwater, deep) as a fixed factor, and the interaction be-
tween year and sampling site nested within lake as a ran-
dom factor, which fits a random effect for each year #
site combination (65 random effects). After fitting the
GLMMs, we then calculated the Spearman correlation
coefficient between predicted male frequency and pre-
dicted Microphallus prevalence.

We analyzed samples from Lake Alexandrina separately.
In the year 2000, we sampled 20 sites for shallow, 17 for
midwater, and 15 for deep and were therefore able to
conduct a detailed analysis of within-lake patterns in male
frequency and the frequency of Microphallus infection. In
this analysis, we included the sampling site # depth in-
teraction (sample location) as a random factor, and we

used depth as a fixed factor. In addition, we used snail
shell length as a covariate in the analysis of the frequency
of Microphallus infection. As above, we used the Spearman
rank correlation to test for an association between pre-
dicted male frequency and predicted prevalence of infec-
tion. GLMM analyses were conducted using GENLIN-
MIXED procedure of IBM SPSS statistics, version 19.

In the second set of analyses, we used partial Mantel
tests to examine the correlation between male frequency
and the prevalence of Microphallus infection among lakes,
while correcting for the geographic distance between the
lakes. More specifically, we examined the correlation be-
tween the matrix of male frequencies and the matrix of
infection prevalence, correcting for the matrix of geo-
graphic distances between samples, using the “vegan”
package in R software (Oksanen et al. 2013). We included
all samples from all years that were available from all lakes,
except Lake Alexandrina, which we analyzed separately.
For the within-lake analysis of Lake Alexandrina, we first
examined the correlation between the matrix of male fre-
quency and the matrix of infection prevalence, correcting
for distance (using the partial mantel test) across all sites
and depths. We then conducted the same test separately
within each of the three depth habitats.

Results

Using the GLMM, we found that the shallow-water mar-
gins of lakes had a significantly higher frequency of males
than the midwater and deep habitats (mean � SE:
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Figure 6: Pairwise comparisons within the three depth-related hab-
itats of Lake Alexandrina. Each of the panels shows the pairwise
difference in percent males (Y-axis) against the pairwise difference
in percent Microphallus infections (X-axis) for the different depths
(habitats) sampled. A, shallow (20 sites); B, mid-depth (17 sites);
and C, deep (15 sites).

vs. and , re-17.5% � 1.9% 9.4% � 1.2% 8.3% � 1.1%
spectively, for shallow, midwater, and deep samples; table
1). We also found that prevalence of Microphallus infec-
tions was higher in shallow and midwater regions than in
the deep habitats of the lakes (mean � SE: 4.8% �

, and , respectively, for0.7% 4.4% � 0.8% 2.2% � 0.4%
shallow, midwater, and deep samples; table 2). The same

result was obtained for the shallow-deep comparison when
males were excluded from the analysis (table A2); thus,
the overall pattern is not driven by differential male sus-
ceptibility. The correlation between the predicted values
of male frequency and Microphallus prevalence was pos-
itive and statistically significant (Spearman’s ,r p 0.317

, , fig. 2), and the result held whetherN p 103 P p .001
or not males were included in the estimates of infection
prevalence (Spearman’s , , ).r p 0.340 N p 103 P p .001
These findings indicate that the shallow regions of lakes
have a higher male frequency as well as a higher Micro-
phallus prevalence. They also show that male frequency
and Microphallus prevalence are positively correlated as
predicted by the coevolutionary hotspot/Red Queen
hypothesis.

Analysis among sites and habitats within Lake Alex-
andrina yielded similar results, suggesting that the shallow-
water habitats are coevolutionary hotspots on both large
and small geographic scales. Male frequency in the shallow
habitat was almost twofold greater than that of the mid-
water habitat (mean � SE: vs.18.0% � 1.5% 9.7% �

, respectively, for shallow and midwater; table 3). The1.1%
difference was even greater between the shallow and deep
habitats ( in shallow vs. in18.0% � 1.5% 6.7% � 0.9%
deep). For Microphallus prevalence, the difference between
shallow and the two other depths was more than fivefold
(length-adjusted mean � SE: ,18.3% � 4.0% 2.6% �

, and , respectively, for shallow, mid-0.8% 0.7% � 0.3%
water, and deep samples; table 4). Virtually the same result
was obtained when males were excluded from the prev-
alence estimate (table A3). As for the above analysis among
lakes, the correlation between predicted male frequency
and predicted prevalence of Microphallus infection was
positive and statistically significant (Spearman’s r p

, , ; fig. 3). The result also held when0.806 n p 52 P ! .001
males were removed from the estimates of infection prev-
alence (Spearman’s , , ).r p 0.808 N p 52 P ! .001

The partial Mantel test for all samples ( ) col-N p 167
lected from 14 lakes showed that even when the variation
among years, as well as sampling sites and sampling depth
were not included in the analysis, male frequency and the
prevalence of Microphallus infection were positively cor-
related ( , , correcting for geographicr p 0.3282 P ! .001
distance; fig. 4), even when males were excluded from the
estimates of infection prevalence ( , ).r p 0.3505 P ! .001
When we pooled the samples within each of the different
habitats for all 15 lakes (including Lake Alexandrina) from
each year and site, we also observed a significant and pos-
itive correlation ( , , correcting for geo-r p 0.339 P ! .005
graphic distance; fig. A1, available online). The same result
was obtained when males were not included in the esti-
mates of infection prevalence ( , ).r p 0.347 P ! .005

The partial Mantel test for the within Lake Alexandrina
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samples ( ) showed an even stronger positive cor-N p 52
relation between male frequency and Microphallus prev-
alence ( , , correcting for geographic dis-r p 0.543 P ! .005
tance; fig. 5; when males were excluded from estimates of
prevalence: , ). When we separately an-r p 0.508 P ! .005
alyzed the samples from each depth of Lake Alexandrina,
we found that the correlation between male frequency and
infection prevalence was positive and statistically signifi-
cant in both the shallow and midwater habitats but not
in the deep habitat ( , ; ,r p 0.362 P ! .005 r p 0.653 P !

; , , respectively, for shallow, mid-.005 r p �0.15 P p .920
water, and deep habitats; fig. 6). The results were essentially
identical when males are removed from the estimates of
infection prevalence ( , ; ,r p 0.351 P ! .005 r p 0.572 P !

; , , respectively). Thus, for all.005 r p �0.083 P p .838
the analyses, the patterns that we observed within and
among lakes cannot be explained by differential suscep-
tibility of male and female hosts.

Discussion

We evaluated the confluence between the Red Queen hy-
pothesis and the geographic mosaic theory of coevolution
by examining the differences in prevalence of infection
and the frequency of males at different spatial scales. These
spatial scales covered a range of depths within and between
lake populations of the New Zealand snail, Potamopyrgus
antipodarum. Using partial Mantel tests, we observed
whether, independent of the geographic distance, there was
a positive correlation between the difference in infection
frequency and the difference in male frequency as pre-
dicted by the parasite hypothesis for sex.

Taking together the analysis of 14 New Zealand lakes
and specifically of Lake Alexandrina, we found that the
pattern of parasitism and sexual reproduction holds over
large and small geographic scales. The comparison within
similar depths strengthens our argument that the differ-
ence in percent Microphallus infection is positively and
significantly related to the difference in percent males, in-
dependent of depth differences per se (fig. 4). The inde-
pendent analyses of the three different depths in Lake Al-
exandrina support the idea that the shallow and mid-depth
are regions where coevolutionary interactions are occur-
ring, while the deep habitat appears to be a coevolutionary
coldspot (fig. 6). This finding supports studies showing
that sexual reproduction should be found in regions where
hosts are engaged in coevolutionary interactions with vir-
ulent parasites, while parthenogenetic reproduction should
dominate regions where the parasite burden is low (Gle-
sener and Tilman 1978; Hamilton 1980, 1982; Lloyd 1980;
Lively 1992; Lively and Jokela 2002). These results also
suggest that geographic distance, as such, does not play a
major role in explaining the pattern of male presence. On

the other hand, parasites do play a role in explaining the
frequency of males independent of the geographic
location.

According to the geographic mosaic theory of coevo-
lution, variation in the strength of selection generates mo-
saics of coevolutionary hotspots and coldspots across land-
scapes (Thompson 1994, 1999, 2005). The geographic
mosaic theory of coevolution is supported by empirical
studies showing that selection intensity changes in mag-
nitude between coldspots and hotspots (Forde et al. 2004;
Smith and Benkman 2007; Hanifin and Brodie 2008; Nash
et al. 2008; Smith et al. 2011) and that the mosaic can
occur at small spatial scales (Laine 2006). The geographic
mosaic theory of coevolution also predicts that coevolved
traits can show clines across landscapes (Thompson 1999).
Previous work in Lake Alexandrina showed a correlation
between the frequency of males and the prevalence of Mi-
crophallus infections in the shallow and deep regions of
the lake (Jokela and Lively 1995a; Jokela et al. 2009; King
et al. 2009, 2011). Here we show that even among different
sites in the same lake, and at the same depth, the predicted
pattern exists between male frequency and prevalence of
infection, suggesting that a coevolutionary mosaic can exist
in the face of migration on very small spatial scales (fig.
6). In other words, there seems to be variation in the
“warmth” of the hotspots.

In conclusion, the results show that the pairwise dif-
ference in the percentage of sexual individuals is positively
and significantly correlated with the pairwise difference in
percent infection by a highly virulent parasite. This positive
correlation was found at various spatial scales: across lakes
on the South Island of New Zealand, as well as among
and within the different depths of Lake Alexandrina. These
results, suggest that, regardless of the geographic scale, the
difference in parasite prevalence explains the difference in
sexual reproduction, which is consistent with the Red
Queen hypothesis.
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