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Abstract

The dilution effect can occur by a range of mechanisms and results in reduced parasite
prevalence in host taxa. In invaded ecosystems, the dilution effect can benefit native spe-
cies if non-native species, acting as resistant or less competent hosts, reduce rates of para-
sitic infections in native species. In field experiments, we assessed whether manipulating
biomass of the non-native snail, Potamopyrgus antipodarum, caused a dilution effect by
reducing trematode infections in three taxa of native snails. In contrast to many studies
showing resistant or less competent non-native hosts can “dilute” or reduce infection rates,
we found no evidence for a dilution effect reducing infection rates of any of the native snails.
We suggest that a dilution effect may not have occurred because most trematode taxa are
highly host specific, and thus the trematode transmission stages did not recognize the inva-
sive snail as a possible host. In this case, community composition appears to be important
in influencing the dilution effect.

Introduction

Interactions between parasites and non-native and native hosts can have diverse outcomes.
Non-native species can bring novel parasites to native hosts [1-3], serve as reservoirs for native
parasites [1, 2], or reduce infection rates in a native species by acting as resistant, less compe-
tent, or decoy hosts (hereafter: less competent hosts) [1, 2, 4, 5]. The latter results in a “dilution
effect.” The dilution effect, a reduction of parasite prevalence with increasing host diversity,
can be caused by diverse mechanisms broadly ranging from changes in native biodiversity to
the introduction of non-native species [1, 5]. The effects of a non-native on parasite prevalence
in the primary host can be direct or indirect. In parasites with free-living transmission stages,
the most direct effect occurs when the parasite transmission stages are removed from the envi-
ronment by penetration of a less competent host, consumption by a predator, or through
chemical or physical interference with the transmission stage [4, 6-12]. Direct effects of the
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dilution effect reducing trematode parasites are widespread. For example, non-native Ameri-
can slipper limpets and Pacific oysters reduce the number of trematodes per infection (infec-
tion load) in a native mussel by serving as an alternative, less competent target for a trematode
transmission stage [6] and a non-native snail can reduce trematode prevalence (infection rate)
in a native snail by consuming parasite eggs [7]. Bivalves, barnacles, shrimp, crabs, amphipods,
and sea anemones can directly consume trematode cercaria [8, 11, 12]. Algae and seaweed can
physically obstruct cercaria [11-13], whereas crabs and shrimp can consume trematode larvae
or physically interfere with larvae transmission [11]. Prevalence of the human trematode para-
site, Schistosoma mansoni, in snail hosts can be reduced by planaria or by planaria-derived
excretions and mucus, alone, suggesting that the exudates alone can kill or disorient trematode
larvae from finding snail hosts [9].

The diversity and species composition of a community can also indirectly affect whether
the dilution effect occurs (i.e. reduce the parasite prevalence in a primary host species) [14-
16]. For example, more diverse communities can have fewer diseases and parasites [14], and
increased diversity of vertebrate hosts can decrease disease prevalence in mammals that are
hosts of the tick-transmitted bacterium which causes Lyme Disease [17, 18]. Prevalence of
Lyme Disease falls with increasing proportions of incompetent and non-transmitting hosts
(squirrels and shrews; [18]). In general, increasing species richness in a community can reduce
prevalence in the most competent hosts by 1) reducing relative abundance of the intended
host [5, 14, 19], 2) causing changes in the behavior of the host or parasite, or 3) by altering the
condition of the host [5, 19].

The dilution effect could play an important role in invasion ecology because non-native
species may reduce prevalence of infection in native species by removing parasite transmission
stages that could otherwise infect natives. This can occur if the parasites “perceive” the non-
native as a potential target, and the non-native is a less competent host than the native [6, 7,
20-23]. Multiple native fish showed substantial decreases in Diplostomum trematode infection
in the St. Lawrence River with the invasion of the round goby [24], and an increase in the
abundance of the invasive bank vole resulted in reduced prevalence of infection by Bartonella
bacteria in two species of wood mouse in Ireland [21]. In addition, in Hawai’i, nematode infec-
tion rates of native and introduced freshwater fishes were lower in sympatry compared to
allopatry [25].

In New Zealand, the freshwater snail, Potamopyrgus antipodarum, is parasitized by at least
18 different trematodes [26] with some populations reaching 80% prevalence (infection rates)
[27]. Yet, Potamopyrgus is very rarely infected with trematodes where it is non-native [28-31],
suggesting that it may be a less competent host to native trematodes. Potamopyrgus also has
the potential to cause a dilution effect for native snail species because it can occur at extremely
high densities where it occurs as a non-native (> 600,000 ind/m?) [32]. We conducted field
experiments to determine whether increasing biomass of Potamopyrgus could reduce rates of
trematode parasitism in three taxa of native snails. Because native snails are frequently infected
by castrating trematodes [29, 31], reductions in the prevalence of trematodes in native snails
could have substantial demographic benefits when prevalence rates are consistently high. If
Potamopyrgus dilute trematode infection rates of native snails, we should observe decreasing
trematode prevalence in native snails with increasing biomass of the non-native snail.

Methods and methods
Study site

We conducted field experiments in Polecat Creek in the John D. Rockefeller Jr. Memorial
Parkway in northwest Wyoming. Our study site is just south (within view) of the bridge on
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Grassy Lake Road, approximately 2 km west of Flagg Ranch Resort (UTM coordinates: 12T
525215m E, 4883969m N). Polecat Creek is a geothermally fed stream with relatively stable
summer flows (0.25-0.35 m/s; M. Larson, unpublished data). The stream channel is roughly
16 m wide and entrenched (steep vertical drop-off from shore to creek bottom of approxi-
mately 0.5-1 m) with discharges of < 2 m?®/s (M. Larson, personal observations) [33]. In July
2015, the mean temperature was 20.0° C (+/- 2.13) and mean specific electrical conductivity
was 158.6 pS/cm (+/- 15.0). The streambed at our study site was gravel with large beds of mac-
rophytes. We conducted all field research following guidelines from Grand Teton National
Park (Permit GRTE-2014-SCI-0039 and GRTE-2015-SCI-0042).

Snail and trematode assemblages

Five native snails co-occur with Potamopyrgus at our study site in Polecat Creek. A single spe-
cies of the family Physidae (Physa sp.) and the family Lymnaeidae (Galba sp.) occur at moderate
densities (S1 Table, M. Larson, personal observations). Two other snails (Planorbidea: Gyraulus
sp. and Planorbella sp.) are less abundant and usually occur along the shoreline on submerged
macrophytes (M. Larson, personal observations). These four species are all pulmonates (air
breathing snails). One native snail, Pyrgulopsis robusta, and the non-native snail, Potamopyrgus,
occur at much higher densities at the field site (S1 Table, M. Larson, personal observations) and
are prosobranchs (gill breathing snails) with harder shells and smaller adult body sizes than the
pulmonate snails. Densities of all of these species vary from year to year and can be patchily dis-
tributed at and near the study site in Polecat Creek (S1 Table). Except for Gyraulus, all the native
snails at our study site are hosts to trematode parasites [29, 31]. For our field experiments, we
assessed the effect of biomass of the non-native snail Potamopyrgus on trematode infection rates
in the three most common native snails Physa, Galba, and Pyrgulopsis.

Trematodes use multiple hosts to complete their life cycles [34, 35]. In freshwater ecosys-
tems, snails (or bivalves) are the first intermediate host and are infected by either penetration of
a free-swimming larval stage (miracidium) or by ingestion of an encapsulated, sessile embryo
[34, 35]. After development of multiple stages and extensive asexual reproduction within the
snail host, free-swimming transmission stages (cercariae) exit the snail host and directly pene-
trate the final or definitive host, encyst in the environment, or encyst in a second intermediate
host [34, 35]. Both free-swimming larval stages (miracidia and cercaria) are short lived in the
environment with most species surviving < 24 hours at temperatures between 20-25° C [34, 36,
37]. No further development or replication of the trematode occurs in the second intermediate
host, which can be a diverse array of animals ranging from zooplankton, insect larvae, amphi-
pods, and mollusks, to fish and amphibians [34, 35]. The definitive, or final host, is always a ver-
tebrate and becomes infected by ingesting the second intermediate host or by direct penetration
of cercariae [34, 35]. Trematodes develop into adults in the definitive host and release sexually
produced embryos into the environment to initiate the life cycle once again [34, 35].

At our study site in Polecat Creek, the prevalence (infection rate) of trematodes varied by
native snail species and between years (Table 1). For example, in July 2015, the prevalence var-
ied from 28.7% to 53.1% in native snails (Table 1). Yet, in 2014 and 2015, we found no trema-
tode infections in the 427 Potamopyrgus that we examined (Table 1), suggesting that these
non-native snails may be resistant or less competent hosts to the native trematodes occurring
in Polecat Creek.

Experimental design

In July 2014 and 2015, we manipulated Potamopyrgus biomass to assess whether this non-
native snail reduced prevalence of trematodes in native snails (caused a dilution effect). We
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Table 1. Trematode infections at the field site. Trematode diversity, cercarial types, and prevalence of infection in snails from a field survey in Polecat Creek during July
2014 and 2015. The snail Potamopyrgus antipodarum is the only non-native snail in this ecosystem (shown in bold).

Year Snail Total Snails Dissected Total Snails Infected Prevalence Trematode Diversity | Trematode Superfamiles *
2014 Galba 42 4 9.5% 1 ALL
Physa 80 5 6.3% 2 PRO; ALL
Pyrgulopsis 226 49 21.7% 1 PRO
Potamopyrgus 136 0 0.0% 0 NA
2015 Galba 90 33 36.7% 2 SCH; ALL
Physa 122 35 28.7% 4 ECH; SCH; PRO; ALL
Pyrgulopsis 49 26 53.1% 2 PRO; ALL
Potamopyrgus 291 0 0.0% 0 NA

* Abbreviations for the trematode Superfamilies: ALL = Allocreadiidea; ECH = Echinostomatidae; PRO = Pronocephaloidea; and SCH = Schistosomatoidae. NA

indicates no infections were found in this snail.

https://doi.org/10.1371/journal.pone.0239762.t001

created three experimental treatments: native snails only (control), native snails with the ambi-
ent biomass of non-native Potamopyrgus, or native snails with high biomass of non-native
snails. We assessed ambient biomass of Potamopyrgus by collecting four quantitative Hess
samples at our study site in Polecat Creek, measuring the length of all non-native Potamogyr-
gus, and calculating the mean ambient biomass using a length-mass regression [37] (2014 =
747.1 [SD +/-2.4] mg/m? 2015 = 2,175.8 mg/m>[SD +/- 456.5]). In 2014, we used the above
calculated biomass (747.1 mg/m?) for the ambient Potamopyrgus biomass treatment, but we
used the ambient biomass of Potamopyrgus from 2009 (Krist et al., in review) (3,522 mg/m?
[SD +/- 3658.2]) as the high Potamopyrgus biomass treatment.

We collected non-native snails with hand sieves. We collected adult native Physa (mean
9.23 mm [SD +/- 1.0] total shell length) and Pyrgulopsis (2014: mean 5.85 mm [SD +/- 0.64];
2015: mean 4.71 mm [SD +/-0.55] total shell length) from our study site at Polecat Creek.
Since Galba is rarer and patchily distributed in Polecat Creek, in 2015, we collected Galba
from the Snake River (into which Polecat Creek drains) at a location approximately 1.7 km
from the experimental site (mean 11.73 [SD +/- 1.62] shell length). To exclude previously
infected snails from our experiment, we assessed whether native snails were infected with
trematodes by placing individuals in 30 mL cups under 60-watt lamps for two hours (this pro-
cedure forces the release of trematode transmission stages, cercariae, from snails). Because
snails with recently acquired infections do not release parasites, we inadvertently included a
small number of infected snails in our experiment. However, because these infected snails
were randomly distributed among replicates, they should not have affected the outcome of
the experiments. We only used adult Potamopyrgus (> 3.0 mm total shell length) in our
experiments.

In 2014, we placed native snails (Physa or Pyrgulopsis) alone (control) or with an ambient
or high biomass of non-native Potamopyrgus into small (144 cm®) and large (289 cm?) experi-
mental chambers (modified square plastic sandwich containers; with mesh windows on the
tops and sides to allow clean, oxygenated water and the infective stage of trematodes into the
chambers). We used two sizes of chambers to increase the likelihood of success because we
were concerned that the amount of water flowing into the small chambers might not be suffi-
cient to transport enough trematode transmission stages to detect a dilution effect. To assess
the dilution effect in Physa, we placed 8 Physa in each small chamber, and 12 in each large
chamber (Table 2). For Pyrgulopsis we placed 10 snails in each small chamber, and 15 in each
large chamber. Using the high biomass of Potamopyrgus (3,522 mg/m? [SD +/- 3658.2]) and
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Table 2. Experimental designs for 2014 and 2015. The native species are Pyrgulopsis, Physa, and Galba, and Potamopyrgus is the non-native. The number of individuals
of each species in each experimental chamber are noted, and the number of replicates of each treatment are in parentheses. The differences between the experimental
designs between the two years were: 1) duration of the experiment in 2014 was 28 days and the duration in 2015 was 12 days, 2) small and large chambers were used in
2014 and only small chambers in 2015, and 3) four replicates per treatment in 2014 and 7-8 in 2015.

2014

Chamber Size Control
Small 10 Pyrgulopsis (4)
Large 15 Pyrgulopsis (4)
Small 8 Physa (4)
Large 12 Physa (4)
2015

Chamber Size Control
Small 11 Pyrgulopsis (7)
Small 8 Galba (8)

https://doi.org/10.1371/journal.pone.0239762.t1002

Treatment
Ambient Potamopyrgus Biomass
10 Pyrgulopsis +36 Potamopyrgus (4)
15 Pyrgulopsis + 57 Potamopyrgus (4)
8 Physa + 36 Potamopyrgus (4)
12 Physa + 57 Potamopyrgus (4)

Ambient Potamopyrgus Biomass
11 Pyrgulopsis + 90 Potamopyrgus (7)
8 Galba + 90 Potamopyrgus (8)

High Potamopyrgus Biomass
10 Pyrgulopsis + 171 Potamopyrgus (4)
15 Pyrgulopsis + 267 Potamopyrgus (4)
8 Physa + 171 Potamopyrgus (4)
12 Physa + 267 Potamopyrgus (4)

High Potamopyrgus Biomass
11 Pyrgulopsis + 180 Potamopyrgus (7)
8 Galba + 180 Potamopyrgus (8)

the area of the experimental chambers, the high biomass treatment was 54.23 mg for small
chambers and 84.5 mg for large chambers. Thus, small chambers had 171 Potamopyrgus (for
the mean shell length of 3.2 mm) and large chambers had 267 snails for the ambient treatments
(Table 2). We haphazardly placed four replicate chambers for each of the three biomass treat-
ments and 2 chamber sizes of Physa in floating platforms (24 chambers), to allow the air
breathing snails access to the surface, and Pyrgulopsis to the stream bottom using bricks as
anchors (24 chambers). Before adding snails to the experimental chambers, we added algae-
covered pebbles from the stream as a food source. Twice a week, we supplemented the food
with fish food pellets (Wardley Precise Portions Goldfish Food) to reduce the likelihood of
parasite-induced mortality which increases with insufficient food [38]. We monitored each
experimental chamber weekly during the four-week experimental period to remove dead
snails, clean screens of silt and debris, and replace algae covered pebbles.

At the end of the experimental period, we transported the surviving native snails (mean

42.5% of Physa and mean 87.0% of Pyrgulopsis; S2 Table) to the University of Wyoming to
assess infection levels among treatments. We housed the snails in a flow through system (com-
plete water changes four times/day) for sixteen weeks, the time required for the trematode par-
asites to develop to a stage that is easily detectable. To ensure that we accounted for all
infections, we 1) monitored mortality three times/week and immediately dissected and mea-
sured the shell length (using calipers) of all dead snails to assess infection status, 2) biweekly
we exposed all snails to light (60-watt lamps for two hours) to force trematode transmission
stages (cercariae) from snails with highly developed infections, and 3) at sixteen weeks, we dis-
sected all remaining snails to determine infection status and measured their shell length.

Because mortality was very high in half of the Physa treatments (S2 Table) and prevalence

was very high in all Pyrgulopsis treatments (Fig 1, S2 Table), we repeated the experiment in
summer 2015 at the same site in Polecat Creek. To reduce mortality, we only used small cham-
bers in the 2015 experiment because snails survived better in small relative to large chambers
(S2 Table), and we used the native snail Galba instead of Physa, because of high mortality of
Physa in 2014 (S2 Table). Because the infection rate was so high in 2014, we were concerned
that we did not observe a dilution effect simply because the presence of so many trematodes
swamped out any possible benefit of the non-native snail. So, to reduce the number of infec-
tions in 2015, we shortened the duration of time that snails were exposed to trematode trans-
mission stages by over 50% (from 28 to 12 days). We also doubled the number of replicates
relative to the first experiment, and, for the ambient biomass treatment, we used ambient levels
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of biomass of Potamopyrgus for 2015 in Polecat Creek and twice that amount for the high
Potamopyrgus biomass treatment. We monitored the experimental chambers every other day
to remove any dead snails and clean silt and debris from the mesh windows. We placed native
snails (8 Galba or 11 Pyrgulopsis: Table 2) alone (control) or with the non-native Potamopyrgus
(at ambient and high biomass) into experimental chambers with algae-covered rocks. Based
on the ambient biomass of Potamopyrgus in Polecat Creek in 2015 (2,175.8 mg/m” [+/- 456.5])
and the area of the experimental chambers, the ambient biomass treatment was 28.29 mg or 90
Potamopyrgus (for the mean shell length of 3.2 mm) and two times that amount (56.58 mg or
180 snails) for the high Potamopyrgus biomass treatments (Table 2). We haphazardly placed
eight replicate chambers for each of the three treatments (24 chambers total) of Galba in float-
ing platforms, to allow the air breathing snails access to the surface, and seven replicate cham-
bers of Pyrgulopsis (21 chambers total) to the stream bottom using bricks as anchors. There
were fewer replicates of Pyrgulopsis because of chamber failure (before we deployed chambers
in the stream). As in the 2014 experiment, we supplemented food with fish food pellets
biweekly, we housed all surviving snails (83.9% of Galba and 92.4% of Pyrgulopsis; S2 Table) in
a flow through system for sixteen weeks at the University of Wyoming to allow time for trema-
tode development, and we monitored mortality and assessed infections in the snails using the
same methods as in 2014. The experimental design is summarized in Table 2.

In both years, small (< 2.5 mm) Potamopyrgus from the stream migrated into the experi-
mental chambers altering the discrete levels of biomass that we originally manipulated for
each experimental biomass treatment. Therefore, at the end of the experiments, we collected
and preserved (in 95% ethanol) all Potamopyrgus, measured shell length with digital calipers,
and used a length-mass regression [32] to assess Potamopyrgus biomass for each replicate. We
divided the total mass by the area of the experimental chamber to obtain the biomass (mg/mz)
of Potamopyrgus for each replicate (2014: range 0-71.5 mg/m? with Physa, and range 3.9-88.7
mg/m” with Pyrgulopsis; 2015: range 0-97.0 mg/m” for Galba, range 0.6-77.8 mg/m” with
Pyrgulopsis).

Statistical analyses

We used Bayesian multilevel models using the probabilistic programming language Stan [39,
40] to assess whether the biomass of Potamopyrgus or size of the native snail affected infection
status of native snails. We analyzed each native snail taxon separately as distinct tests of the
dilution effect hypothesis. However, we were unable to analyze the dilution effect hypothesis
for the native snail Physa because sample sizes were so small (from high mortality) that the
models could not compile. For the two remaining native snail taxa, Pyrgulopsis and Galba, we
used individual infection status as the dependent variable (Bernoulli distribution). We could
not use trematode prevalence because the sample sizes of surviving native snails/replicate were
insufficient to calculate accurate prevalence rates (e.g. for the 2015 experiment: 4-8 individu-
als/chamber for Galba and 7-11 individuals/chamber for Pyrgulopsis). We analyzed individual
infection status in two ways: combining all types of trematodes and with specific trematode
taxa (SuperFamily) because differences in host specificity and infection mode suggest trema-
tode taxa may not be uniformly reduced by the presence of a single less competent host (Pota-
mopyrgus). We had sufficient sample sizes to analyze two SuperFamilies that infected
Pyrgulopsis: Pronocepahaloidea (n = 163) and Allocreadiidea, (n = 104). There were not
enough infections of a single trematode taxon to assess specific trematode taxa in Galba.

For all models, the population level (fixed) effects were biomass of Potamopyrgus and size
(shell length) of the native snail (because larger snails are often infected at higher rates by trem-
atodes than smaller individuals, [e.g. 41-43]. Because small snails migrated into the
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experimental chambers, we ran models with both the original biomass treatments (excluding
the migrants) and the total biomass of Potamopyrgus in each chamber (including the migrants)
to learn whether the migrant snails altered the likelihood of detecting a dilution effect. Because
the interaction between Potamopyrgus biomass and size of the native snail was not significant
in any of the models, we omitted this interaction term from the final models. In the analysis of
biomass treatment excluding the migrants (Tables 3 and 4) the group level effect (also called
random effect) was replicate (nested in treatment), and for Pyrgulopsis only, year that the
experiment occurred and size of the experimental chamber size were also included as group
level effects (Galba was only studied in one year, 2015, and with one size of experimental
chamber). For the analysis of total biomass of Potamopyrgus including the migrants (S3 and S4
Tables) the group level effects for Pyrgulopsis were year that the experiment occurred and size
of the experimental chamber size. There were no group level effects in the models for Galba.
We used program R with the brms package [39] to compile the Bayesian multilevel effect mod-
els. To evaluate whether the models converged, we visually inspected the traceplots to see that
the chains mixed well, and only used models with Rhat equal to 1, a metric revealing that the
models converged.

Results

We found no evidence for a dilution effect; the presence or level of biomass of the non-native
Potamopyrgus did not reduce overall infection status in either of the native snails (Fig 1,

Table 3, S3 Table). Infection status by the two most common trematodes infecting Pyrgulopsis
were also not affected by the presence or biomass of Potamopyrgus (Fig 2, Table 4, S4 Table).
Infection levels increased with size of the native snail for all trematodes combined (Fig 3,
Table 3, S3 Table). Relative to Galba, infection levels were higher in Pyrguplopsis and increased
more steeply with size until nearly all Pyrgulopsis > 6 mm were infected with trematodes.
Infection levels also increased for one of the two most common trematodes (Super Family Pro-
nocephaloidea; Table 4, S4 Table).

%
|
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o _| '
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| T 1
Control Ambient High
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Fig 1. Infection status by snail taxon. Prevalence, the percentage of infected individuals per replicate, of all trematode
infections by Biomass treatment (Control, with no Potamopyrgus, Ambient levels of Potamopyrgus in Polecat Creek,
and High biomass) for Galba (light blue) and Pyrgulopsis (purple). Boxplots show the median, the interquartile range
(shown by the upper and lower edges of the box), and the 1.5 interquartile ranges (whiskers).

https://doi.org/10.1371/journal.pone.0239762.9001
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Table 3. Model coefficients and credible intervals for overall infection status. How infection status (all trematodes combined) was affected by biomass of Potamopyrgus
(Biomass Treatment: Control, with no Potamopyrgus, ambient levels of Potamopyrgus in Polecat Creek, and High biomass) for two taxa of native snails in Bayesian multi-
level models [39, 40]. For the native snail Pyrgulopsis (A), the group level effects were the year that the experiment was conducted (year), the size of the experimental cham-
ber (chamber size) and the experimental replicate (replicate) nested within Treatment. Because we only tested the dilution effect hypothesis with the native snail Galba (B)
in one year and with all the same sized experimental chambers, the group level effect for Galba was replicate. Variables that significantly affected infection status possess
95% credible intervals that exclude zero and are bolded. For the group level effects, values in the Coefficients column are standard deviations for the Coefficient estimates.

A Pyrgulopsis Effect level Coefficients 95% Credible Interval
Intercept population -4.90 -8.61 —-1.57
Biomass Treatment population 0.07 -0.30-0.44
Size of native snail population 1.09 0.65-1.56
Chamber Size group 1.15 0.04-4.53
Year group 1.33 0.06-4.72
Replicate group 0.25 0.01-0.70

B Galba Effect Type Coefficients 95% Credible Interval
Intercept population -4.30 -7.49 --1.32
Biomass Treatment population 0.05 -0.71-0.81
Size of native snail population 0.33 0.11-0.59
Replicate group 0.75 0.08-1.84

https://doi.org/10.1371/journal.pone.0239762.t003

Discussion

We found no evidence for the dilution effect hypothesis in the two native snails we examined.
The presence of an invasive species can reduce infection levels in a native species directly by
serving as a target for, consuming, or physically or chemically obstructing the parasite [4, 6-
12], or indirectly by affecting the native host’s abundance via competition, or by affecting the
native host’s behavior or physiological condition [5, 16, 19]. In our controlled experiments, the
abundance of the native host was held constant, and because the snails were limited in space
within the chambers, changes in behavior of the native species due to interactions with the
non-native were unlikely to affect the probability of encountering a parasite transmission stage
(miracidium). Thus indirect means of influencing infection were unlikely to have occurred in
our experiment. Although we cannot rule out the possibility that reduced biodiversity in the

Table 4. Model coefficients and credible intervals for specific trematode taxa. How infection status of the native snail Pyrgulopsis by trematodes of the SuperFamilies
(A) Pronocephaloidea and (B) Allocreadiidea was affected by biomass of Potamopyrgus (Biomass Treatment: Control, with no Potamopyrgus, Ambient levels of Potamo-
pyrgus in Polecat Creek, and High biomass) in Bayesian multilevel models [39, 40]. Variables that significantly affected infection status are bolded. For the group level
effects, values in the Coefficients column are standard deviations for the Coefficient estimates.

A Pronocephaloidea Effect level Coefficients 95% Credible Interval
Intercept population -5.96 -9.21 --2.79
Biomass Treatment population 0.22 -0.07-0.51
Size of native snail population 1.01 0.65-1.39
Chamber Size group 1.04 0.03-4.07
Year group 1.19 0.05-4.45
Replicate group 0.14 0.01-0.46

B Allocreadiidea Effect Type Coefficients 95% Credible Interval
Intercept population 0.28 -2.92-4.04
Biomass Treatment population -0.12 -0.49-0.29
Size of native snail population -0.19 -0.58-0.19
Chamber Size group 0.98 0.02-4.08
Year group 1.66 0.29-5.04
Replicate group 0.28 0.01-0.81

https://doi.org/10.1371/journal.pone.0239762.t1004
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Fig 2. Infection status in Pyrgulopsis by two most common trematode taxa. Prevalence, the percentage of infected
individuals per replicate, of trematode infections in the native snail Pyrgulopsis by Biomass treatment (Control, with no
Potamopyrgus, ambient levels of Potamopyrgus in Polecat Creek, and High biomass), for the Superfamilies
Pronocephaloidea (gray), and Allocreadiidea (white). Boxplots show the median, the interquartile range (shown by the
upper and lower edges of the box), and the 1.5 interquartile ranges (whiskers). Extreme values are shown in open
circles.

https://doi.org/10.1371/journal.pone.0239762.9002

chambers altered the physiological condition of either the non-native or the native snails
thereby changing infection rates, we noticed no visible changes in the condition or behavior of
any of the snails used in the experiments. Also, we did not detect differences in the infection
rates in the native species among treatments suggesting that the presence of Potamopyrgus did
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Fig 3. Native snail length and infection status. The predicted effects, with 95% credible intervals, of shell length of the native snails a) Pyrgulopsis and b)
Galba on infection status, of all trematodes combined, from the models in Table 3. Infection rates were higher in Pyrgulopsis and increased more steeply with
shell length until most Pyrgulopsis > 6 mm were infected by trematodes.

https://doi.org/10.1371/journal.pone.0239762.9003

PLOS ONE | https://doi.org/10.1371/journal.pone.0239762 October 1, 2020 9/15


https://doi.org/10.1371/journal.pone.0239762.g002
https://doi.org/10.1371/journal.pone.0239762.g003
https://doi.org/10.1371/journal.pone.0239762

PLOS ONE

No dilution effect in freshwater snails

not alter the condition, physiology, or behavior of the natives in ways that influenced transmis-
sion. Therefore, if we had found evidence for a dilution effect, it would most likely have been
caused by Potamopyrgus being a less competent target host. Since we did not detect a dilution
effect, Potamopyrgus is probably not an effective “decoy” for the trematodes that infect these
native species in the study stream.

Our results are inconsistent with many studies showing that non-native animals from
brown trout [22] and bumble bees [23] to bank voles [21] reduce infection rates in native ani-
mals. Our results also contrast with a recent meta-analysis of dilution effect experiments show-
ing that increased host diversity decreased the abundance of parasites across a wide range of
parasite types, life cycles, and functional groups [16]. However, in the meta-analysis only
about a half (53%) of the studies addressed the addition of one host species, like in our experi-
ments, and the dilution effect appeared stronger when single-species addition studies were
removed. Thus, perhaps the evidence for the dilution effect is not as strong in this subset of the
studies.

A probable reason that we did not find a dilution effect is that miracidia (trematode trans-
mission stage) are very host specific and thus did not attempt to infect Potamopyrgus. Most
trematodes have evolved highly specific relationships to their snail hosts (genus or family)

[44]. For example, in a pond population of the snail Helisoma anceps, seven of the eight trema-
tode taxa infecting H. anceps only infected that snail species [42]. In extreme cases, specific
strains of trematodes can only infect one phenotype of a snail species (compatibility polymor-
phism) [45] and specificity can even vary among host populations [46]. However, other studies
of trematodes and gastropods have found that unintended snail hosts can be infected by trem-
atode parasites (cause a dilution effect). For example, non-host snails can become infected
with trematodes that typically infect the intended host species, but variation among infection
rates of non-host snails suggests attractiveness or susceptibility to the parasites is not uniform
among non-host snails [47-49]. Infection rates of Schistosoma mansoni in Biomphalaria glab-
rata snails (the intended host) were reduced when non-susceptible snails were also present
[47, 50]. Although, we found a few infected Potamopyrgus in Polecat Creek in 2017 [31],
revealing that miracidia of one trematode taxon (Superfamily Echinostomatidae) can infect
the non-native snail, Echinostomatidae infections were rare or absent in the two native snails
we analyzed (0.2% in Pyrgulopsis, 0% in Galba) suggesting that susceptibility of Potamopyrgus
to this one trematode taxon would have little, if any, effect on infection levels in these native
snails. In contrast, Echinostomatidae infections were common in the native snail Physa (33%)
suggesting that Potamopygus could possibly dilute those trematodes in Physa. However, we
did not have adequate sample sizes to test this possibility because of high Physa mortality in
the experiment. Thus, while host specificity likely does not explain why all trematode taxa
failed to infect the invasive snail, it probably explains why most trematodes could not infect
Potamopyrgus.

A dilution effect can be caused by the presence of alternative hosts serving as targets for par-
asites, or by concomitant altered diversity or changes in relative species abundance [16, 51]. In
our experiment we added a single species that could serve as an unintended target, and thus
also increased species diversity in the experimental chambers. If we had found a dilution effect,
it could have been caused by either altered species diversity, relative abundance, or Potamopyr-
gus acting as a less effective target. Because we did not vary the abundance or density of the
native species, it remains possible that in some populations Potamopyrgus could cause a dilu-
tion effect indirectly by competing with native species. Also, our experiments were not
designed to and did not effectively address how altering biodiversity could result in a dilution
effect. Thus, indirect mechanisms of the dilution effect remain a possibility in this ecosystem.
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In our experiments, larger snails were more likely to be infected by all trematode parasites
combined and by members of the SuperFamily Pronocephaloidea (Tables 3 and 4). This find-
ing is consistent with many studies where snails infected with trematodes are larger than unin-
fected snails [e.g. 41-43, 52]. Possible causes for this relationship include trematodes inducing
higher growth rates of host snails (gigantism; [52-54]), larger snails having longer exposure
because they are older (exposure duration), and differences in susceptibility between larger,
adult snails and smaller, juvenile snails to some trematode taxa. In our experiment, all of these
are possible explanations for why larger snails were more likely to be infected. Gigantism
could explain why infected snails were larger than uninfected snails because we measured snail
size at the end of the experiment after most snails had been exposed to infection for 18-20
weeks. Given that many experiments document growth rates of snails over a few weeks, the
duration of infection was probably long enough to detect differences in growth rates between
infected and uninfected snails [52] if they occurred. Our results could also be explained by
duration of exposure; larger snails are older and are likely to be infected with trematodes sim-
ply because they are exposed for a longer period of time than younger, smaller snails. Even
though we omitted all snails with transmissible (patent) infections from the experiment, high
prevalence of trematodes at the study site means that inevitably we included some snails in the
experiments that were already harboring early, undetectable infections. Finally, it is also possi-
ble that larger, adult snails are more susceptible than juveniles to some of the trematode taxa in
Polecat Creek. We found that infection frequency increased with snail size in trematodes in
the Superfamily Pronocephaloidea and not in the Allocreadiidea. Juvenile snails can be less
[e.g. 55] or more [e.g. 42] susceptible to specific trematode taxa than adults.

For the group-level effects (also called random effects), infection status consistently varied
among replicates and chamber size and infection rates were higher in 2014. Variation among
replicates probably resulted by chance: the sample sizes of native snails in each replicate were
sufficiently small (Table 2) that minor differences in the number of infected individuals had
large effects on the infection status of single replicates. Infection rates were higher in large
chambers than in small chambers, probably because larger chambers permitted a higher vol-
ume of water to flow through them, thereby increasing the frequency that water-borne trema-
tode transmission stage (miracidia) entered the chambers. For Pyrgulopsis, infection status was
also higher in 2014 than in 2015 because the duration of exposure to infection was over twice
as long in 2015 (Table 4).

In conclusion, we found no evidence that the non-native snail, Potamopyrgus, reduces
infection rates (produces a dilution effect) in the native snails that we examined. Perhaps our
results are not uncommon because negative results are less likely to be published. However,
our inability to detect a dilution effect highlights the importance of investigating the underly-
ing mechanisms that are required for a dilution effect to occur and the factors that reduce or
prevent it. Consistent with many previous studies, our results suggest that community compo-
sition is crucial to creating a dilution effect [e.g. 16]. In our case, Potamopyrgus does not appear
to be a suitable target for most of the trematodes in this community and thus does not suffi-
ciently serve as a decoy for parasites of the native species. A better understanding of the mech-
anisms required for the dilution effect to occur will improve our understanding of parasite-
host interactions and dynamics, which is crucial to predicting how multiple anthropogenic
alterations will affect disease occurrence and prevalence. In addition, when invasive species fail
to cause dilution effects in native species that they compete with, the lack of the dilution effect
could contribute to the invasive species success by releasing the invasive species from infection
by the same parasites that lower fitness of the competing native species.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239762 October 1, 2020 11/15


https://doi.org/10.1371/journal.pone.0239762

PLOS ONE

No dilution effect in freshwater snails

Supporting information

S1 Table. Ambient snail densities (individuals/m®) from Polecat Creek. Over a 17-year period,
the distribution of each of the species can be very patchy and varies within and between years.
(DOCX)

$2 Table. Native snail survival and prevalence. We found that size of the experimental cham-
ber greatly affected survival of some native snails in our 2014 experiment. Thus, in 2015 we
used only small chambers because snails survived in them at higher rates in the 2014 experi-
ment. We report the snails following exposure to trematode parasites, for each treatment and
by chamber size, in 2014 and 2015. We also show the biomass of Potamopyrgus (non-native) at
the beginning and the end of the experiment and the infection rate (mean prevalence) in the
native snails at the end of the experiment.

(DOCX)

S3 Table. Infection status including Potampyrgus migrants. Model coefficients and credible
intervals describing how infection status (all trematodes combined) was affected by biomass of
Potamopyrgus (including unintended Potampyrgus migrants) for two taxa of native snails in
Bayesian multilevel models [41-42]. For the native snail Pyrgulopsis (A), the group level effects
were the year that the experiment was conducted (year) and the size of the experimental cham-
ber (chamber size). Because we only tested the dilution effect hypothesis with the native snail
Galba (B) in one year and with all the same sized experimental chambers, there were no group
level effects for Galba. Variables that significantly affected infection status possess 95% Credi-
ble intervals that exclude zero and are bolded. For the group level effects, values in the Coeffi-
cients column are standard deviations for the Coefficient estimates.

(DOCX)

$4 Table. Specific trematode taxa including Potampyrgus migrants. Model coefficients and
credible intervals describing how infection status of the native snail Pyrgulopsis by trematodes
of the SuperFamilies (A) Pronocephaloidea and (B) Allocreadiidea were affected by biomass of
Potamopyrgus (including unintended Potampyrgus migrants) in bayesian multilevel models
[41, 42]. Variables that significantly affect infection status are bolded. Group level effects were
size of the experimental chambers and year. For the group level effects, values in the Coeffi-
cients column are standard deviations for the Coefficient estimates.

(DOCX)

S1 Data. Pyrgulopsis data.
(CSV)

S2 Data. Galba data.
(CSV)

$3 Data. brms R code and output.
(DOCX)

Acknowledgments

We thank J. Bobbit and S. Devries for making the experimental chambers and floating plat-
forms. Special thanks to the University of Wyoming-National Park Service Research Station
for lodging.

Author Contributions
Conceptualization: Michele D. Larson, Edward P. Levri, Amy C. Krist.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239762 October 1, 2020 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239762.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239762.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239762.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239762.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239762.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239762.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239762.s007
https://doi.org/10.1371/journal.pone.0239762

PLOS ONE

No dilution effect in freshwater snails

Data curation: Michele D. Larson.
Formal analysis: Michele D. Larson, Snehalata V. Huzurbazar.
Funding acquisition: Michele D. Larson, Amy C. Krist.

Investigation: Michele D. Larson, Edward P. Levri, Daniel J. Greenwood, Kara L. Wise, Amy
C. Krist.

Methodology: Michele D. Larson, Edward P. Levri, Daniel J. Greenwood, Kara L. Wise, Amy
C. Krist.

Project administration: Michele D. Larson.

Resources: Michele D. Larson, Snehalata V. Huzurbazar, Amy C. Krist.
Supervision: Michele D. Larson, Amy C. Krist.

Validation: Amy C. Krist.

Writing - original draft: Michele D. Larson.

Writing - review & editing: Michele D. Larson, Amy C. Krist.

References

1. Hatcher MJ, Dunn AM. Parasites in Ecological Communities: from interactions to ecosystems. Cam-
bridge: Cambridge University Press, 2011.

2. Telfer S, Bown K. The effects of invasion on parasite dynamics and communities. Functional Ecol.
2012; 26: 1288—-1299.

3. Kelly DW, Paterson RA, Townsend CR, Poulin R, Tompkins DM. Parasite spillback: a neglected con-
cept in invasion ecology? Ecology. 2009; 90: 2047-2056. https://doi.org/10.1890/08-1085.1 PMID:
19739367

4. Johnson PTJ, Thieltges DW. Diversity, decoys, and the dilution effect: how ecological communities
affect disease risk. J Exp Biol. 2010; 213: 961-970. https://doi.org/10.1242/jeb.037721 PMID:
20190121

5. Keesing F, Holt RD, Ostfeld RS. Effects of species diversity on disease risk. Ecol Letters. 2006; 9: 485—
498.

6. Thieltges DW, Reise K, Prinz K, Jensen KT. Invaders interfere with native parasite-host interactions.
Biol Invasions. 2009; 11: 1421-1429.

7. Kopp K, Jokela J. Resistant invaders can convey benefits to native species. Oikos. 2007: 116: 295—
301.

8. Thieltges DW, Bordalo MD, Hernandez AC, Prinz K, Jensen KT. Ambient fauna impairs parasite trans-
mission in a marine parasite-host system. Parasitology 2008; 135: 1111-1116. https://doi.org/10.1017/
S0031182008004526 PMID: 18561867

9. Chernin E, Perlstein JM. Protection of snails against miracidia of Schistosoma mansoniby various
aquatic invertebrates. J Parasitol. 1971; 57: 217-219. PMID: 4396508

10. Christensen NO. Schistosoma mansoni: interference with cercarial host-finding by various aquatic
organisms. J Helminthol. 1979; 53: 7—14. https://doi.org/10.1017/s0022149x00005678 PMID: 458134

11.  Welsh JE, van der Meer J, Brussaand CPD, Thieltges DW. Inventory of organisms interfering with
transmission of a marine trematode. J Mar Biol. 2014; 94: 697-702.

12. PrinzK, Kelly T, O’ Riordan RM, Culloty SC. Non-host organisms affect transmission processes in two
common parasites of rocky shores. Mar Biol. 2009; 56: 2303-2311.

13. Bartoli R, Boudouresque C. Transmission failure of parasites (Digenea) in sites colonized by the
recently introduced invasive alga Caulerpa taxifolia. Mar Ecol Prog Ser. 1997; 154: 253—260.

14. Johnson PTJ, Ostfeld RS, Keesing F. Frontiers in research on biodiversity and disease. Ecol Letters.
2015; 18: 1119-1133.

15. Lagrue C, Poulin R. Local diversity reduces infection risk across multiple freshwater host-parasite asso-
ciations. Freshwater Biol. 2015; 60: 2445-2454.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239762 October 1, 2020 13/15


https://doi.org/10.1890/08-1085.1
http://www.ncbi.nlm.nih.gov/pubmed/19739367
https://doi.org/10.1242/jeb.037721
http://www.ncbi.nlm.nih.gov/pubmed/20190121
https://doi.org/10.1017/S0031182008004526
https://doi.org/10.1017/S0031182008004526
http://www.ncbi.nlm.nih.gov/pubmed/18561867
http://www.ncbi.nlm.nih.gov/pubmed/4396508
https://doi.org/10.1017/s0022149x00005678
http://www.ncbi.nlm.nih.gov/pubmed/458134
https://doi.org/10.1371/journal.pone.0239762

PLOS ONE

No dilution effect in freshwater snails

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

Civitello DJ, Cohen J, Fatima H, Halstead NT, Liriano J, McMahon TA, et al. Biodiversity inhibits para-
sites: broad evidence for the dilution effect. Proc Natl Acad Sci. 2015; 112:8667—8671. https://doi.org/
10.1073/pnas.1506279112 PMID: 26069208

Schmidt KA, Ostfeld RS. Biodiversity and the dilution effect in disease ecology. Ecology. 2001; 82:
609-619.

LoGiudice K, Ostfeld RS, Schmidt KA, Keesing F. The ecology of infectious diseases: effect of host
diversity and community composition on Lyme Disease risk. Proc Natl Acad Sci. USA. 2003; 100: 567—
571. https://doi.org/10.1073/pnas.0233733100 PMID: 12525705

Keesing F, Belden LK, Daszak P, Dobson A, Harvell CD, Holt RDet al. Impacts of biodiversity on the
emergence and transmission of infectious diseases. Nature. 2010; 468 647—652. https://doi.org/10.
1038/nature09575 PMID: 21124449

Prenter J, MacNeil C, Dick JTA, Dunn AM. Roles of parasites in animal invasions. Trend Ecol Evol.
2004; 19: 385-390.

Telfer S, Brown KJ, Sekules R, Begon M, Hayden T, Birtles R. Disruption of a host-parasite system fol-
lowing the introduction of an exotic host species. Parasitology. 2005; 130: 661-668. https://doi.org/10.
1017/s0031182005007250 PMID: 15977903

Paterson RA, Townsend CR, Poulin R, Tompkins DM. Introduced brown trout alternative acanthoceph-
alan infection in native fish. J Anim Ecol. 2011; 80: 990-998. https://doi.org/10.1111/j.1365-2656.2011.
01834.x PMID: 21426342

Whitehorn PR, Tinsley MC, Brown MJF, Goulson D. Investigating the impact of deploying commercial
Bombus terrestris for crop pollination on pathogen dynamics in wild bumble bees. J Apic Res. 2013; 52:
149-157.

Gendron AD, Marcogliese DJ. Reduced survival of a native parasite in the invasive round goby: evi-
dence for the dilution hypothesis? Aquatic Invasions. 2017; 11: 189-198.

Gagne RB, Heins DC, Mcintyre PB, Gilliam JF, Blum MJ. Mutual dilution of infection by an introduced
parasite in native and invasive stream fish across Hawaii. Parasitology. 2016; 143: 1605—1614. https://
doi.org/10.1017/S0031182016001001 PMID: 27585480

Hechinger RF. Faunal survey and identification key for the trematodes (Platyhelminthes: Digenea)
infecting Potamopyrgus antipodarum (Gastropoda: Hydrobiidae) as first intermediate host. Zootaxa
2012; 3418: 1-27.

Winterbourne MJ. A guide to the freshwater mollusca of New Zealand. Tuatara. 1973; 20: 141-159.

Gerard C, Blanc A, Costil K. Potamopyrgus antipodarum (Mollusca:Hydrobiidae) in continental aquatic
gastropod communities: impact of salinity and trematode parasitism. Hydrobiologia. 2003; 493: 167—
172.

Adema CM, Lan CM, Hanelt B, Seville RS. Digenean trematode infections of native freshwater snails
and invasive Potamopyrgus antipodarumin the Grand Teton National Park/John D. Rockefeller Memo-
rial Parkway area. J. Parasitol. 2009: 95: 224-227. https://doi.org/10.1645/GE-1614.1 PMID: 18576875

Zbikowski J, Zbikowski E. Invaders of an invader: trematodes in Potamopyrgus antipodarumin Poland.
J Invert Pathol. 2009; 101: 67-70.

Larson MD, Krist AC. 2020. Trematode prevalence and an invasive freshwater snail: fewer infections
and parasites likely contribute to the success of an invasive snail. Biol Invasions. 2020 https://doi.org/
10.1007/s10530-019-02179-3

Hall RO Jr., Dybdahl MF, VanderLoop MC. Extremely high secondary production of introduced snails in
rivers. Ecol Applications. 2006; 16: 1121-1131.

Hall RO Jr., Tank JL, Dybdahl MF. Exotic snails dominate nitrogen and carbon cycling in a highly pro-
ductive stream. Front Ecol Environ. 2003; 1: 407—411.

Olsen OW. Animal Parasites: their life cycles and ecology. New York: Dover Publications Inc., 1986.

Haseeb MA, Fried B. Modes of transmission of trematode infections and their control. In: Fried B, Grac-
zyk TK, editors. Advances in Trematode Biology. Boca Raton: CRC Press, 1997.

DeWitt WB. Influence of temperature on penetration of snail hosts by Schistosoma mansoni miracidia.
Exp Parasitol. 1955; 4: 271-276. https://doi.org/10.1016/0014-4894(55)90030-8 PMID: 14380271

Erasmus DA. The biology of trematodes. New York: Crane, Russak and Company, Inc.; 1972.

Krist AC, Jokela J, Wiehn J, Lively CM. Effects of host condition on susceptibility to infection, parasite
developmental rate, and parasite transmission in a snail-trematode interaction. J Evol Biol. 2004; 17:
33—40. https://doi.org/10.1046/j.1420-9101.2003.00661.x PMID: 15000645

Burkner PC. brms: An R Package for Bayesian Multilevel Models using Stan. J oStat Software, 2017;
80: 1-28. https://doi.org/10.18637/jss.v080.i01

PLOS ONE | https://doi.org/10.1371/journal.pone.0239762 October 1, 2020 14/15


https://doi.org/10.1073/pnas.1506279112
https://doi.org/10.1073/pnas.1506279112
http://www.ncbi.nlm.nih.gov/pubmed/26069208
https://doi.org/10.1073/pnas.0233733100
http://www.ncbi.nlm.nih.gov/pubmed/12525705
https://doi.org/10.1038/nature09575
https://doi.org/10.1038/nature09575
http://www.ncbi.nlm.nih.gov/pubmed/21124449
https://doi.org/10.1017/s0031182005007250
https://doi.org/10.1017/s0031182005007250
http://www.ncbi.nlm.nih.gov/pubmed/15977903
https://doi.org/10.1111/j.1365-2656.2011.01834.x
https://doi.org/10.1111/j.1365-2656.2011.01834.x
http://www.ncbi.nlm.nih.gov/pubmed/21426342
https://doi.org/10.1017/S0031182016001001
https://doi.org/10.1017/S0031182016001001
http://www.ncbi.nlm.nih.gov/pubmed/27585480
https://doi.org/10.1645/GE-1614.1
http://www.ncbi.nlm.nih.gov/pubmed/18576875
https://doi.org/10.1007/s10530-019-02179-3
https://doi.org/10.1007/s10530-019-02179-3
https://doi.org/10.1016/0014-4894%2855%2990030-8
http://www.ncbi.nlm.nih.gov/pubmed/14380271
https://doi.org/10.1046/j.1420-9101.2003.00661.x
http://www.ncbi.nlm.nih.gov/pubmed/15000645
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.1371/journal.pone.0239762

PLOS ONE

No dilution effect in freshwater snails

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

53.
54.

55.

R Core Team. R: A language and environment for statistical computing. Vienna: R Foundation for Sta-
tistical Computing, 2020 [cited 27 July 2020]. Available from: http://www.R-project.org.

Sousa WP. Host life history and the effect of parasitic castration on growth: a field study of Cerithidea
californica Haldeman (Gastropoda Prosobranchia) and it trematode parasites. J exp Mar biol Ecol.
1983;273-296.48.

Fernandez J, Esch GW. Guild structure of larval trematodes in the snail Helisoma anceps: patterns and
processes at the individual host level. J Parasitol. 1991; 77: 528-539. PMID: 1865259

Jokela J, Lively CM. Parasites, sex, and early reproduction in a mixed population of freshwater snails.
Evol. 1995; 49:1268—-1271.

Adema CM, Loker ES. Digenean-gastropod host associations inform on aspects of specific immunity in
snails. Dev Comp Immunol. 2015; 48: 275-2883. https://doi.org/10.1016/.dci.2014.06.014 PMID:
25034871

Mitta G, Adema CM, Gourbal B, Loker ES, Theron A. Compatibility polymorphism in snail/schistosome
interactions: From field to theory to molecular mechanisms. Dev Comp Immunol. 2012; 37: 1-8. https:/
doi.org/10.1016/j.dci.2011.09.002 PMID: 21945832

Bankers L, Fields P, McElroy KE, Boore JL, Logsdon, JM, Neiman M. Genomic evidence for popula-
tion-specific responses to co-evolving parasites in a New Zealand freshwater snail. Mol Ecol. 2017;
26:3663-3675 hitps://doi.org/10.1111/mec.14146 PMID: 28429458

Laracuente A, Brown RA, Jobin W. Comparison of four species of snails as potential decoys to intercept
schistosome miracidia. Am J Trop Med Hyg. 1979; 28:99-105. https://doi.org/10.4269/ajtmh.1979.28.
99 PMID: 434319

Evans NA, Gordon DM. Experimental observations on the specificity of Echinoparyphium recurvatum
toward second intermediate hosts. Z Parasitenkd. 1983; 69:217-222.

Mufioz-Antoli C, Trelis M, Gozalbo M, Toledo R, Haberl B, Estaban JG. Interactions related to non-host
snails in the host-finding process of Euparyphium albuferensis and Echinostoma friedi (Trematoda:
Echinostomatidae) miracidia. Parasitol Res. 2003; 91:353-356. https://doi.org/10.1007/s00436-003-
0968-5 PMID: 13680373

Cherin E. Interference with the capacity of Schistosoma mansonimiracidia to infect the molluscan host.
J Parasitol. 1968; 54:509-516. PMID: 5757727

Randolph SE, Dobson ADM. Pangloss revisited: a critique of the dilution effect and the diversity- buff-
ers-disease paradigm. Parasitology. 2012; 139: 847-863. https://doi.org/10.1017/
S0031182012000200 PMID: 22336330

Krist AC. Effects of the digenean parasite Proterometra macrostoma on host morphology in the fresh-
water snail Elimia livescens. J Parasitol. 2000; 86: 262—267. https://doi.org/10.1645/0022-3395(2000)
086[0262:EOTDPP]2.0.CO;2 PMID: 10780543

Ballebeni P. Parasite-induced gigantism in a snail: a host adaptation? Funct Ecol. 1995; 9: 887-893.

Probst RS, Kube J. Histopathological effects of larval trematode infections in mudsnails and their impact
on host growth: What causes gigantism in Hydrobria ventrosa (Gastropoda: Prosobranchia)? J Exp Mar
Biol Ecol. 1999; 238: 49-68.

Richards CS, Merritt JW Jr. 1972. Genetic factors in the susceptibility of juvenile Biomphalaria glabrata
to Schistosoma mansoniinfection. Am J Trop Med Hyg. 1972; 21:425-434. https://doi.org/10.4269/
ajtmh.1972.21.425 PMID: 5050093

PLOS ONE | https://doi.org/10.1371/journal.pone.0239762 October 1, 2020 15/15


http://www.R-project.org
http://www.ncbi.nlm.nih.gov/pubmed/1865259
https://doi.org/10.1016/j.dci.2014.06.014
http://www.ncbi.nlm.nih.gov/pubmed/25034871
https://doi.org/10.1016/j.dci.2011.09.002
https://doi.org/10.1016/j.dci.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21945832
https://doi.org/10.1111/mec.14146
http://www.ncbi.nlm.nih.gov/pubmed/28429458
https://doi.org/10.4269/ajtmh.1979.28.99
https://doi.org/10.4269/ajtmh.1979.28.99
http://www.ncbi.nlm.nih.gov/pubmed/434319
https://doi.org/10.1007/s00436-003-0968-5
https://doi.org/10.1007/s00436-003-0968-5
http://www.ncbi.nlm.nih.gov/pubmed/13680373
http://www.ncbi.nlm.nih.gov/pubmed/5757727
https://doi.org/10.1017/S0031182012000200
https://doi.org/10.1017/S0031182012000200
http://www.ncbi.nlm.nih.gov/pubmed/22336330
https://doi.org/10.1645/0022-3395%282000%29086%5B0262%3AEOTDPP%5D2.0.CO%3B2
https://doi.org/10.1645/0022-3395%282000%29086%5B0262%3AEOTDPP%5D2.0.CO%3B2
http://www.ncbi.nlm.nih.gov/pubmed/10780543
https://doi.org/10.4269/ajtmh.1972.21.425
https://doi.org/10.4269/ajtmh.1972.21.425
http://www.ncbi.nlm.nih.gov/pubmed/5050093
https://doi.org/10.1371/journal.pone.0239762

