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Trematode infection alters the antipredator behavior of a
pulmonate snail

RANDALL J. BERNOT1

Division of Biology, 232 Ackert Hall, Kansas State University, Manhattan, Kansas 66506 USA

Abstract. Parasites can alter the behavior, life history, and morphology of their host. Many trem-
atodes parasitize freshwater pulmonate snails, resulting in a reduction or the elimination of repro-
duction in those individuals. However, parasite effects on freshwater snail behavior are unclear. I
measured trematode infection rates, size, and covered habitat use of the freshwater pulmonate snail
Physa integra in a field survey of streams and ponds on Konza Prairie Biological Station. Then, in a
laboratory experiment, I tested the hypothesis that behavioral decisions under the risk of predation
differed between infected and uninfected P. integra. Infection rates ranged from 2% to 53% overall,
but varied between snail size class and site of collection. Significantly fewer infected (7%) than un-
infected P. integra (29%) were found under cover, but there was no difference in use of cover between
snails infected with Paramphistomidae and Cathaemasiidae trematodes. A significantly greater pro-
portion of larger snail size classes were infected than smaller size classes. In the laboratory experi-
ment, habitat use by P. integra depended on predator presence and infection status. Significantly more
uninfected snails used covered habitats in the presence of creek chub (Semotilus atromaculatus) than
in the presence of crayfish (Orconectes nais) or in the absence of a predator. Significantly more unin-
fected snails used near-surface habitat in the presence of O. nais than in other treatments. However,
in the presence of S. atromaculatus ,20% of infected snails used cover compared to 60% of uninfected
snails. Near-surface habitat use and crawlout behavior were also significantly higher among infected
snails in crayfish and no predator treatments, suggesting that infected snails use near-surface habitats
even when under predation risk. More detailed knowledge of this trematode–snail system is neces-
sary, however, to determine if differences in habitat use between infected and uninfected snails is an
adaptive manipulation of snail behavior by trematodes. Nevertheless, these results indicate that in-
fection status affects the behavior of P. integra and may alter species interactions in freshwater benthic
communities.

Key words: antipredator behavior, Physa integra, cercariae, parasitism, trematodes, habitat use.

Parasites alter the distribution and abundance
of their hosts by lowering their fitness through
changes in behavior, life history, and morphol-
ogy (Dobson 1988, Moore and Gotelli 1990,
Moore 1995, 2002). Induced changes in host be-
havior may be 1) adaptive for the parasite be-
cause these changes facilitate transmission to
the next host in its life cycle (Poulin 1998), 2)
adaptive for the host, or 3) nonadaptive byprod-
ucts of infection (Levri 1999, reviewed in Moore
2002). Because they often have large effects on
host population dynamics, parasites may also
influence host interactions with other species
leading to broader foodweb effects. However,
the indirect effects of parasites on other aspects
of the communities in which they live are large-
ly unknown (but see Thomas et al. 1998). Recent

1 Present address: Department of Biological Scienc-
es, University of Notre Dame, 188 Galvin Life Science,
Notre Dame, Indiana 46556 USA. E-mail:
rbernot@nd.edu

reviews call for more study on the role of par-
asites in structuring ecological communities and
implicate the far-reaching effects of parasites
through a multitude of direct and indirect
mechanisms including behavioral manipulation
(Moore 1995, 2002, Combes 2001).

Freshwater snails are intermediate hosts for
many digenetic trematode parasites that infect
a range of final hosts including invertebrates,
amphibians, fish, birds, and mammals (includ-
ing humans; Schell 1985). Trematode larvae can
affect the population biology of their snail hosts
by altering growth rates and slowing or elimi-
nating reproduction (Sousa 1983, Brown et al.
1988, Sorensen and Minchella 1998, Krist 2001).
Adult trematodes, in turn, affect the distribution
and abundance of their final hosts, which is a
concern for the conservation and management
of amphibian and wildlife (e.g., waterfowl) pop-
ulations (Johnson et al. 2002). In addition, hu-
man changes to freshwater habitats, such as eu-
trophication and the construction of small im-
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poundments, have been implicated in facilitat-
ing snail populations and creating environments
conducive to trematode infection (Johnson et al.
2002). Much more baseline information on trem-
atode infection rates in relatively pristine and in
human-altered habitats is needed to accurately
assess these hypotheses (Ouellet et al. 1997).

Despite numerous examples of parasite-in-
duced alterations in marine gastropod behavior,
few studies have investigated if freshwater snail
behavior is changed by parasites. In one well-
studied example, the foraging patterns of Pota-
mopyrgus antipodarum, a New Zealand proso-
branch snail, were altered when infected with a
trematode (Levri and Lively 1996, Levri 1998,
1999). Similar parasite effects on other groups
of freshwater snails in other parts of the world
have not yet been shown.

Freshwater pulmonate snails in the genus
Physa are infected by a number of trematodes
that may castrate or lower the reproductive out-
put of individual snails (Brown et al. 1988). Phy-
sa alter their habitat use and foraging effort after
perceiving predation risk in the form of chemi-
cal cues generated by crushed conspecifics and
predators (Turner 1996, 1997, Turner et al. 1999,
McCarthy and Fisher 2000), but the effects of
trematode infection status on their behavior
have yet to be explored. Physa can be key graz-
ers in many food webs, so alterations of their
habitat use and foraging patterns can lead to
broad effects on the standing crop and spatial
arrangement of algal resources (e.g., Bernot and
Turner 2001). Thus, any effect of trematode in-
fection status on Physa habitat use has the po-
tential to indirectly affect other aspects of the
freshwater community as well.

The aims of my study were 1) to document
trematode infection of Physa in relatively pris-
tine tallgrass prairie ponds and streams, and 2)
to determine if trematode infection influences
Physa antipredator behavioral decisions. Data
gathered for the second aim will supply details
about the mechanisms driving snail behavior
and the completion of parasite life cycles, as
well as provide additional hypotheses about the
far-reaching effects of parasites in freshwater
systems.

Methods

Trematode infection rates

Study sites were located within Konza Prairie
Biological Station (KPBS), a tallgrass prairie pre-

serve owned by the Nature Conservancy and
managed by Kansas State University. KPBS is
located in the Flint Hills region of eastern Kan-
sas and the predominant geology is cherty lime-
stone or shale (Oviatt 1998). The aquatic ecology
of this site has been described in detail (Gray
and Dodds 1999). Physa integra infection rates
were studied in 6 sites; 2 were portions of Kings
Creek (a 1060-ha watershed entirely encom-
passed by pristine tallgrass prairie), and 4 were
permanent ponds.

I monitored microhabitat use by observing
snail position on 2-level ceramic tile structures
placed in shallow water (5–15 cm). Structures
were 19 3 19 cm unglazed quarry tiles stacked
and separated by 2 cm tall polyvinyl chloride
legs. Four tile structures were left at each site,
arranged parallel to the shoreline (,1 m from
the shore), 1 m apart, and monitored daily for
7 d. Snails were noted to be under cover (be-
tween the ceramic tiles or under the bottom tile)
or in the open (on the exposed top surface of
the top tile). After noting microhabitat position,
each snail was placed in an individual plastic
container and brought to the laboratory for in-
fection status assessment. All snails found on a
structure were collected.

Shell length of each snail was measured as the
distance from the tip of the spire to the bottom
of the operculum. To determine the infection
status, each individual was placed in 2 mL dis-
tilled water in individual 20 mL test tubes and
exposed to intense fluorescent light for 48 h
(Blankespoor and Reimink 1998). Water from
each tube was then examined under a dissecting
microscope for the presence of cercariae, which
indicated infection. Cercariae were anaesthe-
tized and stained by adding dilute Nile blue
sulphate, and identified to family (Schell 1985).
Snails not shedding cercariae were preserved in
70% ethanol and later dissected and inspected
for sporocysts or redia, which also indicate in-
fection (Schell 1985).

Repeated measures ANOVA was used to de-
termine if infected snails used covered habitat
less than uninfected snails. Cover use was cal-
culated for both uninfected and infected snails.
Infected snails were further characterized by the
trematode taxon (Paramphistomidae and Ca-
thaemasiidae) by which they were infected, and
infection status was used as a factor in the sta-
tistical comparison. Therefore, a snail was clas-
sified as uninfected, Paramphistomidae-infect-
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ed, or Cathaemasiidae-infected. Cover use was
calculated as the proportion of snails (of each
infection status) using cover out of all of the
snails found on each tile structure. For example,
if a total of 10 total snails was found on a struc-
ture, 5 of those were under cover, 1 uninfected,
3 Paramphistomidae-infected, and 2 Cathaema-
siidae-infected, then the proportion of snails in
each status class would be 10% uninfected, 30%
Paramphistomidae-infected, and 20% Cathae-
masiidae-infected. The data were pooled across
the 4 tile structures at each sampling date. Thus,
each site was considered an observational unit
(n 5 6) that was sampled 7 times. Tukey’s mul-
tiple comparison test was used to determine
pair-wise differences in covered habitat use.
Proportion data were arcsine transformed prior
to analysis to meet the assumptions of normal-
ity. Snails were grouped in shell length classes
(0.1 mm class intervals), and linear regression
analysis was used to determine if infection level
depended on shell length class for each species.
Infection level was the proportion of infected
snails in a size class.

Laboratory experiment

The behavioral response of trematode-infect-
ed and uninfected P. integra to fish and crayfish
predation risk was determined in a laboratory
experiment. Physa integra from South Pond were
collected randomly and used in the experiment.
South Pond is a permanent pond that contains
fish and invertebrate predators of snails (cray-
fish, leeches, and insects) and is a breeding site
for at least 3 anuran species (RJB, personal ob-
servation). Infection status of snails was deter-
mined by the presence of cercariae as described
above. Because different species of trematode
may have different effects on snails (Levri 1999),
only Physa shedding cercaria from the Param-
phistomidae family were used to minimize this
potential confounding effect. Verification of in-
fection was determined by dissection after the
experiment.

Eighteen aquaria (32 L) were filled with de-
chlorinated water (22 cm water depth), a sand
substrate, artificial cover (6 3 15 cm ceramic tile
placed on 2 cm tall polyvinyl chloride legs), and
a predator cage. Fish (creek chub, Semotilus atro-
maculatus) and crayfish (Orconectes nais) were
collected from Kings Creek by seining and were
acclimated to laboratory conditions for at least

6 d before the experiment. Both predators were
fed P. integra ad libitum until 36 h before the
experiment began. All predators were released
back to their site of collection at the conclusion
of the experiment. Animals were kept on a 13:
11 light:dark cycle at room temperature (18–
248C) in the laboratory.

Infection status (infected vs uninfected) and
predation risk (nonlethal presence of fish vs
nonlethal presence of crayfish vs no predation
risk) were cross-factored in 18 aquaria for a
total of 6 treatment combinations (n 5 3). Pre-
dation risk treatments consisted of 1 of the fol-
lowing manipulations: 1) fish predation risk
via 1 creek chub in the predator cage fed 4 P.
integra, 2) crayfish predation risk via 1 O. nais
in the predator cage fed 4 P. integra, and 3) no
predation risk via an empty predator cage.
Chemical cues produced by feeding predators
allowed me to impose predation risk without
the confounding effects of predation on snail
populations (Turner et al. 2000). Predators
were placed in cages and left to acclimate for
24 h before the experiment began. Two P. in-
tegra were placed in predator cages to allow
feeding predators to generate chemical cues
(Turner et al. 2000). Aquaria were aerated con-
tinuously throughout the experiment. Twenty
snails (either trematode-infected or uninfect-
ed; shell length range 10–12 mm, mean 5
10.48 6 0.24 SE) were stocked into each aquar-
ium 1 h before predators were fed. Snail hab-
itat use was assessed by noting the position
of each snail 2 h after predators were fed. Each
snail was noted to be in 1 of 5 habitats: 1)
under cover, 2) buried in the sand, 3) near-
surface (within 2.5 cm of the water surface),
4) crawlout (out of the water completely), and
5) open habitat (not in any of the other cate-
gories).

Four aspects of snail habitat use (cover, burial,
crawlout, near-surface) were analyzed to ex-
amine whether predators and infection status
had an effect on snail behavior. The dependent
variables were the proportion of snails found in
a habitat type in each aquarium. Proportion val-
ues were arcsine transformed to meet the as-
sumption of normality. MANOVA was used to
examine habitat use because the responses are
not independent of each other. All statistical
analyses were conducted with Systat 8.0 (Systat
Software Inc., Richmond, California).
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FIG. 1. Proportion of Physa integra infected with trematodes from 6 sites on Konza Prairie Biological Station.

TABLE 1. Repeated measures ANOVA results for
the covered habitat use of infected and uninfected
Physa integra in 6 sites on Konza Prairie Biological Sta-
tion.

A. Between-subjects effects

Source df F p

Infection status
Error

2
15

284.37 ,0.01

B. Within-subjects effects

Source df F p

Time
Time 3 Infection status
Error

6
12
90

1.31
1.26

0.26
0.25

Results

Field infection rates

Physa integra (total n 5 325) were infected to
varying degrees in all the sites sampled (Fig. 1),
and were infected with Cathaemasiidae (n 5
107) and Paramphistomidae (n 5 218). Infection
status significantly affected cover use of P. inte-
gra (Table 1A). Uninfected P. integra used cov-
ered habitat significantly more than Paramphis-
tomidae-infected (Tukey’s test, p , 0.01) and
Cathaemasiidae-infected (Tukey’s, p , 0.01)
snails. However, covered habitat use did not dif-
fer between Paramphistomidae-infected and Ca-

thaemasiidae-infected snails (Tukey’s, p 5 0.34).
Across all sites, only 7% of infected snails were
found under cover, whereas 29% of uninfected
snails were under cover. There were no signifi-
cant time effects or significant time 3 infection
status interaction effects (Table 1B).

Infection rates were generally ,20% at each
site except for .50% infection of P. integra in
the Edler Spring site (Fig. 1). Definitive host
species were not determined. No sporocysts or
redia were found in snails that did not release
cercariae, indicating that the isolation method
was an adequate assessment of infection status.
Snail shell lengths ranged from 7.5 to 16.1 mm.
Infection status of P. integra was linearly and
positively related to size (r2 5 0.80, p , 0.001;
Fig. 2).

Laboratory experiment

There were significant effects of predators
and infection status on the habitat use of P. in-
tegra (MANOVA, Table 2). Over 60% of unin-
fected snails used covered habitats in the pres-
ence of fish, but ,20% used cover in the pres-
ence of crayfish and in the absence of a predator
(Fig. 3A). Significantly more infected snails
were under cover in the presence of fish (18%)
than infected snails in other treatments (7%; Ta-
ble 3). Significantly more infected snails than
uninfected snails crawled out of the water in the
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FIG. 2. Relationship between proportion of trem-
atode-infected Physa integra and P. integra shell length
collected from 6 sites on Konza Prairie Biological Sta-
tion. Linear regression line equation is y 5 0.09x 2
0.703, r2 5 0.80, p , 0.001.

FIG. 3. Habitat use of Physa integra populations in
a laboratory experiment with 3 predator treatments
(overall mean 6 SE, n 5 4 aquaria per treatment).
A.—Proportion of snails using covered habitats. B.—
Proportion of snails that crawled out of the water. C.—
Proportion of snails using near-surface habitats.

TABLE 2. MANOVA results for the habitat use of
infected and uninfected Physa integra in a laboratory
experiment in the presence or absence or predation
risk from creek chub (Semotilus atromaculatus) or cray-
fish (Orconectes nais). Values are the Wilks’ lambda F
statistic and the associated p values.

Source df F p

Predator
Infection
Predator 3 Infection

8,18
4,9
8,18

10.939
16.901

4.783

,0.001
,0.001

0.003

presence of fish and in the absence of a predator
(Fig. 3B). However, there was no significant dif-
ference in crawlout behavior between infected
and uninfected snails in the presence of crayfish
(Fig. 3B). Overall, infected snails exhibited near-
surface habitat use more than uninfected snails
under all treatments (Fig. 3C). The greatest dif-
ference in near-surface use between infected
and uninfected snails occurred in the presence
of fish (15% uninfected and 42% infected). Only
1 snail was found buried in the sand, so bur-
rowing behavior was excluded from the analy-
sis.

Discussion

Infected Physa integra used near-surface and
crawlout behaviors while avoiding covered hab-
itat in my study. Shallow habitat was used even
in the presence of a fish predator, indicating be-

havioral differences to the risk of predation be-
tween infected and uninfected snails. Consistent
with other studies, uninfected snails used cov-
ered habitats in the presence of fish and were
found near the surface of the water in the pres-
ence of crayfish (Turner et al. 1999, Bernot and
Turner 2001). However, few infected snails used
cover in the presence of fish. Thus, predicting
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TABLE 3. Univariate results for the habitat use of infected and uninfected Physa integra in a laboratory
experiment in the presence or absence of predation risk from creek chub (Semotilus atromaculatus) or crayfish
(Orconectes nais).

Source

Cover

df F p

Crawlout

df F p

Near-surface

df F p

Predator
Infection
Predator 3 Infection

2,12
1,12
2,12

41.03
38.589
17.822

,0.001
,0.001
,0.001

2,12
1,12
2,12

0.694
5.054
1.699

0.519
0.044
0.224

2,12
1,12
2,12

8.560
15.006
1.156

0.005
0.002
0.347

the cascading foodweb effects of infection may
be difficult because of potentially counteracting
effects of direct predation on snails (i.e., infected
snails should be more susceptible to foraging
fish leading to decreasing grazing pressure by
snails on algae and higher algal standing crop)
and the indirect effects of altered grazing pat-
terns (Bernot and Turner 2001).

Because I used naturally infected snails, the
laboratory experimental design does not elimi-
nate the possibility that infected snails differ
from uninfected snails in some other factor that
results in both a lack of antipredator response
to fish cues and the likelihood of being parasit-
ized. However, a large number of studies have
shown that individuals of Physa from disparate
populations and localities respond to fish chem-
ical cues, and my study is the first to show the
lack of an antifish response (Turner 1996, 1997,
Turner et al. 1999, 2000, Bernot and Turner
2001). The sole difference is the infection status
of the snails. Nevertheless, infected snails used
different habitats than uninfected snails even in
the face of predation risk, potentially affecting
snail populations as well as the other members
of the benthic community. Determining if this
behavior is truly a host manipulation by the par-
asite (e.g., to enhance its success of finding a
final host) or a byproduct of infection (e.g.,
physiological requirements for dissolved oxygen
or food override the risk of predation) will re-
quire more detailed knowledge of the system.

Levri and Lively (1996) found the New Zea-
land snail Potamopyrgus antipodarum foraged on
top of rocks in the morning when infected with
a trematode parasite. This behavior coincided
with the most active foraging time of the trem-
atode’s final waterfowl host, increasing the like-
lihood of transmission. Levri (1999) showed that
parasite-induced foraging patterns of P. antipo-
darum were trematode-species specific, provid-

ing evidence for the parasite manipulation hy-
pothesis.

The final hosts of the trematodes infecting P.
integra on KPBS are not yet known, but are like-
ly to include both amphibians and birds (Smyth
and Smyth 1980, Schell 1985). In both cases, cer-
cariae produced in snails would likely infect
tadpoles or adult frogs, where either secondary
sporocysts or the adult trematodes develop. In
cases where a bird is the final host, the life cycle
would be completed after the bird consumes the
infected tadpole or frog. Interestingly, trema-
todes in the family Cathaesmiidae, Ribeiroia on-
datrae, cause malformations in the hindlimbs of
several species of western North American am-
phibians (Johnson et al. 1999, 2002). Leg abnor-
malities are suspected to enhance trematode
transmission to its final heron host by hindering
the predator escape ability of infected frogs
(Johnson et al. 2001).

A similar explanation for manipulating snail
(1st intermediate host) behavior may not be as
intuitive. What is the adaptive advantage of ma-
nipulating P. integra to occupy shallow water or
crawl out of the water even in the face of pre-
dation risk? Crawling out of the water may be
adaptive for the trematode if the final host eats
snails that are encysted (i.e., 2nd intermediate
host). The young fluke would then grow in its
definitive host, completing the life cycle. Infect-
ed P. integra in my study all produced cercariae,
making them 1st intermediate hosts, requiring
transmission to a 2nd intermediate host before
completing their life cycle. Thus, crawling out of
the water seems like an implausible trematode
manipulation in this case. Near-surface habitats,
however, may provide favorable conditions for
free-swimming cercariae, and enhance their
probability of finding a secondary intermediate
host such as a tadpole or adult frog. Cercariae
do not eat and have a limited lifespan (8–12 h;
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Ginetsinskaya 1988), making it advantageous
for the 1st intermediate host to be close to the
2nd intermediate host. Thus, cercariae released
from snails in deep water or under cover may
be farther from tadpoles and frogs inhabiting
shallow water, and at a disadvantage to cercar-
iae released in shallow water.

As an alternative, proximate explanation, in-
fected snails may suffer from metabolic stress
and require more dissolved oxygen and food,
which they can acquire more easily in shallow
water (Ginetsinskaya 1988). In a similar vein,
development of the trematode sporocyst may
hinder the ability of the snail to detect chemical
cues associated with predators. So, the snails in
the laboratory experiment simply may not have
sensed predation risk. More studies are needed
to test these proximate and ultimate hypotheses.

The proportion of P. integra infected per
length class increased linearly with snail length,
which is similar to previous studies of pulmo-
nate snails (Brown et al. 1988). Larger P. integra
are older and have a higher probability of be-
coming infected. Larger snails are also more
susceptible to and may be preferred by visual
predators such as fish (Osenberg and Mittelbach
1989). Thus, the foodweb consequences of infec-
tion may depend on snail size.

Modifications of the behavior and life history
of pulmonate snails can have broader signifi-
cance for the communities and ecosystems in
which they live (Chase 1999, Bernot and Turner
2001). Trematodes affect both the antipredator
behavior (my study) and life history of fresh-
water snails (Minchella 1985, Brown et al. 1988,
Sorensen and Minchella 1998, Krist 2001). Thus,
trematode parasites may have large indirect ef-
fects on freshwater communities via their influ-
ences on snail traits, but the community-wide
effects of parasites remain a largely unexplored
area of research.

Severe malformations of amphibians are be-
coming a topic of concern for conservation bi-
ologists because they may indicate an emerging
threat to amphibian populations and other wild-
life (Ouellet et al. 1997, Johnson et al. 2002). Frog
malformations have been linked to trematode-
harboring snail populations and anthropogenic
habitat modifications that facilitate high densi-
ties of pulmonate snails (Johnson et al. 2002). It
is hypothesized that habitat modifications, in-
cluding eutrophication, enhance snail popula-
tions and potentially promote the transmission

of parasites to their final hosts that may be of
human concern (Johnson et al. 2002). The fresh
waters of KPBS have little anthropogenic influ-
ence and no agricultural inputs. Thus, my study
provides baseline data for trematode infection
rates in relatively pristine habitats. In addition,
my study indicates that infection by trematode
parasites results in behavioral changes of P. in-
tegra, potentially altering species interactions in
these freshwater benthic communities.

Acknowledgements

I thank M. Kemp, K. Gido, N. Gerlanc, D.
Gudder, W. Dodds, R. Baker, and E. Levri for
commenting on a previous draft of this manu-
script. K. Whittinghill provided assistance in the
lab and the field. The Kansas Department of
Wildlife and Parks and the National Science
Foundation Long-Term Ecological Research pro-
gram provided financial support.

Literature Cited

BERNOT, R. J., AND A. M. TURNER. 2001. Predator iden-
tity and trait-mediated indirect effects in a littoral
food web. Oecologia (Berlin) 129:139–146.

BLANKESPOOR, H. D., AND R. L. REIMINK. 1998. An ap-
paratus for individually isolating large numbers
of snails. Journal of Parasitology 84:165–167.

BROWN, K. M., B. K. LEATHER, AND D. J. MINCHELLA.
1988. Trematode prevalence and the population
dynamics of freshwater pond snails. American
Midland Naturalist 120:289–301.

CHASE, J. M. 1999. To grow or to reproduce: the role
of life-history plasticity in food web dynamics.
American Naturalist 154:571–586.

COMBES, C. 2001. Parasitism: the ecology and evolu-
tion of intimate interactions. University of Chi-
cago Press, Chicago.

DOBSON, A. P. 1988. The population biology of para-
site-induced changes in host behaviour. Quarterly
Review of Biology 63:139–165.

GINETSINSKAYA, T. A. 1988. Trematodes, their life cy-
cles, biology and evolution. Amerind Publishing
Co., New Delhi.

GRAY, L. J., AND W. K. DODDS. 1999. Structure and
dynamics of aquatic communities. Pages 177–192
in A. K. Knapp, J. M. Briggs, D. C. Hartnett, and
S. L. Collins (editors). Grassland dynamics. Ox-
ford University Press, New York.

JOHNSON, P. T. J., K. B. LUNDE, R. W. HAIGHT, J. BOW-
ERMAN, AND A. R. BLAUSTEIN. 2001. Ribeiroia on-
datrae (Trematoda: Digenea) infection induces se-
vere limb malformation in western toads (Bufo bo-
reas). Canadian Journal of Zoology 79:370–379.

This content downloaded from 147.226.177.70 on Fri, 17 Jan 2014 13:10:38 PM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


248 [Volume 22R. J. BERNOT

JOHNSON, P. T. J., K. B. LUNDE, E. G. RITCHIE, AND A.
E. LAUNER. 1999. The effect of trematode infection
on amphibian limb development and survivor-
ship. Science 284:802–804.

JOHNSON, P. T. J., K. B. LUNDE, E. M. THURMAN, E. G.
RITCHIE, S. N. WRAY, D. R. SUTHERLAND, J. M.
KAPFER, T. J. FREST, J. BOWERMAN, AND A. R.
BLAUSTEIN. 2002. Parasite (Ribeiroia ondatrae) in-
fection linked to amphibian malformations in the
western United States. Ecological Monographs 72:
151–168.

KRIST, A. C. 2001. Variation in fecundity among pop-
ulations of snails is predicted by prevalence of
castrating parasites. Evolutionary Ecology Re-
search 3:191–197.

LEVRI, E. P. 1998. Perceived predation risk, parasitism,
and the foraging behavior of a freshwater snail
(Potamopyrgus antipodarum). Canadian Journal of
Zoology 76:1878–1884.

LEVRI, E. P. 1999. Parasite-induced change in host be-
havior of a freshwater snail: parasitic manipula-
tion or byproduct of infection? Behavioural Ecol-
ogy 10:234–241.

LEVRI, E. P., AND C. M. LIVELY. 1996. The effects of
size, reproductive condition, and parasitism on
foraging behaviour in a freshwater snail. Animal
Behaviour 51:891–901.

MCCARTHY, T. M., AND W. A. FISHER. 2000. Multiple
predator-avoidance behaviors of the freshwater
snail Physella heterostropha pomila: responses vary
with risk. Freshwater Biology 44:387–397.

MINCHELLA, D. J. 1985. Host life history variation in
response to parasitism. Parasitology 90:205–216.

MOORE, J. 1995. The behavior of parasitized animals.
BioScience 45:89–96.

MOORE, J. 2002. Parasites and the behavior of animals.
Oxford University Press, New York.

MOORE, J., AND N. J. GOTELLI. 1990. A phylogenetic
perspective on the evolution of altered host be-
haviours: a critical look at the manipulation hy-
pothesis. Pages 193–233 in C. J. Barnard and J. M.
Behnke (editors). Parasitism and host behaviour.
Taylor and Francis, London, UK.

OSENBERG, C. W., AND G. G. MITTELBACH. 1989. Effects
of body size on the predator-prey interaction be-
tween pumpkinseed sunfish and gastropods.
Ecological Monographs 59:405–432.

OUELLET, M., J. BONIN, J. RODRIGUE, J. DESGRANGES,
AND S. LAIR. 1997. Hind limb deformities (ectro-

melia, ectrodactyly) in free living anurans from
agricultural habitats. Journal of Wildlife Diseases
33:95–104.

OVIATT, C. G. 1998. Geomorphology of Konza Prairie.
Pages 35–47 in A. K. Knapp, J. M. Briggs, D. C.
Hartnett, and S. L. Collins (editors). Grassland
dynamics: long-term ecological research in tall-
grass prairie. Oxford University Press, New York.

POULIN, R. 1998. Evolutionary ecology of parasites:
from individuals to communities. Chapman and
Hall, London, UK.

SCHELL, S. C. 1985. Handbook of trematodes of North
America North of Mexico. University Press of Ida-
ho, Moscow, Idaho.

SMYTH, J. D., AND M. M. SMYTH. 1980. Frogs as host-
parasite systems I. The MacMillan Press Ltd.,
New York.

SORENSEN, R. E., AND D. J. MINCHELLA. 1998. Parasite
influences on host life history: Echinostoma revo-
lutum parasitism of Lymnaea elodes snails. Oecol-
ogia (Berlin) 115:188–195.

SOUSA, W. P. 1983. Host life history and the effect of
parasitic castration on growth: a field study of
Cerithidea californica Haldeman (Gastropoda: Pro-
sobranchia) and its trematode parasites. Journal
of Experimental Marine Biology 73:273–296.

THOMAS, F., F. RENAUD, T. DE MEEUS, AND R. POULIN.
1998. Manipulation of host behaviour by para-
sites: ecosystem engineering in the intertidal
zone? Proceedings of the Royal Society of London
B Biological Sciences 265:1091–1096.

TURNER, A. M. 1996. Freshwater snails alter habitat
use in response to predation. Animal Behaviour
51:747–756.

TURNER, A. M. 1997. Contrasting short-term and long-
term effects of predation risk on consumer habitat
use and resources. Behavioural Ecology 8:120–
125.

TURNER, A. M., R. J. BERNOT, AND C. M. BOES. 2000.
Chemical cues modify species interactions: the
ecological consequences of predator avoidance by
freshwater snails. Oikos 88:148–158.

TURNER, A. M., S. A. FETTEROLF, AND R. J. BERNOT.
1999. Predator identity and consumer behavior:
differential effects of fish and crayfish on the hab-
itat use of a freshwater snail. Oecologia (Berlin)
118:242–247.

Received: 12 September 2002
Accepted: 24 February 2003

This content downloaded from 147.226.177.70 on Fri, 17 Jan 2014 13:10:38 PM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp

