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Abstract
The role of parasites in a marine invasion was assessed by ﬁrst examining regional patterns of trematode
parasitism in the introduced Japanese mud snail, Batillaria cumingi (= B. attramentaria), in nearly all of
its introduced range along the Paciﬁc Coast of North America. Only one parasite species, which was
itself a non-native species, Cercaria batillariae was recovered. Its prevalence ranged from 3 to 86%.
Trematode diversity and prevalence in B. cumingi and a native sympatric mud snail, Cerithidea californica, were also compared in Bolinas Lagoon, California. Prevalence of larval trematodes infecting snails
as ﬁrst intermediate hosts was not signiﬁcantly diﬀerent (14% in B. cumingi vs 15% in C. californica).
However, while the non-native snail was parasitized only by one introduced trematode species, the
native snail was parasitized by 10 native trematode species. Furthermore, only the native, C. californica,
was infected as a second intermediate host, by Acanthoparyphium spinulosum (78% prevalence). Given
the high host speciﬁcity of trematodes for ﬁrst intermediate hosts, in marshes where B. cumingi is competitively excluding C. californica, 10 or more native trematodes will also become locally extinct.

Introduction
Although invasions often exert signiﬁcant ecological impacts on native species and systems, the
eﬀects of most invasions remain unknown (e.g.,
Ruiz et al. 1999), especially for introduced parasites (Torchin et al. 2002). Parasites can inﬂuence
invasion processes in three distinct ways. First,
introduced species often escape the parasites that
infect them in their native range, and colonization
by new parasites does not make up for that loss
(Torchin et al. 2003). This reduction of parasites
may be associated with an increase in ecological
performance (i.e., density, body size, biomass) in

introduced populations (Torchin et al. 2001).
And, because the impacts of an invader correlate
with its performance (e.g., Crivelli 1983), a reduction in parasites will ultimately enhance an invader’s impacts (Torchin et al. 2002). For example,
lack of parasites may confer an advantage to an
invader competing with heavily parasitized native
species because parasites can aﬀect the viability
and competitiveness of their hosts (Park 1948;
Freeland 1983; Holt 1984; Price et al. 1988; Laﬀerty 1991; Minchella and Scott 1991; Schall 1992;
Holt and Lawton 1994). Second, parasites that are
transferred with non-indigenous species may
themselves threaten native species. If infected
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hosts invade a new locale, non-indigenous parasites may switch hosts and infect phylogenetically
or ecologically similar native species with potentially devastating consequences (Osmanov 1971;
Andrews 1980; Font and Tate 1994; Holmes and
Minchin 1995; Secord and Kareiva 1996; Barse
and Secor 1999; Mitchell et al. 2000; Hayward
et al. 2001). A rarely considered third scenario
through which parasites inﬂuence invasion
impacts, and one we consider in more detail here,
occurs when native parasites themselves are
locally extirpated during an invasion. This may
produce cascading eﬀects in the trophic interactions throughout the native community, especially
if predator–prey interactions are inﬂuenced by
parasites or symbionts (Holmes and Bethel 1972;
Laﬀerty and Morris 1996; Augustine and MullerParker 1998; Laﬀerty 1999). In sum, the ubiquity
of parasites and the extent of their eﬀects demands
increased attention to their role in the success and
impacts of exotic species.
Study system
The Japanese mud snail, Batillaria cumingi (= B.
attramentaria), was ﬁrst introduced in the west
coast of North America in the early 1900s. This
snail, originally misidentiﬁed in North America
as B. zonalis (Morris et al. 1980), was transplanted from Japan, with Paciﬁc oysters (Crassostrea
gigas)
imported
into
California
for aquaculture (Bonnot 1935; Barrett 1963).
Although the name B. attramentaria (Sowerby,
1855) has been used for this species in North
America, we are following nomenclature that is
suggested by McLean (in preparation) and used
by authors where this species is native (Ozawa
1996; Adachi and Wada 1998). Batillaria cumingi
now occurs, in discontinuous populations, from
Boundary Bay, British Columbia to Elkhorn
Slough, Monterey, California (Byers 1999). In
northern California, its distribution overlaps with
a native mud snail, Cerithidea californica. Both
snails feed on epipelic diatoms and experimental
evidence indicates that they compete with one
another for food (Whitlatch and Obrebski 1980;
Byers 2000a). In areas where the two snails are
sympatric, C. californica populations are being
excluded and in areas where the introduced snail
is abundant, the native snail appears to have

entirely disappeared (Carlton 1975; Byers 1999;
Byers and Goldwasser 2001).
Cerithidea californica serves as a ﬁrst intermediate host to at least 18 native trematode species
throughout its range in California (Martin 1972).
All but one of these trematodes are trophically
transmitted to the ﬁnal host and infect multiple
hosts during their life cycle (Figure 1). Snails serving as ﬁrst intermediate hosts contain asexually
reproducing trematode larval stages (rediae or
sporocysts), and all infected snails are castrated,
preventing any future reproduction. Trematodes
often also reduce the infected snail’s growth rate
(Sousa 1983; Laﬀerty 1993). Depending on the
trematode species, molluscs, crustaceans, or ﬁshes
may serve as second intermediate hosts for the
metacercarial cysts. The life cycle is completed
when a second intermediate host is eaten by the
ﬁnal host, typically a shorebird (Figure 1).
We distinguish between snails parasitized as
ﬁrst and second intermediate hosts and separate
them in our analyses, because the ﬁtness consequences of parasitism are diﬀerent for each. The
ﬁrst intermediate snail hosts are permanently castrated by a single infection (Kuris 1974, 1997).
The eﬀects on second intermediate hosts generally
depend on the number of infections. Second intermediate hosts often experience a decrease in
growth rate and survivorship (Lim and Heyneman
1972; Heyneman et al. 1972; Kuris and Warren
1980) and often suﬀer increased susceptibility to
predation (Holmes and Bethel 1972; Laﬀerty and
Morris 1996; Laﬀerty 1999). One trematode species, Acanthoparyphium spinulosum, infects C. californica, by using it as both a ﬁrst and second
intermediate hosts. It frequently encysts in the
buccal mass of C. californica (Martin and Adams
1961; Martin 1972). However, its eﬀect on the ﬁtness of C. californica individuals is unexplored.
In this study, we examined patterns of trematode parasitism in introduced populations of
B. cumingi. Parasitism in B. cumingi and its native
competitor, C. californica were compared in Bolinas Lagoon, where the two species co-occur. First
we quantiﬁed the species richness, prevalence,
intensity and mean abundance (sensu Bush et al.
1997) of larval trematodes in allopatric populations of B. cumingi and in sympatric populations
of C. californica and B. cumingi. Second, to determine whether B. cumingi was resistant to infection
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Figure 1. Generalized life cycle for trematode species using Cerithidea californica as ﬁrst intermediate host. The particular type of
second intermediate host used (e.g., a ﬁsh or a crustacean) is dependent upon trematode species, and not all second intermediate
hosts used by trematodes in C. californica are depicted here. Figure adapted from Huspeni and Laﬀerty (2004).

by parasites that infect C. californica, the susceptibility of the two snail species to infective A. spinulosum cercariae was experimentally tested. Based
on these results, we speculate on some likely, yet
potentially cryptic, impacts of the invasive snail
due to diﬀerences in parasitism between C. californica and B. cumingi. This is a necessary step in the
evaluation of how parasites inﬂuence the success
and impact of this invasive species.

Materials and methods
Local and regional-scale parasite surveys
To examine the parasites of Batillaria cumingi
and Cerithidea californica, snails of each species

from sympatric populations at ﬁve marsh pannes
in the south marsh of Bolinas Lagoon, California
were collected in September 1998. Marsh pannes
are elevated areas devoid of macro-vegetation,
where snails typically achieve their highest population densities within a marsh (Sousa 1990;
Byers 2000a). Furthermore, because both snail
species exhibit direct development (Whitlatch
1972; Behrens Yamada and Sankurathri 1977)
and limited dispersal as adults (Sousa 1990),
these pannes comprise relatively closed populations of snails. This low snail mobility and
potential genetic variation in susceptibility
between populations may result in diﬀerences in
snail infection across relatively small spatial
scales. We also collected B. cumingi from
three locations within Elkhorn Slough, Monterey,
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California (May and September 1998, July 1999
and October 2001) and two locations in Tomales
Bay, California (February 2000) and one location in Padilla Bay, Washington (June 2000)
(Table 1).
Snails were measured from the apex of the spire
to the vertical margin of the aperture with vernier
calipers. Snails were dissected by gently cracking
the shell with a hammer and then teasing shell
fragments and tissue apart in a few milliliters of
ﬁltered seawater in a Syracuse watch glass. Snail
gonads, digestive glands and mantle tissues were
examined for trematode sporocysts, rediae or
cercariae. Trematode species were identiﬁed
according to Martin (1972). We compared parasite prevalence in snails serving as ﬁrst intermediate hosts using a v2 test and a logistic regression
model, with host species, host size, and site within
the marsh as independent variables. The eﬀect of
latitude and snail size on prevalence was examined
using a general linear model for B. cumingi across
all of the sites we sampled.
To determine the extent to which snails were
infected as second intermediate hosts, we examined the muscles associated with the buccal mass
of a sub-sample comprising 50 individuals of each
snail species from each of the ﬁve sites within
Bolinas Lagoon. This tissue was examined with
the aid of a compound microscope at 40·. We
quantiﬁed the percentage of infected hosts (prevalence), the mean number of cysts in infected hosts
(intensity), and the mean number of cysts in
infected and uninfected snails (mean abundance).
We examined the buccal masses of both snail
species for cysts of A. spinulosum. Mean abundance of this parasite in the two snails was
compared using the Kruskal–Wallis test because
the data were not normally distributed.

Infection experiment
To determine if B. cumingi was refractory to infection as a second intermediate host, we exposed it
to high concentrations of infective A. spinulosum
cercariae. From a source population of C. californica known to be infected with A. spinulosum as
ﬁrst intermediate hosts (Point Mugu, California),
we collected cercariae by inducing them to shed
from infected snails. Snails were isolated in individual plastic containers with a few milliliters of
seawater and exposed to light (6 h light at 28–
30 C). This technique enables non-destructive
collection of trematode cercariae (Laﬀerty 1991).
Approximately 4000 cercariae were obtained,
and placed in a rectangular plastic aquarium
(29 · 18 cm) along with 25 C. californica and 25
B. cumingi from Bolinas Lagoon in one liter of ﬁltered seawater. A 3.2 mm plastic mesh (Vexar)
cover was placed over the surface to prevent the
snails from crawling out of the water. The snails
were exposed for 40 h, removed from the container and rinsed with ﬁltered seawater. We measured shell length, then dissected and processed
them as above. New metacercarial infections
(existing prior to exposure) were distinguished
from old ones by having incompletely developed
cyst walls. We analyzed the mean number of new
infections of A. spinulosum in B. cumingi and
C. californica using a Kruskal–Wallis test as
above.
Second intermediate host survey
A single trematode species, which was itself a nonnative species, was found to parasitize B. cumingi
as a ﬁrst intermediate host. A dichotomous key
and published descriptions of native trematode

Table 1. Trematode prevalence in Batillaria attramentaria at our collection sites (listed north to south) n = sample size.
Location

Padilla Bay, Washington
Tomales Bay, California

Site

Bay View State Park
Hog Island Oyster Co.
Millerton
Bolinas Lagoon, California South Marsh
Elkhorn Slough, California Hummingbird Island
Jetty Road
Kirby Park

Latitude (N)

48.31
38.15
38.15
37.09
36.41
36.41
36.41

Trematode
prevalence (%)

Shell length (mm)
n

Mean

Variance

275
80
102
499
102
75
50

25.8
23.1
24.3
23.1
21.4
19.9
19.8

25.2
5.3
10.4
9.4
4.7
3.8
22.4

86.2
8.8
10.8
14.0
3.9
2.7
4.0

889
species in California enabled identiﬁcation down
to the family level (Martin 1972; Yamaguti 1971,
1975). Using descriptions and parasitological evidence of trematodes in snails from Japan, we identiﬁed this trematode as Cercaria batillariae,
described from Batillaria cumingi from Japan
(Shimura and Ito 1980; Ito 1988) (Figure 2). To
determine which ﬁsh species served as the second
intermediate host for this non-native trematode
species, we collected ﬁshes from Elkhorn Slough
(an estuary where C. californica does not presently
occur (Byers 1999)) in October 2001. Using a
beach seine (5 m long, 3 mm mesh width) the
ﬁshes were caught at an average depth of 1 m. All
ﬁshes caught (Atherinops aﬃnis, Clevelandia ios,
Gillichthys mirabilis and Leptocottus armatus)
were examined for exotic trematode metacercariae. We compared the morphology of larval
worms in the metacercarial cysts to those in
B. cumingi to conﬁrm their identiﬁcation.
Results
Local scale parasite survey
We examined 499 Batillaria cumingi and 396 Cerithidea californica from Bolinas Lagoon, where the
two snail species are sympatric. Ten trematode
species infected C. californica, and only one species, Cercaria batillariae, infected B. cumingi.
When all snails were pooled, we found no signiﬁcant diﬀerence in overall prevalence of trematodes

infecting B. cumingi (14%) and C. californica
(15%) as ﬁrst intermediate hosts in Bolinas
Lagoon (v2 ¼ 0.03, df ¼ 1, P > 0.05). When we
examined trematode prevalence in more detail
using a full factorial logistic regression model
(JMP, SAS Institute Inc.) accounting for snail species, snail size, and collection site, again, no significant diﬀerence in prevalence between snail species
was found (v2 ¼ 0.11, df ¼ 1, P > 0.05). Site
(v2 ¼ 29.8, df ¼ 4, P < 0.0001) and snail size
(v2 ¼ 75.5, df ¼ 1, P < 0.0001) had a signiﬁcant
eﬀect on infection status, with larger snails exhibiting higher prevalences than smaller snails. There
was also a signiﬁcant interaction eﬀect of site and
species (v2 ¼ 31.1, df ¼ 4, P < 0.0001), and species and size (v2 ¼ 19.6, df ¼ 1, P < 0.0001) on
infection status. When each snail species was
examined separately, there was a signiﬁcant eﬀect
of size on prevalence for both snail species
(v2 ¼ 7.9, df ¼ 1, P < 0.01 for C. californica and
v2 ¼ 70, df ¼ 1, P < 0.0001 for B. cumingi).
The size-dependent infection prevalence was
more extreme for B. cumingi than for C. californica (Figure 3a), with a very steep increase in
infected B. cumingi at 27 mm. The size frequency
distributions of the two snails were also diﬀerent
(Figure 3b), with the mean size of C. californica
(25 mm) larger than that of B. cumingi
(23 mm)(t ¼ )12.4, df ¼ 893, P < 0.0001).
Of the 250 C. californica examined for the
metacercariae of Acanthoparyphium spinulosum
from Bolinas Lagoon, California, 78% were
infected as second intermediate hosts compared
to 0% of the 252 B. cumingi examined (v2 ¼ 295,
df ¼ 1, P < 0.0001). The mean abundance of
metacercariae in C. californica was ﬁve. There
was a positive association between size of snail
and the prevalence of cysts in C. californica
(r2 ¼ 0.89, P < 0.0001, Figure 4a). However,
there was no association between snail size and
the intensity of cysts in infected C. californica
(r2 ¼ 0.003, P > 0.05, Figure 4b).
Regional scale parasite survey

Figure 2. Cercaria of the non-indigenous trematode (Cercaria
batillariae) infecting non-indigenous Batillaria cumingi in Bolinas Lagoon. Total length of cercaria is approximately
0.5 mm.

Throughout its introduced range, Batillaria cumingi was infected with only a single trematode
species, the non-native, Cercaria batillariae (n ¼ 4
estuaries, n ¼ 7 sites, n ¼ 1183 B. cumingi). Prevalences of this trematode varied greatly among

890
(a) 100
80

70
60
50
40
30
20
10
0

Prevalence (%)

Prevalence (%)

(a) 100
90
80

60
40
20
0

16

18

24 26
20 22
Size class (mm)

28

30

16

35

70

30

Number of cysts

80
Number of snails

(b) 40

60
50
40
30

28

30

15
10

10

0
14

16

0
22
24 26
Size class (mm)

26

24

20

5

20

22

25

20

18

20

Size class (mm)

(b) 90

16

18

28

the locations (Table I). Latitude was positively
associated with infection status (R2 ¼ 0.98,
F ¼ 270, df ¼ 1, 6, P < 0.0001), however, this
association was heavily inﬂuenced by the northern-most site, Padilla Bay, Washington. Here
nearly 9 out of 10 adult snails were infected.
Infection experiment
In the 40 h of exposure to infective cercariae,
none of the 25 B. cumingi experimentally exposed
to A. spinulosum metacercariae became infected,
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Figure 3. (a) Size – prevalence distribution of larval trematodes (using snails as ﬁrst intermediate hosts) in Batillaria
cumingi (solid bars represent prevalence of the exotic Cercaria
batillariae) and Cerithidea californica (open bars represent
overall prevalence of 10 trematode species combined) in Bolinas Lagoon, California; (b) Size – frequency distribution of
Batillaria cumingi (solid bars) and Cerithidea californica (open
bars) in Bolinas Lagoon, California. Data are for all pannes
combined.

18

Figure 4. (a) Size – prevalence distribution of Acanthoparyphium spinulosum metacercariae (i.e., using the snail as a second
intermediate host) in Cerithidea californica in Bolinas Lagoon,
California; (b) Association between intensity of A. spinulosum
metacercariae and snail size.

while 13 of the 25 C. californica from Bolinas
Lagoon became infected with an average of one
new infection per snail (Kruskal–Wallis
v2 ¼ 16.8, df ¼ 1, P < 0.0001).
Fish survey
All of the ﬁshes we caught in our collections from
Elkhorn Slough were infected as second intermediate hosts with metacercariae of the non-native
trematode, with the exception of two small (4 and
5 cm), juvenile topsmelt (Atherinops aﬃnis). The
ﬁshes infected with the exotic parasite included:
the arrow goby (Clevelandia ios, n ¼ 16, mean cyst
intensity ¼ 21), the longjaw mudsucker (Gillichthys mirabilis, n ¼ 3, mean cyst intensity ~500)
and the staghorn sculpin (Leptocottus armatus,
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n=2, mean cyst intensity ~250). We found metacercariae of the exotic Cercaria batillariae throughout the body cavity of the ﬁshes. These were
primarily concentrated in the connective tissue
lining the pericardium, coelom, the dorsal surface
of the mouth, and pharynx (Figure 5).

Discussion
Batillaria cumingi and Cerithidea californica diﬀer
markedly in the assemblage of parasites utilizing
each as a ﬁrst intermediate host. We found 10
native trematode species infecting C. californica
as a ﬁrst intermediate host, while only one species infected B. cumingi. Batillaria cumingi was
transplanted from Japan with imported oysters
(Crassostrea gigas), and adult snails infected with
trematodes were probably introduced. Alternatively, but much less likely, the movement of
avian hosts from Japan to the West Coast of
North America may have also provided an avenue by which Cercaria batillariae could invade.
In either case, Cercaria batillariae could not have
established until its obligate ﬁrst intermediate
host (B. cumingi) was itself introduced. Because
trematodes are typically less host-speciﬁc for second intermediate and ﬁnal hosts (Llewellyn 1965;

Figure 5. Metacercariae of the exotic Cercaria batillariae
infecting a native goby (Gillichthys mirabilis). These metacercarial cysts were concentrated in the connective tissue lining
the pericardium. M indicates metacercarial cysts and B indicates the bulbus arteriosus of the ﬁsh. Diameter of metacercaria is approximately 0.3 mm.

Shoop 1988), Cercaria batillariae was able to
complete its life cycle in North American hosts
such as ﬁshes and birds. This non-indigenous
parasite has presumably been present, impacting
multiple native species for more than 50 years, in
many estuaries on the Paciﬁc Coast of North
America. In the literature, trematodes were ﬁrst
reported parasitizing populations of Batillaria
cumingi in North America by Whitlatch (1974)
and by Ching (1991), although they did not recognize the trematode as an introduced parasite
species.
Regardless of the vector by which Cercaria
batillariae was introduced, it appears that only
one of the several (six reported and two undescribed) trematode species which infect Batillaria
cumingi in its native range (Shimura and Ito
1980; Rybakov and Lukomskaya 1988; Harada
and Suguri 1989; M. Torchin and A. Kuris, in
preparation) invaded along with the snail host.
This release from parasites is consistent with
other examples of invasive marine species (Torchin et al. 2001, 2002, 2003). Interestingly, in
Japanese populations of B. cumingii Cercaria batillariae is more widespread and prevalent than
other trematode species and it is also common in
areas of shellﬁsh aquaculture (M. Torchin and
A. Kuris, in preparation). Thus, Cercaria batillariae may have had an increased chance of being
introduced with B. cumingii compared to the
other trematode species.
In Bolinas Lagoon, the overall proportion of
snails infected as ﬁrst intermediate hosts (and
thus castrated) did not diﬀer between B. cumingi
and C. californica. This suggests that in Bolinas
Lagoon, B. cumingi may not experience an
advantage over C. californica because of reduced
parasitism as a ﬁrst intermediate host. However,
the positive association between size and prevalence was more extreme for B. cumingi than for
C. californica. While trematode prevalence
increased dramatically at 27 mm for B. cumingi
(Figure 3a), there were relatively few snails
greater than 26 mm in our study (Figure 3b).
Conversely, even though the increase in prevalence was not as great in larger C. californica,
there were more C. californica in the larger size
classes compared to B. cumingi. Thus, to fully
evaluate the diﬀerential impacts of trematodes
on these snails, information on size-speciﬁc
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fecundity, size-speciﬁc infection rates and snail
growth rates, will be required.
Since larval trematodes generally display less
host speciﬁcity for second intermediate hosts than
for ﬁrst intermediate hosts (Llewellyn 1965;
Shoop 1988), we hypothesized that B. cumingi
and C. californica may share parasites that utilize
both of them as second intermediate hosts. Metacercarial cysts of A. spinulosum often occur in
high intensities in the musculature of the buccal
mass of C. californica (Martin and Adams 1961;
T. Huspeni and M. Torchin, unpublished data).
However, while none of the B. cumingi examined
were parasitized by A. spinulosum, nearly 80% of
the C. californica were infected by this trematode
species. Our infection experiment demonstrated
B. cumingi was not a compatible host for A. spinulosum. Studies examining the impact of A. spinulosum on C. californica are needed to adequately
determine the potential for A. spinulosum to mediate interactions between the two snail species.
The direct eﬀects of the invasion of B. cumingi
have been well documented, particularly with
respect to its negative eﬀects on C. californica
(Whitlatch and Obrebski 1980; Byers 2000a, b;
Byers and Goldwasser 2001). We submit that
there are also probable community level impacts
resulting from the exclusion of C. californica, and
its associated parasites. Heterophyid trematodes
use ﬁshes as their second intermediate hosts, and
ﬁsh-eating birds and mammals as ﬁnal hosts. In
Elkhorn Slough, we found metacercariae of the
heterophyid, Cercaria batillariae in all of the three
ﬁsh species for which we examined adult individuals. In two of the species, we found hundreds of
metacercariae per individual host, suggesting that
high intensities are common in these native hosts.
Further studies examining the full range of second
intermediate host use and the impact of this parasite on the growth, behavior and survival of
infected ﬁshes are necessary to elucidate the
extent of the impact of this invasion.
Perhaps equally as important, should C. californica become extirpated at Bolinas Lagoon, its
parasites will also become locally extinct. None
use alternative ﬁrst intermediate hosts, including
B. cumingi. Although the precise manifestations of
these local extinctions on the marsh community
remain unclear, the removal of 10 or more native
trematode species will ultimately result in the

local elimination of infections in molluscs, crustaceans and potentially several ﬁshes that serve as
second intermediate hosts for C. californica’s parasites (Martin 1972; Figure 1). This may alter
host population dynamics (Laﬀerty 1992) and
potentially alter the foraging and abundances of
shorebirds as well (Laﬀerty and Morris 1996).
The loss of C. californica and the concomitant
loss of its dependent larval trematode species
may have far-reaching eﬀects on the community
structure of this native marsh system. This study
highlights the importance of thoroughly examining parasites when considering the success and
impacts of non-indigenous species.
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