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Abstract The distribution of organisms at small spatial
scales and their use of microhabitats are important deter-
minants of species-level interactions. In many ubiquitous
rocky shore invertebrates, use of intertidal microhabitats has
previously been studied with relation to thermal and desic-
cation stress, ontogenetic changes and predation. Here, the
effects of parasitism on the microhabitat use and movement
of two New Zealand littorinid hosts, Austrolittorina antipo-
dum and A. cincta, were investigated by examining the
effect of infection by a philophthalmid trematode parasite.
Alterations in microhabitat use and movement of infected
versus uninfected individuals were found during both field
mark-recapture and laboratory experiments, carried out
from August 2012 to March 2013 in Otago Harbour, New
Zealand (45.83°S, 170.64°E). Specifically, a trend towards
increased use of rock surface habitats and a reduction in
the distance moved by infected snails was observed. In
addition, decreased downward movement was observed
for some infected individuals. This alteration in individual
distribution is likely to increase the availability of infected
individuals to predators, hence aiding the successful trans-
mission of the trematode parasite. These results highlight
the importance of including parasitism as a biotic factor in
studies of gastropod movement and spatial distribution.
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Introduction

The intertidal zone has provided an ideal study system for
investigating the interactions among species within eco-
logical communities, or between species and the abiotic
environment. For example, studies of competition among
barnacles (Connell 1961), grazing by littorinid snails
(Lubchenco 1978), facilitation between algae species (Day-
ton 1975) and predation by sea stars (Paine 1966) provide
classic examples of species interactions, both direct and
indirect. These examples illustrate the importance of biotic
factors among the suite of mechanisms influencing species
distributions. Parasitism is one such biotic factor, and it has
received less attention than other factors despite the ubig-
uity of parasites in the intertidal environment (Mouritsen
and Poulin 2002; Torchin et al. 2002; Marcogliese 2005).
There is now increasing evidence that parasites have con-
siderable community-wide impacts (Curtis 1990; Wood
et al. 2007; Clausen et al. 2008).

For many organisms with a restricted distribution and
reduced range, like several in the intertidal zone, small spa-
tial scales and the availability of microhabitats can greatly
influence population structure. Microhabitat use has been
the focus of several recent studies of the avoidance of pre-
dation risk (Trussell et al. 2003; Orrock et al. 2013; Vaudo
and Heithaus 2013). Microhabitats are a vital component
of an organism’s niche and can impact life history char-
acteristics such as survival (Norton et al. 1990; Kovach
and Tallmon 2010) and growth (Orrock et al. 2013). Fur-
thermore, microhabitat use may be influenced by vari-
ous biological factors, such as an organism’s size, or how
it is affected by predation or competition (Kemppainen
et al. 2005; Perez et al. 2009). In field settings, the influ-
ence of parasites has recently been studied, in terms of
alterations in phenotypic appearance (Lagrue et al. 2007,
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Minguez et al. 2012), host movement and behaviour (Dunn
et al. 2011; Fredensborg and Longoria 2012), host feed-
ing (Wood et al. 2007) and in wider ecological studies,
such as in food web analyses (Lafferty et al. 2008; Britton
2013). Infection by parasites can also influence microhabi-
tat choice and risk-taking behaviour of a variety of hosts,
including crustaceans and fish (Poulin 1994; Lafferty and
Shaw 2013). Although the underlying mechanisms causing
such changes remain unclear, it seems likely that parasites
can either directly alter microhabitat choice or indirectly
affect it by modifying host size, affecting the fit of the host
to its microhabitat (McCarthy et al. 2004; Chapuis 2009).

Gastropods serve as first intermediate hosts to trema-
tode parasites, common in marine intertidal environments
(Torchin et al. 2002). Trematodes are flatworms with a
complex life cycle: their juvenile stages (eggs/miracidia)
infect gastropods from which they release cercariae that
infect a second intermediate host, or encyst on a hard sub-
strate, before eventually infecting either fish or bird defini-
tive hosts, depending on the species (Galaktionov and
Dobrovolskij 2003). Examples of the behavioural effects
of trematodes on their intertidal gastropod hosts include
reduced displacement (Williams and Ellis 1975; Miller and
Poulin 2001), and greater upshore movement (Curtis 1987;
McCarthy et al. 2000). Although these effects may be due
to pathological side effects, they may in some cases rep-
resent manipulation by the parasite driving the host into a
zone with greater probability of successful transmission to
the next host (Curtis 1987; Curtis 1993; McCarthy et al.
2000; McCurdy et al. 2000). Such disrupted movement can
contribute to the distribution and size structure of a species’
population, for example, if infected individuals are larger
(McCarthy et al. 2004) and move upshore (McCarthy et al.
2000). While many studies have focused on the effects of
parasites on host behaviour, to the authors’ knowledge, this
is one of the rare investigations of an alteration in the use of
microhabitats by the gastropod first intermediate host of a
trematode parasite. The present study focused on quantify-
ing the effect of trematode parasites on microhabitat use by
their littorinid hosts on a rocky shore.

Littorinids are dominant gastropods on rocky shores
worldwide (Davies and Williams 1998) and are host to
many trematode species (Thieltges et al. 2009). As these
gastropods are typically found in very high numbers
and utilise a variety of microhabitats on the shore, such
as crevices and rock pools (Saier 2000; Granovitch and
Mikhailova 2004), they make for ideal study organisms.
Previously, littorinids have been used as model organisms
in the study of microhabitat use in relation to thermal and
desiccation stress (Jones and Boulding 1999; Chapperon
and Seuront 2011a), although results of such studies are
equivocal (Stafford and Davies 2004). Additional factors
which may influence microhabitat use of littorinids are
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discussed by Chapperon and Seuront (2011a) but parasit-
ism has never been considered.

In a field mark-recapture study and a parallel laboratory
study, we investigated whether infection by an undescribed
castrating philophthalmid trematode would alter micro-
habitat use and movement by littorinid individuals, which
may be due to either adaptive manipulation or underlying
pathological effects. Littorinids are abundant gastropods
on New Zealand rocky shores (Saies 1973). The focal
philophthalmid trematode uses littorinids as first interme-
diate hosts. The parasite produces free-swimming stages,
or cercariae, which are then released from the snails and
soon encyst on rocky intertidal hard surfaces where they
may be ingested by a bird definitive host (Weekes 1982;
Kanev et al. 2005). This is the first study to investigate
the influence of trematode parasitism on the ecology of
these littorinid hosts. Specifically, we tested whether: (1)
infected snails show reduced movement compared to unin-
fected ones, (2) infected snails occur more often in exposed
microhabitats where they have increased susceptibility to
predators, through reduced use of crevices, for instance
and (3) infected snails have a lower recapture success than
uninfected ones, due to parasite-induced mortality. Where
possible, we tested these predictions in both the field and
the laboratory, and conducted our study on two different lit-
torinid species as we sought to determine the generality of
the findings.

Methods
Study system and density measures

The study was carried out on a rocky shore at Porto-
bello, Otago Harbour, Dunedin, New Zealand (45.83°S,
170.64°E), where the tidal range is approximately 1.8 m.
The dominant organisms on the high rocky shore are the
two species of New Zealand littorinid, Austrolittorina
antipodum and Austrolittorina cincta. The ‘littorinid zone’
is that part of the intertidal zone which littorinids inhabit,
a term developed from the global distribution of these gas-
tropods, with those in New Zealand also defined as ‘zone-
forming’ (Saies 1973). These two sympatric species host
the same philophthalmid trematode species, which is yet to
be described formally (K. O’Dwyer, unpublished data), but
has been studied both morphologically and genetically. In
August 2012, using a 0.25-m? quadrat (0.5 x 0.5 m) placed
in grid fashion, i.e., 6 quadrats along each of three adjacent
transects at the upper, mid and lower part of the littorinid
zone, photographs were taken of each quadrat. Microhabi-
tat availability was calculated using ImageJ 1.46r (Schnei-
der et al. 2012) by determining the proportions of the sur-
face area covered by rock surface, crevices and rock pools.
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A crevice is defined as a crack in the rock in which any por-
tion of the snail’s shell could be concealed [see also Judge
et al. (2009), Chapperon and Seuront (2011a) for interpre-
tations of ‘crevice’]. To determine the density of littorinid
snails on the shore, a 0.0625-m> quadrat (0.25 x 0.25 m)
was haphazardly placed within each of the larger 0.25-m>
quadrats used for the study of microhabitat availability, and
individuals of the two species were counted. These data
served to quantify the vertical zonation and density of each
species.

Assessment of infection status

In September 2012, a total of 1545 individual littorinids of
both snail species (796 A. antipodum, 749 A. cincta) were
collected from the Portobello site where snail densities
were measured. For the identification of infected littorinids,
immersion in seawater combined with shaking has previ-
ously been shown to induce parasite shedding (McCarthy
et al. 2002). Therefore, to induce parasite shedding, snails
were placed individually in compartments of 12-well plates
and 3 ml seawater was added to each. The plates were then
put on an orbital shaker plate at 80 rpm for ~ 8 h. Due to
variation in the shedding frequency of the parasites and
in order to increase the likelihood of correctly identify-
ing uninfected individuals, screening was carried out three
times, with 7-10 days intervals between screenings. The
prevalence of the philophthalmid parasite across all littorin-
ids was 3.4 %. Higher prevalence was found for A. antipo-
dum (n = 35, 4.7 % infected) than for A. cincta (n = 15,
2.0 % infected).

Mark-recapture experiment

Infected snails, along with 35 uninfected A. antipodum and
15 uninfected A. cincta, were individually labelled with bee
tags (Bee Works, Orillia, Canada) applied with glue. The
shell length (SL) of each snail was recorded to the near-
est 0.1 mm using digital callipers. Uninfected littorinids
[mean + standard deviation (SD) SL = 8.2 + 1.4 mm
A. antipodum; 11.6 £ 1.7 mm A. cincta] were cho-
sen of similar sizes to those infected snails (mean 4 SD
SL = 84 £ 1.5 mm A. antipodum; 11.7 £ 1.9 mm
A. cincta), so that there was no significant size differ-
ence between the two groups (Welch Two Sample ¢
test: T = 0.489, P = 0.626 for A. antipodum; T = 0.225,
P = 0.823 for A. cincta). There was a clear size difference
between the two littorinid species, hence they were treated
separately. The littorinids were released during the even-
ing low tide, on 23 September 2012, within a 0.0625-m?
quadrat on a wetted rock surface in the middle of the study
site. Littorinids were observed for 2 h following release to
ensure they had attached to the substrate.

The position of each individual was next recorded at the
evening low tide the following day. The distance moved by
each snail was measured by recording its vertical and hori-
zontal distance from the perimeter of the 0.0625-m? release
quadrat; these values were later converted into a measure
of the most direct linear route to the current position. The
microhabitat in which each individual was found was also
recorded as rock surface, crevice or rock pool.

The position and location of all re-sighted littorinids
were recorded weekly for a total of 9 weeks and, subse-
quently, monthly for 2 months. At each weekly and, later,
monthly shore visit, the recordings were the same as those
above, i.e., distance moved and microhabitat used. In Janu-
ary (17 weeks after the start of the experiment), the num-
ber of marked snails on the shore dropped dramatically,
prompting collection of all individuals to confirm their
infection status via dissection.

Laboratory experiment

Four replicate tanks (each 45 x 42 x 37 cm) were pre-
pared by lining the inside of each plastic tank with plaster
to ensure equal substrate type within the tank. Before the
plaster hardened, crevices were made using a trowel, and at
the same locations for all four tanks. To ensure the removal
of any powdery residue, each tank was soaked in seawa-
ter and rinsed several times before use in the experiment.
The tanks were set down on a slant (~30° slope) and sea-
water (salinity 35) was added to create a rock pool (~3 cm
maximum depth) at one end. The remaining surface area
consisted of open ‘rock’ surface either on a slant, or more
or less vertical along the four sides of the tank. A differ-
ent set of snails from those of the field study was collected
on 10 March 2012 and screened three times for the assess-
ment of infection status. The 80 snails used in this experi-
ment were also marked with numbered bee tags. Before the
experiment, they were kept in 1 1 tanks in the laboratory
with rocks, collected at the same site, provided as a food
source (encrusting algae) and natural substrate. At the start
of the experiment, 20 tagged snails were added to each of
the four tanks, within an 8-cm? quadrat, so that each tank
contained 5 infected A. antipodum, 5 uninfected A. antipo-
dum, 5 infected A. cincta and 5 uninfected A. cincta. The
experiment was carried out under natural daylight condi-
tions and at ~18 °C. Shell lengths differed between infected
and uninfected snails, which could not be avoided in the
sample collected, but the difference was controlled for in
later statistical analysis. Following a 30-min acclimation
period, recordings were made every hour, of each snail’s
location within the tank, in terms of the microhabitat occu-
pied, and their distance vertically and horizontally from the
release quadrat. While the experiment lasted for several
hours, the littorinids virtually ceased movement after a few

@ Springer



440

Mar Biol (2014) 161:437-445

hours, hence only the first 3 h of data were used. Follow-
ing experiments, all individuals were measured and dis-
sected to re-assess their infection status. Of those initially
classed as uninfected, 11 were infected with the philoph-
thalmid trematode parasite under investigation and so were
included in analyses as infected individuals. A further two
littorinids were found to contain another parasite species
and these were excluded from the study. Thus, 22 infected
and 17 uninfected A. antipodum along with 29 infected and
10 uninfected A. cincta contributed to the final data set for
the laboratory study.

Statistical analysis

Due to the nature of the mark-recapture data, many missing
values were recorded when a snail was not observed during
one of the shore visits. It is important to account for miss-
ing data in analyses to avoid losing any information and
to prevent biased results (Nakagawa and Freckleton 2008,
2011). The extent of missing data points for each study is
reported in Table S1 (Online Resource 1). The distribution
of the missing data was random with respect to infection
status [MCMCglmm: posterior mean = —0.004, credible
interval (CI) = —0.34-0.33].

All statistical analyses were carried out in R version
3.0.0 (R Core Team 2013) using Bayesian generalised
linear mixed models in the MCMCglmm function from
the package MCMCglmm, which allows the inclusion of
missing data (Hadfield 2010). Using this package, gener-
alised linear mixed models are fitted using a Markov chain
Monte Carlo (MCMC) algorithm with inverse Wishart pri-
ors (Hadfield 2010). This method samples from a posterior
distribution and provides the mean and CIs of that distribu-
tion. In any case where the CI does not cross zero, the dif-
ference is considered significant.

Separate models were run for each species of littorinid,
and the number of iterations, thinning interval and burnin
were specified in order to ensure that >1,000 samples were
obtained from the posterior distribution (Tables S2, S3, S4).
The default inverse Wishart prior was used for the move-
ment data and a modified prior assuming variance of 1 was
used for the binomial microhabitat and recovery data, fol-
lowed by c2 correction (Hadfield 2010).

For the microhabitat choice models in the laboratory
study, the data were one-sided (i.e. larger sample size in
one group), and therefore a prior utilising the Gelman prior
function was specified (Gelman et al. 2008). We observed
that almost every chain had mixed thoroughly as autocorre-
lation between subsequent lags was consistently low (<0.1)
(Tables S2, S3, S4). Data for the overall distance moved
by individual littorinids, as well as for the distance moved
vertically, were square-root transformed. Microhabitat use
data were analysed by comparing the use of rock surface
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and crevice only, because too few snails were found in rock
pools to allow analysis of these data. For all models, the
fixed-effect predictor variables were infection status and
snail SL while the random-effect variables changed accord-
ing to the specific model; see Tables S2, S3 and S4 for
more details.

Results
Littorinid densities and microhabitat availability

There was a difference in the mean overall density of
each species, with A. antipodum averaging 694 m~2 and
A. cincta 572 m~2. The two species differed in their pat-
terns of density on the shore, with substantially more A.
antipodum found in the lower part of the littorinid zone
(Fig. S1). For the upper zone, and among microhabitats,
there were smaller differences in density between littori-
nid species, except that A. antipodum was found at higher
density in pools than A. cincta (Fig. S1). For both species,
more individuals were found in crevices than on the rock
surface or in rock pools (Fig. S1). Microhabitat availability
was measured as surface area across the shore at each of
the upper, mid and lower parts of the littorinid zone. The
only differences found were for rock pools which were
more abundant towards the lower shore (0.181) compared
to the upper and mid parts of the littorinid zone (0.005 and
0.029, respectively). The proportional surface area for each
microhabitat was: rock surface = 0.880, crevice = 0.048,
rock pool: 0.072.

Microhabitat use

In all studies, few littorinids were observed in pools (e.g.
30/630, 4/270 number of records for pools in the weekly
data of A. antipodum and A. cincta, respectively). Due to
their scarcity, these data could not be analysed, instead all
analyses of microhabitat use compare the occupancy of
crevices versus rock surface only. Overall, infected littorin-
ids were found more on the rock surface than in crevices
relative to uninfected snails, although the CI crossed zero in
all comparisons, except in the weekly study for A. antipo-
dum where it did not cross zero, indicating a significant dif-
ference (Fig. 1, Fig. S2; Table S2). Larger individuals were
also found more on the rock surface in comparison with
crevices (Table S2). The results differed between species
with typically stronger effects of infection for A. antipodum
than for A. cincta, although there was a considerable differ-
ence in sample size between the two species (Fig. 1, Fig.
S2; Table S2). In the laboratory study, the mean estimate
for both littorinid species indicated greater use of the rock
surface microhabitat by infected than uninfected snails,
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Fig. 1 Proportional use of each microhabitat by a uninfected Aus-
trolittorina antipodum, b infected A. antipodum, ¢ uninfected Aus-
trolittorina cincta, d infected A. cincta. Dark grey represents rock
surface, light grey crevices and white rock pools. For the 24-h study,
results indicate relative number of snails microhabitat™!, while for all
other studies, results indicate mean microhabitat use by an average
infected or uninfected snail. Sample sizes (N) shown are total number
of possible data points for A. antipodum and A. cincta, respectively

however the CIs crossed zero so these differences were not
significant (Fig. 1, Fig. S2; Table S2).

Movement

During the weekly and monthly field studies, infected A.
antipodum moved a shorter distance from their previous
position, on average, than their uninfected conspecifics,
with a CI not including zero, while for A. cincta no differ-
ence in movement between infected and uninfected indi-
viduals was observed (Fig. 2, Fig. S3; Table S3). Larger
individuals in both species, on average, moved further than
smaller individuals (Table S3).

In terms of vertical movement, infected individuals
moved downwards less than uninfected individuals during
the 24-h study for A. cincta. This trend was also observed
in the weekly study for A. antipodum but the CI just
included zero (Fig. 3, Fig. S4 Table S4). In the laboratory,
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Fig. 2 Mean total distance moved during each study period, with
95 % confidence intervals (Cls), for a Austrolittorina antipodum and
b Austrolittorina cincta. Black and grey lines represent uninfected and
infected snails, respectively. Sample sizes (N) shown are total number
of possible data points for infected and uninfected combined

no clear differences were found between infected and
uninfected littorinids with respect to either total distance
moved or vertical movement (Figs. 2, 3, Figs. S3 and S4;
Tables S3 and S4), with the CI for both analyses over-
lapping zero. It is noteworthy that the general trend was
similar in terms of reduced overall movement by infected
snails, at least for A. antipodum (Fig. 2, Fig. S3; Table
S3), while in the laboratory infected individuals of both
species tended to move downward more (Fig. 3, Fig. S4;
Table S4).

Littorinid recovery success

Overall, on collection of the snails at the final shore visit,
57 % of the combined littorinid species were recovered
after 5 months of the field mark-recapture study. For A.
antipodum, 62.9 % of the uninfected and 48.6 % of the
infected individuals were recovered, while these num-
bers were, respectively, 66.7 and 53.3 % for A. cincta.
Although proportionally fewer infected snails were
recovered in both littorinid species, the differences were
not significant, with a CI overlapping zero (MCMCglmm:
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Fig. 3 Mean vertical distance moved during each study period, with
95 % confidence intervals (Cls), for a Austrolittorina antipodum and
b Austrolittorina cincta. Black and grey lines represent uninfected
and infected snails, respectively. Negative values indicate downshore
movement and positive values upshore movement. Sample sizes (N)
shown are total number of possible data points for infected and unin-
fected combined

A. antipodum posterior mean = —0.65, CI = —1.72
to 0.41, A. cincta posterior mean = —0.81, CI = —2.59
to 0.91).

Discussion

Evidence from our study suggests that philophthalmid
trematode parasites affect the ecology of their hosts in a
number of ways, by altering their use of microhabitat, typi-
cally increasing occupancy of rock surfaces, by reducing
their overall movement in terms of distance travelled and
in some instances by decreasing their downward movement
on the rocky shore, while having no apparent effect on snail
survival. We observed some discrepancy between our field
and laboratory experimental results, which may in part be
due to the somewhat unnatural environment provided in
the laboratory and the other biotic and abiotic processes
acting on the littorinids in the field but not in the labora-
tory. Overall, the implications of these results are numer-
ous, with possible influences on the distribution of littorinid
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populations on the shore, their use of algal food sources,
and their interactions with predators and various sympatric
organisms.

Microhabitat use has been studied in terms of predation
risk for many organisms and a meta-analysis on the topic
has found that the selection of microhabitats to avoid pre-
dation can result in an increase in non-consumptive effects,
at least in aquatic habitats (Orrock et al. 2013). The influ-
ence of microhabitats on the thermal biology of intertidal
organisms is also well documented (Jones and Boulding
1999; Chapperon and Seuront 2011b). In this context, the
influence of parasitism on host microhabitat use is worthy
of further investigation, since parasites are known to affect
the thermal biology (McDaniel 1969; Bates et al. 2011)
and predation risk of hosts (Lafferty and Shaw 2013). Fur-
thermore, the fine-scale distribution of gastropods has been
investigated using observations of trail following behaviour
(Chapman 1998), though this too is affected by parasitism
(Davies and Knowles 2001). To our knowledge, the effect
of parasitism on microhabitat use by gastropod first inter-
mediate hosts on the rocky shore has not previously been
examined, and in previous meta-analyses of behavioural
alteration by parasites there were no data from gastropod-
trematode systems (Poulin 1994; Lafferty and Shaw 2013).

In this study while the availability of rock surfaces as a
microhabitat was greatest, higher snail density, in general,
was found in crevices. However, on closer inspection, we
found relatively more infected littorinids occupying the
rock surface rather than the safety of crevices which sug-
gests they may be more vulnerable to predation than unin-
fected conspecifics. Gulls, including the New Zealand
southern black-backed gull, Larus dominicanus (Fordham
and Cormack 1970), are known to prey on molluscs (Ber-
tellotti and Yorio 1999; Forero et al. 2004), Furthermore,
philophthalmid parasites use birds, including gulls, as
definitive hosts (Weekes 1982), usually following encyst-
ment on hard substrata (Kanev et al. 2005). A previous
New Zealand study examining the encystment of another
philophthalmid species found preferential encystment on
gastropod shells, including the first intermediate host (Neal
and Poulin 2012). Hence, trematode parasites may alter
host microhabitat choice, and thereby increase the chance
of successful transmission to the avian host. Interestingly,
‘precocious encystment’, within the two Austrolittorina
species in this study, has been observed (K. O’Dwyer, pers.
obs.). Briefly, this involves the trematode sometimes devel-
oping into its next life cycle stage within the littorinid, thus,
littorinid snails may serve as both first and second interme-
diate host. This may be an additional adaptation for trans-
mission in a zone where littorinids are the dominant inver-
tebrates. In light of this unusual life cycle, any alteration in
host microhabitat use might increase parasite transmission
to birds.
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Low rates of predation on littorinids have previously
been reported (Chapman and Johnson 1990), although
many trematode species infect these gastropods (Thieltges
et al. 2009). Nevertheless, a sufficient level of predation
must exist to allow the maintenance of the parasite popu-
lation; a high local abundance of gulls (Fredensborg et al.
2006) may compensate for low predation rates, and allow
the persistence of the parasite population in the littorinids
(Bustnes and Galaktionov 1999; Byers et al. 2008; Her-
rmann and Sorensen 2009).

In addition to increasing exposure of their host to preda-
tion (Lafferty and Shaw 2013), parasites of invertebrates,
including those of gastropods, often alter the activity level
of hosts (Lambert and Farley 1968; Poulin 1994; Miller
and Poulin 2001). In this study, the reduced movement of
infected hosts is likely a result of pathological side effects
and/or energetic drain from infection. In the case of this
philophthalmid parasite, perhaps reduced host movement
combined with its position on the rock surface together
increase transmission to gulls via predation. As a result of
pathological side effects of infection and increased preda-
tion, it is not surprising that mortality of infected hosts,
including littorinids, is generally higher than for uninfected
individuals (Huxham et al. 1993; Tétreault et al. 2000; Her-
rmann and Sorensen 2009). In this study, while no direct
measure of mortality was obtained, the recovery success
of individuals did suggest a slightly higher loss of infected
individuals. However, the causal mechanisms are unknown,
and could include both higher predation and greater sus-
ceptibility to physical stress such as wave exposure.

Finally, parasites can have significant indirect effects
through trait-mediated indirect interactions (Hatcher et al.
2006; Raffel et al. 2010). For instance, in marine systems,
parasitism can cause reduced anti-predator responses in
gastropods (Kamiya and Poulin 2012) and parasites in lit-
torinids impact community structure via increased algal
growth as a result of reduced grazing by infected hosts
(Wood et al. 2007; Clausen et al. 2008). Parasites also
mediate interspecific competition in mussels (Calvo-Ugar-
teburu and McQuaid 1998). From these few examples, it is
clear that parasitism likely generates confounding effects
on various processes relating to the structure of rocky shore
communities. Along with the nature of context dependency
of species interactions in the intertidal [e.g. developmen-
tal stages (Kordas and Dudgeon 2011), habitat structure
(Wilson and Weissburg 2013) and wave exposure (Zardi
et al. 2006) alter facilitation, predation and competition,
respectively], parasitism adds yet another noteworthy layer
towards a holistic understanding of such interactions. Over-
all, due to the multitude of demonstrated effects of parasites
on their hosts and the diversity of parasites in the marine
environment, we extend Sousa’s (1991) call for the inclu-
sion of parasites in studies of soft-sediment community

structure to the investigations of community structure on
rocky shores.

Acknowledgments We thank the Portobello Marine Laboratory
staff, Murray McKenzie, Dr. Shinichi Nakagawa and the various vol-
unteers who helped with the shore visits. We also thank the members
of the Evolutionary and Ecological Parasitology group for providing
comments on an earlier draft.

References

Bates A, Leiterer F, Wiedeback M, Poulin R (2011) Parasitised
snails take the heat: a case of host manipulation? Oecologia
167:613-621

Bertellotti M, Yorio P (1999) Spatial and temporal patterns in the diet
of the Kelp Gull in Patagonia. Condor 101:790-798

Britton JR (2013) Introduced parasites in food webs: new species,
shifting structures? Trends Ecol Evol 28:93-99

Bustnes JO, Galaktionov K (1999) Anthropogenic influences on the
infestation of intertidal gastropods by seabird trematode larvae on
the southern Barents Sea coast. Mar Biol 133:449-453

Byers JE, Blakeslee AMH, Linder E, Cooper AB, Maguire TJ (2008)
Controls of spatial variation in the prevalence of trematode para-
sites infecting a marine snail. Ecology 89:439-451

Calvo-Ugarteburu G, McQuaid CD (1998) Parasitism and invasive
species: effects of digenetic trematodes on mussels. Mar Ecol
Prog Ser 169:149-163

Chapman ARO, Johnson CR (1990) Disturbance and organisation of
macroalgal assemblages in the Northwest Atlantic. Hydrobio-
logia 192:77-121

Chapman M (1998) Variability in trail-following and aggregation in
Nodilittorina unifasciata Gray. ] Exp Mar Biol Ecol 224:49-71

Chapperon C, Seuront L (2011a) Variability in the motion behaviour
of intertidal gastropods: ecological and evolutionary perspectives.
J Mar Biol Assoc UK 91:237-244

Chapperon C, Seuront L. (2011b) Space-time variability in environ-
mental thermal properties and snail thermoregulatory behaviour.
Funct Ecol 25:1040-1050

Chapuis E (2009) Correlation between parasite prevalence and adult
size in a trematode-mollusc system: evidence for evolutionary
gigantism in the freshwater snail Galba truncatula? J Molluscan
Stud 75:391-396

Clausen KT, Larsen MH, Iversen NK, Mouritsen KN (2008) The
influence of trematodes on the macroalgae consumption by the
common periwinkle Littorina littorea. J Mar Biol Assoc UK
88:1481-1485

Connell JH (1961) The influence of interspecific competition and
other factors on the distribution of the barnacle Chthamalus stel-
latus. Ecology 42:710-723

Curtis LA (1987) Vertical distribution of an estuarine snail altered by
a parasite. Science 235:1509-1511

Curtis LA (1990) Parasitism and the movements of intertidal gastro-
pod individuals. Biol Bull 179:105-112

Curtis LA (1993) Parasite transmission in the intertidal zone: vertical
migrations, infective stages, and snail trails. J Exp Mar Biol Ecol
173:197-209

Davies MS, Knowles AJ (2001) Effects of trematode parasitism on
the behaviour and ecology of a common marine snail (Littorina
littorea (L.)). J Exp Mar Biol Ecol 260:155-167

Davies MS, Williams GA (1998) Aspects of littorinid biology—epi-
logue. Hydrobiologia 378:243-246

Dayton P (1975) Experimental evaluation of ecological dominance in
a rocky intertidal algal community. Ecol Monogr 45:137-159

@ Springer



444

Mar Biol (2014) 161:437-445

Dunn JC, Cole EF, Quinn JL (2011) Personality and parasites: sex-
dependent associations between avian malaria infection and mul-
tiple behavioural traits. Behav Ecol Sociobiol 65:1459-1471

Fordham RA, Cormack RM (1970) Mortality and population change
of Dominican Gulls in Wellington, New Zealand: with a statisti-
cal appendix. J Anim Ecol 39:13-27

Forero MG, Bortolotti GR, Hobson KA, Donazar JA, Bertelloti M,
Blanco G (2004) High trophic overlap within the seabird com-
munity of Argentinean Patagonia: a multiscale approach. J Anim
Ecol 73:789-801

Fredensborg BL, Longoria AN (2012) Increased surfacing behavior in
longnose killifish infected by brain-encysting trematode. J Parasi-
tol 98:899-903

Fredensborg BL, Mouritsen KN, Poulin R (2006) Relating bird
host distribution and spatial heterogeneity in trematode infec-
tions in an intertidal snail—from small to large scale. Mar Biol
149:275-283

Galaktionov KV, Dobrovolskij AA (2003) The biology and evolution
of trematodes: an essay on the biology, morphology, life cycles,
transmission, and evolution of digenetic trematodes. Kluwer Aca-
demic Publishers, Dordrecht

Gelman A, Jakulin A, Pittau MG, Su Y-S (2008) A weakly informa-
tive default prior distribution for logistic and other regression
models. Ann Appl Stat 2:1360-1383

Granovitch Al, Mikhailova NA (2004) Rocky shore trematodes of the
west coast of Sweden: distribution and life cycle strategies. Acta
Parasitol 49:228-236

Hadfield JD (2010) MCMC methods for multi-response generalised
linear mixed models: the MCMCglmm R package. J Stat Softw
33:1-22

Hatcher MJ, Dick JTA, Dunn AM (2006) How parasites affect interac-
tions between competitors and predators. Ecol Lett 9:1253-1271

Herrmann KK, Sorensen RE (2009) Seasonal dynamics of two mor-
tality-related trematodes using an introduced snail. J Parasitol
95:823-828

Huxham M, Raffaelli D, Pike A (1993) The influence of Cryptocotyle
lingua (Digenea: Platyhelminthes) infections on the survival and
fecundity of Littorina littorea (Gastropoda: Prosobranchia); an
ecological approach. J Exp Mar Biol Ecol 168:223-238

Jones KMM, Boulding EG (1999) State-dependent habitat selection
by an intertidal snail: the costs of selecting a physically stressful
microhabitat. J] Exp Mar Biol Ecol 242:149-177

Judge ML, Duell R, Burriesci L, Moarsi W (2009) Life in the supral-
ittoral fringe: microhabitat choice, mobility and growth in the
tropical periwinkle Cenchritis (=Tectarius) muricatus (Linneaus,
1758). J Exp Mar Biol Ecol 369:148-154

Kamiya T, Poulin R (2012) Parasite-induced behavioural changes to
the trade-off between foraging and predator evasion in a marine
snail. J Exp Mar Biol Ecol 438:61-67

Kanev I, Radev V, Fried B (2005) Family Philophthalmidae Looss,
1899. In: Jones A, Bray RA, Gibson DI (eds) Keys to the Trema-
toda, vol 2. CABI Publishing, Wallingford, pp 87-97

Kemppainen P, van Nes S, Ceder C, Johannesson K (2005) Refuge
function of marine algae complicates selection in an intertidal
snail. Oecologia 143:402-411

Kordas RL, Dudgeon S (2011) Dynamics of species interaction
strength in space, time and with developmental stage. Proc R Soc
B Biol Sci 278:1804-1813

Kovach RP, Tallmon DA (2010) Strong influence of microhabitat
on survival for an intertidal snail, Nucella lima. Hydrobiologia
652:49-56

Lafferty KD, Allesina S, Arim M, Briggs CJ, De Leo G, Dobson
AP, Dunne JA, Johnson PTJ, Kuris AM, Marcogliese DJ, Mar-
tinez ND, Memmott J, Marquet PA, McLaughlin JP, Mordecai
EA, Pascual M, Poulin R, Thieltges DW (2008) Parasites in food
webs: the ultimate missing links. Ecol Lett 11:533-546

@ Springer

Lafferty KD, Shaw JC (2013) Comparing mechanisms of host manip-
ulation across host and parasite taxa. J Exp Biol 216:56—-66

Lagrue C, McEwan J, Poulin R, Keeney DB (2007) Co-occurrences
of parasite clones and altered host phenotype in a snail-trematode
system. Int J Parasitol 37:1459-1467

Lambert TC, Farley J (1968) The effect of parasitism by the trema-
tode Cryptocotyle lingua (Creplin) on zonation and winter migra-
tion of the common periwinkle Littorina littorea (L.). Can J Zool
46:1139-1147

Lubchenco J (1978) Plant species diversity in a marine intertidal com-
munity: importance of herbivore food preference and algal com-
petitive abilities. Am Nat 112:23-39

Marcogliese DJ (2005) Parasites of the superorganism: are they indi-
cators of ecosystem health? Int J Parasitol 35:705-716

McCarthy HO, Fitzpatrick S, Irwin SWB (2000) A transmissible
trematode affects the direction and rhythm of movement in a
marine gastropod. Anim Behav 59:1161-1166

McCarthy HO, Fitzpatrick S, Irwin SWB (2002) Life history and life
cycles: production and behaviour of trematode cercariae in rela-
tion to host exploitation and next-host characteristics. J Parasitol
88:910-918

McCarthy HO, Fitzpatrick SM, Irwin SWB (2004) Parasite alteration
of host shape: a quantitative approach to gigantism helps eluci-
date evolutionary advantages. Parasitology 128:7-14

McCurdy DG, Boates JS, Forbes MR (2000) Spatial distribution of
the intertidal snail /lyanassa obsoleta in relation to parasitism by
two species of trematodes. Can J Zool 78:1137-1143

McDaniel SJ (1969) Littorina littorea: lowered heat tolerance due to
Cryptocotyle lingua. Exp Parasitol 25:13-15

Miller AA, Poulin R (2001) Parasitism, movement, and distribution of
the snail Diloma subrostrata (Trochidae) in a soft-sediment inter-
tidal zone. Can J Zool 79:2029-2035

Minguez L, Lang A-S, Beisel J-N, Giambérini L (2012) Is there a
link between shell morphology and parasites of zebra mussels? J
Invertebr Pathol 109:229-234

Mouritsen KN, Poulin R (2002) Parasitism, community structure and
biodiversity in intertidal ecosystems. Parasitology 124:S101-S117

Nakagawa S, Freckleton RP (2008) Missing inaction: the dangers of
ignoring missing data. Trends Ecol Evol 23:592-596

Nakagawa S, Freckleton RP (2011) Model averaging, missing data
and multiple imputation: a case study for behavioural ecology.
Behav Ecol Sociobiol 65:103-116

Neal AT, Poulin R (2012) Substratum preference of Philophthalmus
sp. cercariae for cyst formation under natural and experimental
conditions. J Parasitol 98:293-298

Norton TA, Hawkins SJ, Manley NL, Williams GA, Watson DC
(1990) Scraping a living: a review of littorinid grazing. Hydro-
biologia 193:117-138

Orrock JL, Preisser EL, Grabowski JH, Trussell GC (2013) The cost
of safety: refuges increase the impact of predation risk in aquatic
systems. Ecology 94:573-579

Paine RT (1966) Food web complexity and species diversity. Am Nat
100:65-75

Perez KO, Carlson RL, Shulman MJ, Ellis JC (2009) Why are inter-
tidal snails rare in the subtidal? Predation, growth and the vertical
distribution of Littorina littorea (L.) in the Gulf of Maine. J Exp
Mar Biol Ecol 369:79-86

Poulin R (1994) Meta-analysis of parasite-induced behavioural
changes. Anim Behav 48:137-146

R Core Team (2013) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna

Raffel TR, Hoverman JT, Halstead NT, Michel PJ, Rohr JR (2010)
Parasitism in a community context: trait-mediated interactions
with competition and predation. Ecology 91:1900-1907

Saier B (2000) Age-dependent zonation of the periwinkle Littorina
littorea (L.) in the Wadden Sea. Helgol Mar Res 54:224-229



Mar Biol (2014) 161:437-445

445

Saies AB (1973) The intertidal life of Ruamahua-iti and Middle Island
(Aldermen Islands). Tane 19:1-11

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to
Imagel: 25 years of image analysis. Nat Methods 9:671-675

Sousa WP (1991) Can models of soft-sediment community structure
be complete without parasites? Am Zool 31:821-830

Stafford R, Davies MS (2004) Temperature and desiccation do not
affect aggregation behaviour in high shore littorinids in north-east
England. J Negat Results-Ecol Evol Biol 1:16-20

Tétreault F, Himmelman JH, Measures L (2000) Impact of a cas-
trating trematode, Neophasis sp., on the common whelk, Buc-
cinum undatum, in the northern Gulf of St. Lawrence. Biol Bull
198:261-271

Thieltges DW, Ferguson MAD, Jones CS, Noble LR, Poulin R (2009)
Biogeographical patterns of marine larval trematode parasites in
two intermediate snail hosts in Europe. J Biogeogr 36:1493-1501

Torchin ME, Lafferty KD, Kuris AM (2002) Parasites and marine
invasions. Parasitology 124:137-151

Trussell GC, Ewanchuk PJ, Bertness MD (2003) Trait-mediated
effects in rocky intertidal food chains: predator risk cues alter
prey feeding rates. Ecology 84:629-640

Vaudo JJ, Heithaus MR (2013) Microhabitat selection by marine
mesoconsumers in a thermally heterogeneous habitat: behav-
ioral thermoregulation or avoiding predation risk? Plos One
8:¢61907

Weekes PJ (1982) Checklist of helminth parasites of birds in New
Zealand. N Z J Zool 9:451-460

Williams IC, Ellis C (1975) Movements of the common periwinkle,
Littorina littorea (L.), on the Yorkshire coast in winter and the
influence of infection with larval Digenea. J Exp Mar Biol Ecol
17:47-58

Wilson ML, Weissburg MJ (2013) Biotic structure indirectly affects
associated prey in a predator-specific manner via changes in the
sensory environment. Oecologia 171:427-438

Wood CL, Byers JE, Cottingham KL, Altman I, Donahue MJ,
Blakeslee AMH (2007) Parasites alter community structure. Proc
Natl Acad Sci 104:9335-9339

Zardi GI, Nicastro KR, McQuaid CD, Rius M, Porri F (2006)
Hydrodynamic stress and habitat partitioning between indig-
enous (Perna perna) and invasive (Mytilus galloprovincialis)
mussels: constraints of an evolutionary strategy. Mar Biol 150:
79-88

@ Springer



	Altered microhabitat use and movement of littorinid gastropods: the effects of parasites
	Abstract 
	Introduction
	Methods
	Study system and density measures
	Assessment of infection status
	Mark-recapture experiment
	Laboratory experiment
	Statistical analysis

	Results
	Littorinid densities and microhabitat availability
	Microhabitat use
	Movement
	Littorinid recovery success

	Discussion
	Acknowledgments 
	References


