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INTRODUCTION

The search for general laws in ecology is increas-
ingly, and sometimes with great success, adopting a
macroecological approach (Brown 1995, Lawton 1999).
For instance, large-scale spatial patterns in the diver-
sity of parasitic organisms, or in the prevalence and
intensity of parasitic infections among hosts, have
recently provided new insights into wildlife epidemio-
logy and the evolutionary biology of diseases (Poulin et
al. 2000, Hudson et al. 2002). The types of parasites
infecting hosts and the severity of infection vary
among individual hosts, among host populations or
geographical areas, and among host species. Robust
patterns are emerging from several recent macroeco-
logical studies: several ecological or life-history traits

of hosts are proving reliable predictors of infection
parameters across host species (see reviews by Poulin
1997, Morand 2000). These studies have focused
mainly on vertebrates and terrestrial systems; how-
ever, there is no comparable evidence from marine
invertebrate hosts, although they harbour a rich fauna
of parasites (Rohde 1993).

Intertidal gastropods and their trematode parasites
are good candidates for macroecological studies of in-
fection patterns, for at least 3 reasons. First, relatively
more information is available on these host-parasite
systems than on other systems involving invertebrate
hosts. Second, trematodes are the main, and in many
cases the only, metazoan parasites of gastropods. They
use snails as their first intermediate hosts, in which
their larval stages (rediae or sporocysts) go through
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phases of asexual reproduction. Cercariae produced
asexually usually leave the snail to encyst in a second
intermediate host, and complete their life cycle when
this host is ingested by a suitable definitive host, i.e. fish
or more commonly shorebirds. The association be-
tween trematodes and gastropods is an ancient one
(Kearn 1998); in contrast, very few other metazoans
have colonised snail hosts over evolutionary time.
Third, trematodes cause major fitness reductions in
their snail hosts. Often, trematode-infected snails incur
much higher mortality than their uninfected con-
specifics under natural conditions (Lauckner 1987,
Jensen & Mouritsen 1992, Huxham et al. 1993). In addi-
tion, infection by trematodes normally results in re-
duced reproductive output in snails, and very often in
complete castration of the host (Sousa 1983, Pearson &
Cheng 1985, Huxham et al. 1993, Lafferty 1993a; see
review in Mouritsen & Poulin 2002). The strong selec-
tive pressures placed on snail hosts by trematodes have
resulted in adaptive changes in snail life-history traits
in heavily parasitised populations (Ruiz 1991, Lafferty
1993b, Krist 2001). The macroecological determinants
of trematode infections can, therefore, be important
drivers of snail population dynamics and evolution.

Several predictions can be made regarding the effect
of ecological variables on trematode infections of
snails. First, we might expect the relative number of
trematode species infecting snails to increase with
decreasing latitude. Latitudinal gradients in species
diversity are among the best-documented large-scale
patterns in ecology (Rosenzweig 1995, Gaston & Black-
burn 2000). Among parasitic organisms, there is good
evidence that the species richness of assemblages of
ectoparasites on marine fish increases with decreasing
latitude, or increasing water temperature (Rohde 1993,
1999, Poulin & Rohde 1997, Rohde & Heap 1998). The
many processes thought to be responsible for these
gradients (see Gaston & Blackburn 2000 for review)
can also act on trematodes directly, or indirectly by
influencing the diversity of the intermediate and defin-
itive hosts in their life cycles. For instance, the diversity
of macroinvertebrates in soft-sediment intertidal areas
increases toward the tropics (Attrill et al. 2001),
although their biomass peaks in temperate regions
(Ricciardi & Bourget 1999). Second, we predict that
trematode infections should be more common in soft-
sediment microhabitats than on rocky substrates
within the intertidal zone. More shorebirds, both in
terms of individuals and species, visit soft-sediment
flats than rocky shores (e.g. Nybakken 1993), and on
both types of substrate birds are more likely to feed in
the upper than in the lower part of the intertidal range
because of longer exposure times. Although many
intertidal trematode species mature in fish, shorebirds
are the definitive hosts of the vast majority of trema-

todes found in intertidal snails, with eggs from adult
worms expelled in bird faeces. Even on a small scale,
proximity to birds increases the likelihood of snails
becoming infected by trematodes (e.g. Smith 2001),
and thus the habitat of snails relative to birds can be an
important determinant of trematode infection levels.
Third, we might expect that some of the ecological and
life-history variables that affect levels of parasitism in
vertebrate hosts will also influence trematode infec-
tions in snails. Some of these variables, such as host
body size, host longevity or host population density,
are consistently correlated with the number of parasite
species exploiting vertebrate host species (see Poulin
1997, Morand & Poulin 1998, Morand 2000). Larger
hosts provide more space and nutrients for parasites
and ingest more food (and thus parasite-infective
stages), long-lived hosts represent more permanent
habitats for parasites, and high host densities facilitate
parasite transmission by providing more targets per
unit area; surely these factors are important for host-
parasite associations other than those involving verte-
brate hosts.

In this study, we test the above 3 predictions using
data on trematode species richness and prevalence
among samples of marine intertidal gastropods. Sev-
eral studies have reported considerable variation in the
number of trematode species infecting snails, and in
their prevalence, between samples of the same snail
species taken no more than a few km apart (e.g. Poh-
ley 1976, Huxham et al. 1993, Lafferty 1993b, Curtis
1997). If trematode infections are variable within snail
species on a modest geographical scale, they may be
features of local snail populations and not of snail spe-
cies. Thus different samples of the same snail species
may represent more or less independent observations.
However, if variation within snail species is lower than
variation among species, infection parameters may be
traits of snail species, even if variable (see Arneberg et
al. 1997). At a higher level, when comparing ecological
variables such as infection parameters among species,
it is not always clear whether phylogenetic influences
should be taken into account (Westoby et al. 1995a,b).
Because closely related species share many traits, it
can influence their susceptibility to infection; however,
controlling for phylogenetic influences can only help to
eliminate the effects of confounding variables (Harvey
1996). Therefore, in this study we analyse the influ-
ences of ecological variables on infection of snails by
trematodes at different scales, which provide increas-
ing levels of statistical independence among data
points. At one extreme, an analysis across all samples
can reveal existing patterns in trematode infections
in snails; at the other extreme, an analysis based on
phylogenetically independent contrasts can shed some
light on the processes underlying the patterns.
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MATERIALS AND METHODS

Data collection. Data were gathered from published
studies on trematode infections of snails. First, we
surveyed the literature cited in the reviews by Kuris &
Lafferty (1994) and Pechenik et al. (2001). Second, we
performed a search in our own reprint collections, in
electronic databases (Zoological Record and Aquatic
Sciences and Fisheries Abstracts), and among the ref-
erences cited in key papers. We included only studies
on intertidal or shallow subtidal gastropods parasitised
by the first larval stages (rediae or sporocysts) of tre-
matodes. In addition, we included only data from stud-
ies in which snails were examined for trematodes by
dissection. Samples from which no trematodes were
found were excluded, as they may represent false neg-
atives. It is possible that some zero-prevalence samples
are indeed indicative of an absence of trematodes in a
particular snail population; however, since most such
data go unpublished, and those few that are published
are usually based on small numbers of snails exam-
ined, we found it preferable to exclude them. Some
studies reported data on several samples of snails from
the same species but different locations within the
same area, and treated those samples as independent;
other studies reported only pooled data from several
samples. We accepted the reasons given by the authors
of the original studies for treating samples indepen-
dently or together, and compiled data from individual
or pooled samples accordingly. Most samples were
collected during the summer months, a few over the
entire year; a preliminary analysis showed no effect of
the timing of sampling on our dependent variables,
and we thus treated all samples together indepen-
dently of season.

The 2 dependent variables in our analyses were
trematode species richness and trematode prevalence.
Species richness is the total number of trematode spe-
cies occurring as rediae or sporocysts in a sample of
snails. Prevalence is the percentage of snails infected
by any of these trematodes in the sample. Hence, it is
not merely the sum of the respective prevalences of the
different trematode species in a sample, in which some
snail individuals may harbour more than 1 species of
trematodes. 

The number of hosts examined can have an impor-
tant influence on estimates of parasite species richness
(Walther et al. 1995) and, to a lesser extent, prevalence
(Gregory & Blackburn 1991). Therefore, we excluded
samples in which fewer than 75 snail hosts had been
examined for trematodes. In addition, we recorded
sample size for each snail sample and controlled for
this potentially confounding variable in the analyses.

We recorded 6 ecological or life history variables
that may be determinants of trematode infection in

snails: (1) the latitude at which the sample was col-
lected, with no difference made between north and
south latitudes; (2) the substrate type, either rocky
(cliff face, boulders or stony beach) or soft (mud or
sand), on which the snails were found; (3) the tidal
level at which they were collected, either around/just
below the low water mark or above the mid-intertidal;
(4) the maximum shell length or width of the snails
collected; (5) the normal life-span of the snails; and
(6) the density of snails (no. m–2) at the site of collec-
tion. Data on all 6 variables were not available for
most samples, and the analyses are therefore based
on different numbers of observations, depending on
which variables are included.

Data on species richness, prevalence, and sample
size were log10-transformed, after which they showed
either a normal or approximately normal distribution.
Data on latitude were slightly right-skewed and their
distribution could not be normalised by any transfor-
mation, so they were left untransformed. Substrate
type and tidal level were coded as binary variables. In
analyses requiring mean values for each snail species,
averages were obtained (using log-transformed data
where appropriate) across all samples from the same
snail species, with weighting for sample size. Note that
data on shell size, life-span and substrate type varied
little or not at all among samples from the same snail
species.

Analyses. Analyses were performed at 4 different
levels: across all samples, across samples within snail
species, across species values, and across phylogenet-
ically independent contrasts. These represent increas-
ing levels of statistical independence between data
points. For the first 3 levels, data were analysed using
standard parametric tests following the log-transfor-
mation of some variables (see above). Across all sam-
ples, we tested for effects of latitude, tidal level and
substrate type, as well as sample size as a confound-
ing variable, using multiple regressions; trematode
species richness and prevalence were the dependent
variables. Across samples from the same species, only
latitude and sample size could be entered as predictor
variables, since tidal level data were not sufficient
and substrate type did not vary among samples from
the same snail species. Only snail species represented
by 7 or more samples were included in these analyses. 

Across species values, the same multiple-regression
approach was applied using sample size, latitude and
substrate type as predictor variables; tidal level was
not included because it characterises a sample and is
not necessarily a species trait. In addition, we included
latitudinal range as a predictor variable. This was
treated as a binary variable: snail species were classi-
fied either as represented only by samples from the
same latitude (i.e. range in latitude = difference
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between maximum and minimum latitudes = 0°), or by
samples from a range of latitudes; latitudinal range
corresponds to a large extent with the number of sam-
ples available per species. The effects of shell size, life-
span and density were evaluated separately, because
data on these variables were only available for a few
species and their inclusion in a multiple regression
would have substantially limited the power of the
analysis.

To determine whether trematode species richness
and prevalence are true species characters, i.e. fea-
tures that vary less among samples from the same
species than among snail species, we performed a re-
peatability analysis following that of Arneberg et al.
(1997). Using snail species for which at least 2 samples
were available, we analysed the variation in trematode
species richness and prevalence using an ANOVA in
which snail species was the only factor. A significant
effect of snail species would indicate that the measures
are repeatable within species, i.e. that they are more
similar to each other than to measures from other snail
species. We estimated the proportion of the variance
that exists among species, rather than within species,
by using the coefficient of intraclass correlation, rI

(Sokal & Rohlf 1995, p. 214).
If trematode species richness and prevalence are

traits of snail species, we might expect values for
closely related species to be more similar to one
another because of shared recent ancestry. To account
for the potential influence of phylogeny on the non-
independence of species values, we used the phylo-
genetically independent contrasts method (Felsen-
stein 1985, Harvey & Pagel 1991). The phylogeny of
gastropods is still not fully resolved. Here, we con-
structed a working phylogeny using proposed rela-
tionships among families and higher taxa from Kantor
(1996), Ponder & Lindberg (1997), Beesley et al.
(1998), and Winnepenninckx et al. (1998), and rela-
tionships within families from other sources (Houbrick
1984, Reid 1990, Hickman 1996, Reid et al. 1996).
Independent contrasts were computed between sister
taxa in the gastropod phylogeny, using the program
Comparative Analysis by Independent Contrasts
(CAIC), version 2.0 (Purvis & Rambaut 1994). Con-
trasts in continuous variables (sample size, trematode
species richness, trematode prevalence, latitude and
shell size) were derived from log-transformed data;
substrate type was also included as a dichotomous
variable. We did not control for the dichotomous vari-
able latitudinal range (or the number of samples per
snail species), because too many contrasts in this vari-
able equalled zero, and average sample size was a
better correlate of trematode species richness. Regres-
sion and correlation analyses were forced through the
origin (see Garland et al. 1992). 

RESULTS

In total, we obtained data from 255 snail samples,
representing 54 gastropod species and 18 families.
The data are derived from the examination of over
355 000 individual snails, with a median sample size of
350 snails (range 75 to 32 307), and were obtained from
79 different studies published between 1935 and 2001.
The whole data set (including sources) is available as
an electronic supplement (Excel format) on the jour-
nal’s website (www.int-res.com/journals/suppl/poulin-
appendix.xls), or from either author upon request.

Analyses across samples

The frequency distribution of both trematode species
richness and prevalence values were skewed toward
the left (Fig. 1); approximately 50% of snail samples
contained 3 or fewer trematode species, and the total
prevalence of trematode infections was less than 10 to
15% in more than half of the samples. Trematode spe-
cies richness correlated positively with sample size (r =
0.486, N = 234, p = 0.0001) as did, but only weakly,
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Fig. 1. Frequency distribution of trematode species richness
and prevalence values among samples (234 samples for spe-

cies richness, 251 for prevalence) of snail hosts
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prevalence (r = 0.137, N = 244, p = 0.0329). Trematode
prevalence and species richness correlated positively
and relatively strongly across all samples (r = 0.559,
N = 233, p = 0.0001); the scatter of points show a trian-
gular pattern suggesting that snail populations har-
bouring a single trematode species can show a range
of prevalences, whereas those harbouring several spe-
cies are invariably infected at high prevalence (Fig. 2).
The positive relationship between richness and preva-
lence remains strong (r = 0.556, N = 230, p = 0.0001)
after controlling both variables for the effect of sample
size, using a partial correlation.

The effects of latitude, tidal level and substrate type
on trematode richness were evaluated across samples
using a multiple regression in which sample size was
included as a confounding variable. The overall model
explained 53% of the variance, with sample size as the
main predictor of trematode richness (Table 1). We
found that the effect of latitude was significant and
positive: trematode species richness tended to increase
with increasing latitude (Fig. 3). Substrate type and
tidal level showed marginal effects on trematode rich-
ness (Table 1). Adding trematode prevalence, which
covaries with species richness, to the model did not
alter the outcome of the analysis. Similarly, the effect of
these same predictor variables on trematode preva-
lence was assessed in a multiple regression, in which
species richness was also included as a possible con-
founding variable. The overall model explained 37%
of the variation in prevalence among samples
(Table 1). We found no significant effect of latitude
(Fig. 3), sample size or habitat type on trematode
prevalence. Only trematode species richness and tidal
level influenced prevalence values (Table 1).

The marginal effects of tidal level and substrate type
on trematode species richness are more apparent
when a larger portion of the data set is included, which

is possible if these variables are treated separately. A
comparison between trematode species richness of
snails from either rocky shores or soft-sediment sub-
strates suggests that substrate type influences species
richness (2-tailed t-test, t = 4.124, df = 200, p = 0.0001):
snails from soft-sediments seem to harbour more
trematode species than those of rocky shores (Fig. 4).
However, when controlling for sample size by using
residuals of the richness versus sample-size regression
as corrected estimates of species richness, this differ-
ence is weakened (t = 1.776, df = 200, p = 0.0772). On
the other hand, a difference was evident in trematode
prevalence between rocky shores and soft-sediment
shores, both before (t = 3.952, df = 214, p = 0.0001) and
after (t = 2.762, df = 207, p = 0.0063) correcting for sam-
ple size: trematode infections appear more prevalent
on soft-sediment substrate than on rocky shores
(Fig. 4). Comparisons between tidal levels suggest that
trematode species richness is higher in samples from
the upper shore than in those from the lower shore
(Fig. 4), either before (t = 2.431, df = 79, p = 0.0173) or
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Fig. 2. Relationship between trematode prevalence and spe-
cies richness across 230 samples of snail hosts

Table 1. Summary results of the multiple regression analyses
of the determinants of trematode species richness and preva-

lence across snail samples or species

Predictors F-ratio Partial regression
t r2 p

Across samples: species richness
Sample size 6.72 0.42 0.0001
Latitude 4.03 0.20 0.0001
Substrate type 1.97 0.06 0.053
Tidal level 1.71 0.04 0.092

Total regression F4, 63 = 17.96 0.53 0.0001

Across samples: prevalence
Sample size 0.07 0.00 0.949
Species richness 3.66 0.18 0.001
Latitude 0.93 0.01 0.355
Substrate type 0.91 0.01 0.365
Tidal level 2.49 0.09 0.016

Total regression F5, 61 = 7.00 0.37 0.0001

Across species values: species richness
Sample size 3.53 0.22 0.001
Latitude 0.20 0.00 0.843
Latitudinal range 3.33 0.21 0.002
Substrate type 1.24 0.03 0.223

Total regression F4, 43 = 8.96 0.46 0.0001

Across species values: prevalence
Sample size 1.30 0.04 0.200
Species richness 4.97 0.38 0.0001
Latitude 0.61 0.01 0.546
Latitudinal range 0.84 0.02 0.403
Substrate type 1.18 0.03 0.244

Total regression F5, 41 = 7.41 0.48 0.0001
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after (t = 2.212, df = 79, p = 0.0299) correcting for sam-
ple size. There were no differences in trematode
prevalence between the upper and lower shore (with-
out correction: t = 0.367, df = 85, p = 0.715; after cor-
recting for sample size: t = 0.938, df = 78, p = 0.351).

Trematode species richness and prevalence as snail
species characters

Using only the snail species for which data were
available from at least 2 samples (24 species for trema-
tode species richness, 27 for prevalence), the repeata-
bility analyses indicated that both trematode richness
and prevalence can be treated as species characters
(Fig. 5). Estimates of trematode species richness from

different populations (or samples) of the same snail
species are more similar to each other than expected
by chance alone (F23,182 = 4.753, p = 0.0001, rI = 0.32).
Approximately 32% of the variation in trematode spe-
cies richness among snail samples is associated with
differences between snail species, rather than with dif-
ferences among samples within species. Similarly, esti-
mates of trematode prevalence from the same snail
species are more similar to each other than expected
by chance (F26,196 = 3.264, p = 0.0001, rI = 0.23), with
23% of the variation among samples accounted for by
differences between snail species. Thus, estimates of
trematode richness and prevalence are repeatable
within the same snail-host species (Fig. 5). Different
estimates from the same snail species are therefore not
independent from one another, i.e. not true replicates
in a statistical sense, and these data should either be
analysed within snail species only, or across average
snail species values.
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Fig. 3. Relationship between trematode species richness (top
panel) and prevalence (bottom panel), and latitude at which
the sample was collected, across samples (229 samples for
species richness, 225 for prevalence) of snail hosts. Values for
species richness are residuals from a regression of species
richness against sample size, and are thus richness estimates
corrected for sample size; similarly, values for prevalence are
corrected for both sample size and species richness. The trend
line (y = 0.004x – 0.218) is only shown for the significant rela-
tionship involving richness. Note: this figure includes more
data points than the multiple regressions reported in the text,
which included only samples for which data are also available 

on substrate type and tidal level.

Fig. 4. Mean (±SD) trematode species richness and preva-
lence in snail samples from either rocky or soft-sediment
substrates, and from either the lower or upper shore. The
numbers of samples of each type are given above the bars
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Analyses within species

The only potential ecological determinant of trematode
infection that varied among samples within snail species
was latitude. Only 7 snail species included sufficient sam-
ples (7 or more, see Table 2) for a within-species analysis
of the influence of latitude on trematode infections. After
controlling for sample size, latitude correlated negatively
with trematode species richness among samples in Hy-
drobia ulvae (partial regression coefficient: r = –0.556, N
= 11, p = 0.0112) and positively in Littorina littorea (r =
0.536, N = 35, p = 0.0001). There were no significant
effects of latitude on species richness in the other snail
species, and no effect of latitude on prevalence, after
correction for sample size, in any of the 7 snail species.

Analyses across species

The analyses across species values are based on data
from 54 snail species (Table 2). Trematode species

richness correlated positively with sample size (r =
0.480, N = 48, p = 0.0006), but prevalence did not (r =
0.065, N = 53, p = 0.646). Trematode species richness
and prevalence correlated positively and relatively
strongly across all snail species (r = 0.651, N = 47, p =
0.0001); the scatter of points (Fig. 6) shows a pattern
that is not as ‘triangular’ as that across samples (see
Fig. 2), but still suggests that snail species harbouring
a single trematode species can show a range of preva-
lence, whereas those harbouring several species are
invariably infected at high prevalence. The positive
relationship between richness and prevalence remains
strong (r = 0.648, N = 47, p = 0.0001) after controlling
species richness for the effect of sample size using a
partial correlation.

The effects of latitude, latitudinal range and sub-
strate type on trematode richness were evaluated
across snail species using a multiple regression in
which sample size was included as a confounding vari-
able. The overall model explained 46% of the vari-
ance, with sample size and latitudinal range being the
main predictors of trematode richness (Table 1). There
was no significant effect of latitude (Fig. 7) or substrate
type (Table 1). Similarly, the effect of these same pre-
dictor variables on trematode prevalence was assessed
in a multiple regression that also included species rich-
ness as a possible confounding variable. The overall
model explained 48% of the variation in prevalence
among snail species (Table 1). We found no significant
effect of latitude (Fig. 7), latitudinal range, sample size
or substrate type on trematode prevalence; only spe-
cies richness influenced prevalence values (Table 1).

Because they were each available for only few spe-
cies, data on shell length, life-span and density were
treated in separate correlation analyses. None of these
3 variables correlated with either trematode species
richness or trematode prevalence, whether correcting
for sample size or not (all p ≥ 0.15).

Analyses across phylogenetically independent
contrasts

A maximum of 37 independent contrasts could be
derived from our working gastropod phylogeny.
Among these, trematode species richness correlated
positively with sample size (r = 0.525, N = 37, p =
0.0008) but prevalence did not (r = 0.289, N = 37, p =
0.083). Therefore, in subsequent analyses, species
richness was always corrected for sample size using
the residuals of a regression between the 2 variables
forced through the origin. Species richness and preva-
lence were once again positively correlated (r = 0.455,
N = 37, p = 0.0047): of the 37 pairs of phylogenetic con-
trasts, 25 varied in the same direction, either both neg-
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Fig. 5. Rank plots of trematode species richness and preva-
lence. The snail species are ranked according to their mean
log-transformed values of either species richness or preva-
lence, with Rank 1 given to the species with the lowest mean
value; all sample estimates are plotted for each species. If
variation is small within compared to between snail species,
we expect a relatively narrow band of points from the lower
left to the upper right corner, with few or no points in either 

the upper left or lower right corner



Mar Ecol Prog Ser 254: 187–198, 2003

ative or both positive (Fig. 8). Trema-
tode species richness did not correlate
with latitude (r = –0.004, N = 37, p =
0.98) and neither did prevalence (r =
–0.126, N = 37, p = 0.45). Among taxa
for which data were available, neither
species richness (r = –0.159, N = 21, p =
0.49) nor prevalence (r = 0.404, N = 21,
p = 0.069) correlated with shell size.
Few phylogenetically independent
contrasts could be obtained between
sister taxa that differed with respect to
the type of substrate on which they
occurred. When values from rocky sub-
strate taxa are consistently subtracted
from those of their soft-sediment rela-
tives, we would expect mean contrast
values that differ from zero if there are
differences between substrate type; no
such differences were found for either
trematode species richness (1-sample
t-test: t = 1.315, df = 7, p = 0.229) or
prevalence (t = 0.321, df = 7, p = 0.758).

DISCUSSION

Large-scale patterns are emerging
from the many macroecological studies
performed in recent years (e.g. Brown
1995, Gaston & Blackburn 2000). The
similarity among patterns found in
different taxonomic assemblages offers
some promise that these patterns are
produced by the same general under-
lying processes. Our analyses searched
for large-scale patterns in the richness
and prevalence of trematode infections
among snail populations, similar to
those observed in host-parasite asso-
ciations involving vertebrate hosts
(Poulin 1997, Morand 2000). However,
we found instead evidence suggesting
that local factors (on a scale of 10s to
100s of m) play bigger roles in deter-
mining how many trematode species
are present or how many snails are
infected.

We carried out analyses at different
levels of statistical independence. The
repeatability analyses indicated that
trematode species richness and preva-
lence could be considered as traits of
snail species, and justified the use
of phylogenetically independent con-
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Table 2. Mean species values for the key variables used in the analyses, for all
54 snail species. In sample size, richness and prevalence calculations, mean
values are geometric means for species with >1 samples, i.e. they are back-

transformed from log-transformed data

Snail No. Sample Species Pre- Lati- Habitat
species samples size richness valence tude 

(%) (°)

Batillaria australis 1 8883 3.0 23.1 31.8 Soft
Buccinum undatum 4 542 3.2 16.6 54.5 Soft
Bullia digitalis 1 3000 5.0 – 33.0 Soft
Cantharus dorbignyi 1 170 1.0 1.2 42.0 Soft
Cerithidea californica 7 4325 12.7 27.3 36.8 Soft
Cerithidea cingulata 3 1570 7.6 20.0 29.4 Soft
Cerithidea mazatlanica 3 200 – 13.7 31.0 Soft
Cerithidea pliculosa 1 1652 7.0 52.8 31.2 Soft
Cerithidea scalariformis 2 114 3.2 25.8 30.3 Soft
Cerithium moniliferum 1 1500 11.0 22.0 23.5 Rocky
Clypeomorus bifasciata 2 1245 5.2 17.6 29.4 Soft
Cominella glandiformis 1 4254 3.0 8.1 43.0 Soft
Concholepas concholepas 1 866 1.0 9.8 22.0 Rocky
Cronia margariticola 1 482 1.0 0.4 29.4 Rocky
Diloma subrostrata 1 384 1.0 12.0 45.9 Soft
Epheria (Lacuna) vincta 1 80 1.0 2.5 63.8 Rocky
Fissurella crassa 1 136 – 14.0 20.4 Rocky
Fissurella cumingi 1 353 – 64.9 20.4 Rocky
Fissurella maxima 1 231 – 97.0 20.4 Rocky
Fissurella pulchra 2 219 – 80.4 20.3 Rocky
Gibbula umbilicalis 1 3070 2.0 2.4 52.4 Rocky
Hydrobia ulvae 18 573 6.5 16.1 55.2 Soft
Hydrobia ventrosa 4 4753 9.5 20.7 53.1 Soft
Ilyanassa obsoleta 15 1042 5.5 21.8 38.6 Soft
Littorina fabalis 4 142 2.9 7.4 56.2 Rocky
Littorina littorea 35 762 3.3 9.7 52.8 Rocky
Littorina mariae 2 136 5.0 7.3 58.3 Rocky
Littorina neritoides 3 4477 4.0 7.9 51.0 Rocky
Littorina nigrolineata 1 221 1.0 10.4 52.9 Rocky
Littorina obtusata 35 334 3.9 9.1 63.4 Rocky
Littorina rudis 3 110 1.7 23.8 53.4 Rocky
Littorina saxatilis 56 269 3.3 9.5 64.8 Rocky
Littorina scutulata 2 897 4.2 8.5 46.0 Rocky
Mitrella blanda 1 282 1.0 4.3 29.4 Soft
Monilea obscura 1 890 1.0 0.3 29.4 Rocky
Monodonta lineata 1 455 1.0 0.2 52.4 Rocky
Morula musiva 1 353 1.0 1.7 22.5 Rocky
Nassarius plicatus 1 275 2.0 3.3 29.4 Soft
Neptunea arthritica 3 229 1.0 8.4 44.3 Soft
Nodilittorina radiata 2 686 1.4 0.5 22.3 Rocky
Nodilittorina trochoides 2 1496 1.7 0.4 22.3 Rocky
Nucella lapillus 4 250 1.4 18.5 61.6 Rocky
Olivella biplicata 1 200 3.0 41.0 43.3 Rocky
Onoba aculeus 3 121 3.6 8.2 64.8 Rocky
Patella aspera 1 328 1.0 3.7 52.4 Rocky
Patella intermedia 1 150 2.0 5.3 52.4 Rocky
Patella vulgata 1 503 3.0 7.6 52.4 Rocky
Pirinella conica 8 452 – 23.1 29.3 Soft
Planaxis sulcatus 2 2377 5.5 58.5 23.5 Rocky
Retusa obtusa 2 305 1.0 0.9 55.7 Soft
Siphonaria rosea 1 516 2.0 26.6 29.4 Rocky
Thais clavigera 1 429 1.0 1.4 22.5 Rocky
Turritella communis 2 312 2.8 6.4 45.6 Soft
Zippora membranacea 1 389 4.0 12.2 54.1 Soft
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trasts. There was still much variation within species in
both trematode richness and prevalence, with certain
samples having values several times greater than others.
This observation, coupled with the lack of clear, con-
sistent effect of the potential determinants of trematode
infection examined here, suggests that local factors play
a major role in determining how many trematode species
infect a snail population, and at what prevalence.
Phylogenetic effects may constrain the range of possible
values, as shown in the repeatability analysis (see Fig. 5),
but not to the extent of making these values predictable
based on general features of the host or of its habitat.
Since the main source of trematode-infective stages
are shorebirds, our results suggest that their local
abundance and diversity do not covary tightly with,
for example, the latitude of a location. This is in accor-
dance with the migratory behaviour of many shorebird
species (the definitive hosts of most snail trematodes),
which spans many degrees of latitude.

Two confounding variables had an effect on trema-
tode species richness. Sample size was always ex-
pected to influence estimates of species richness
(Walther et al. 1995). Our data set excluded samples of
fewer than 75 snails; most samples included a few to
several hundred snails. If an effect of sample size is still
detectable among relatively large samples, it suggests
that trematodes are difficult to find, because of gener-
ally low prevalence or spatially patchy distributions,
and that data from small samples must be interpreted
with caution. The other confounding variable that
influenced trematode species richness was latitudinal
range. Species of snails sampled from a range of differ-
ent latitudes displayed higher mean richness values
than species sampled from a single latitude. Clearly,
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Fig. 6. Relationship between trematode prevalence and species 
richness across 47 species of snail hosts

Fig. 7. Relationship between trematode species richness (top
panel) and prevalence (bottom panel), and mean latitude at
which the species was collected, across snail species (48 for
species richness, 47 for prevalence). Values for species rich-
ness are residuals from a regression of species richness
against sample size and latitudinal range, and are thus rich-
ness estimates corrected for both these variables; similarly,
values for prevalence are corrected for species richness

Fig. 8. Relationship between trematode prevalence and
species richness across 37 phylogenetically independent
contrasts derived from the phylogeny of snail-host species. 
Contrasts in species richness are corrected for sample size
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for a given snail species, the more localities sampled,
the more likely it is that a site with high species rich-
ness will be included, inflating the mean richness score
of that species. Since shorebirds are not evenly distrib-
uted along the coastline, but often show strong prefer-
ences for certain feeding or roosting sites (e.g. Mourit-
sen 1994), this pattern is understandable. On its own,
this effect highlights the importance of local factors in
determining species richness.

The only association that emerged from analyses at
all levels was the positive relationship between trema-
tode species richness and prevalence. This relationship
can be explained by the strong interspecific antago-
nism common between different trematode species in
the same snail, as discussed in detail by Sousa (1993)
and Kuris & Lafferty (1994). Many species of trema-
todes are capable of excluding other species from their
snail host, such that multiple infections of the same
snail individual are very rare, much less frequent than
expected on the basis of the respective prevalence
of different co-occurring trematode species. Thus, the
prevalences of different species add up to one another
in a snail population: if 2 trematode species occur with
prevalences of 5 and 10% respectively, we can usually
expect close to 15% of snails to be infected. Our results
confirm the additive nature of trematode prevalences
at the host population level. From the host’s perspec-
tive, this means that each new trematode species
colonising their locality will impose an additional cost,
and exert an additional selective pressure.

The effect of latitude observed across samples disap-
peared at higher levels of independence. Only within
2 snail species is there some suggestion of latitudinal
gradients in trematode species richness. These results
require closer scrutiny, however. In Littorina littorea,
the apparent positive relationship between trematode
species richness and latitude is due to the inclusion in
the analysis of a few samples from North America. The
invasion of North America by European L. littorea is a
relatively recent event, and we might expect that
North American snail populations would have a lower
richness of trematode species, having lost European
ones and having had too little time to be colonised by
new species. The relationship between trematode rich-
ness and latitude disappears if we include only Euro-
pean samples of L. littorea. In the case of Hydrobia
ulvae samples, a negative relationship was found be-
tween latitude and trematode richness. Here again, the
relationship may be an artefact caused by a particu-
larly high species richness in snails from the southern
North Sea region. Since the intertidal flats of this
region serve as the main, common feeding/stop-over
area for both Nearctic and Palaearctic shorebirds
migrating along the east Atlantic flyway (Smit &
Piersma 1989), a high trematode species richness is

expected there, and represents an effect of the region
rather than latitude.

The overall impression one gets from these results is
that there are no latitudinal gradients in species rich-
ness among snail-trematode systems. Although latitu-
dinal diversity gradients are common (Rosenzweig
1995, Gaston & Blackburn 2000), including among
ectoparasites of fish (Rohde 1993, 1999, Poulin &
Rohde 1997, Rohde & Heap 1998), they are not univer-
sal. Several detailed comparative studies have failed to
find latitudinal effects, or have observed a counterintu-
itive increase in richness at temperate latitudes, among
internal helminth parasites of vertebrates, including
adult trematodes in fish and birds, whose larvae occur
in intertidal gastropods (Poulin 1995, 2001, Rohde &
Heap 1998, Choudhury & Dick 2000). Thus the ab-
sence of a latitudinal gradient in trematode species
richness in snails is not necessarily a surprise. Before
concluding that latitude has no effect on trematode
richness in snails, however, 2 cautionary remarks are
necessary. First, the great majority of our data points
came from the northern hemisphere. This may not be
important, but it illustrates the imbalance in the avail-
able information. Second, we had no data from lati-
tudes below 20° north or south; all our data came from
latitudes between approximately 20 and 70°. In other
latitudinal gradients reported in the literature, exclu-
sion of data from latitudes lower than 20° would not
mask existing trends (e.g. Attrill et al. 2001). Still, it is
possible that tropical snails exhibit high trematode
species richness that would have influenced the ana-
lyses; the effect of latitude will need to be revisited
when data from low latitudes have been collected and
published.

Substrate type and tidal levels appeared to be poten-
tial determinants of trematode infections across all
samples. The effect of substrate disappeared at other
levels of analysis, and that of tidal levels could not be
assessed further. The apparent effect of tidal level may
be confounded by the fact that some trematodes alter
the vertical zonation of their snail hosts (Curtis 1987,
McCarthy et al. 2000). Nevertheless, these 2 local
habitat features may still be important, because they
are good predictors of the small-scale distribution of
shorebird abundance and diversity that do differ
between hard and soft-bottom habitats and different
shore heights (e.g. Nybakken 1993, Mouritsen 1994).

Overall, our analyses indicate that the importance of
small-scale, local factors overrides that of larger-scale
factors, rendering difficult the detection of large-scale
patterns in species richness or prevalence of trematode
infections in snails. Small-scale processes also appear
more important than large-scale ones in determining
the abundance or diversity of intertidal organisms,
including snails (e.g. Underwood & Chapman 1998,
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Blanchard & Bourget 1999, Benedetti-Cecchi 2001). It
must be emphasised, however, that our analyses all
focused on trematode species richness per snail spe-
cies, and not on absolute species richness or richness
per unit area. Studies at those levels will be more diffi-
cult, but could reveal the sort of patterns that we
searched for at the host level.
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