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impede local adaptation; alternatively, the lack of response 
in this species could owe to other factors that limited exper-
imental infection in this host. Our findings support that 
locally recruiting hosts can adapt their defenses to scale 
with localized infection risk.
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Introduction

All natural populations experience infection by parasites, 
which vary greatly in the degree to which they stimulate 
a defensive response from their hosts. Host responses to 
parasite infection risk are context dependent, and the rela-
tive levels of resistance expressed by individual hosts deter-
mine rates of disease spread and persistence at the level of 
populations and metapopulations (Ardia et al. 2011; Downs 
et al. 2014). Thus, understanding drivers of variation in sus-
ceptibility to parasite infection in populations under natu-
ral selective regimes is a key goal for the emerging field of 
ecoimmunology (Downs et  al. 2014; Martin et  al. 2011), 
and a step toward prediction and control of disease out-
breaks in natural populations (Hawley and Altizer 2011).

While all wild hosts are expected to have some abil-
ity to defend against parasites, anti-parasite defenses are 
known to come at a cost to hosts, either by diverting energy 
from other fitness components, or via autoimmune reactiv-
ity (Hasu et al. 2009; Sheldon and Verhulst 1996). Higher 
defense investment is therefore only advantageous when 
resistance costs are outweighed by the cost of infection 
by the parasite, and when the risk of infection is consist-
ent both spatially and temporally (Ardia et al. 2011; Barrett 
et  al. 2008; Zuk and Stoehr 2002). Thus the existence of 
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transmission hotspots across a host range that is otherwise 
low in infection risk can give rise to divergent selection 
on traits for resistance, resulting in divergent adaptation 
of host traits to local levels of infection risk (Kawecki and 
Ebert 2004). For example, amphipods from natural popula-
tions that are naïve to infection have higher susceptibility to 
trematode or acanthocephalan parasites compared to popu-
lations where natural infection is common (Bryan-Walker 
et al. 2007; Hasu et al. 2009).

Although host immune investment may be expected to 
reflect the spatial mosaic of parasite-mediated selective 
pressure (i.e., local adaptation), the extent and effective-
ness of any inherited mechanisms of adaptation may also 
be highly influenced by the amount of gene flow between 
host populations under different selection regimes (Gandon 
et  al. 1996; Kawecki and Ebert 2004; Lenormand 2002; 
Slatkin 1987; Urban 2011). Some gene flow is necessary 
to maintain the variation on which selection acts, but too 
much mixing counteracts the effects of local selection and 
inhibits adaptation to local conditions (Lenormand 2002; 
Slatkin 1987). Given sufficient standing genetic variation, 
host populations that have high rates of local recruitment 
(i.e., with offspring retained in the parents’ habitat) may be 
more likely to evolve phenotypes that reflect local selection 
pressure without the disruptive effect of gene flow from 
non-adapted populations. In contrast, hosts with broad 
propagule dispersal may be selected to maintain generalist 
phenotypes and greater phenotypic plasticity to ensure their 
success in a broader range of potential habitats (Warner 
1997; Yamada 1989). Finally, because host-parasite interac-
tions are coevolutionary in nature, the amount of dispersal 
and admixture of the parasites themselves may also be an 
important determinant of the hosts’ ability to locally adapt 
(Gandon et  al. 1996; Hoeksema and Forde 2008; Lively 
1999; Roth et al. 2012).

Marine organisms provide ideal systems for testing 
these questions because of the diverse types of larval dis-
persal strategies (and their associated rates of gene flow) 
often found among sympatric, closely related species. We 
used a snail-trematode system to explore the interaction 
of historical parasite exposure (as a proxy for parasite-
mediated selective pressure) and larval dispersal mode on 
the local adaptation of host defense against parasite infec-
tion. In the New England rocky intertidal zone, three con-
generic species of Littorina snails occur in sympatry. Lit-
torina saxatilis and Littorina obtusata are native to New 
England and Europe, while Littorina littorea is a natural-
ized invader from Europe that has inhabited New England 
rocky shores for over 150  years (Blakeslee et  al. 2008). 
These species differ greatly in their reproductive strategies: 
L. saxatilis brood their young and fully developed juveniles 
emerge from the mother’s brood sac; L. obtusata lays ben-
thic egg masses that hatch as crawl-away juveniles; and L. 

littorea releases pelagic larvae which spend an estimated 
4–7 weeks in the water column (Reid 1996). The amount 
of gene flow within each species conforms to expectations 
based on their life histories: L. saxatilis and L. obtusata 
have higher levels of population genetic structure, while 
L. littorea shows high levels of genetic admixture and little 
differentiation (Berger 1973; Johannesson and Johannesson 
1996; Johannesson 2003; Schmidt et al. 2007; Snyder and 
Gooch 1973). L. saxatilis in particular has been found to 
have strong genetic clines over the scale of a few meters, 
and there is strong evidence of population isolation on sep-
arate but neighboring islands (<15 km distant) (reviewed in 
Johannesson 2003; Johannesson and Tatarenkov 1997).

Among the three snail hosts, spatially heterogeneous 
patterns of infection by castrating digenean trematode 
parasites have been well documented (Blakeslee et  al. 
2012; Blakeslee and Byers 2008; Byers et al. 2008, 2015; 
Granovitch et  al. 2000). In New England, L. littorea is 
most commonly infected by the trematode Cryptocotyle 
lingua, while L. saxatilis and L. obtusata are more com-
monly infected with Microphallus similis, but there is 
considerable overlap of the trematode assemblages in all 
three host snails (Blakeslee and Byers 2008). Trematode 
parasites utilize sexually mature (adult) Littorina snails as 
first intermediate hosts in their complex life cycles, repro-
ducing asexually in the region of the snail’s digestive gland 
and gonad, and causing castration of the snail host (Robson 
and Williams 1970; Rothschild 1942). Free-swimming cer-
cariae are released from the snail and penetrate a second 
intermediate host (fish for C. lingua; crabs for M. similis), 
which is consumed by a seabird definitive host [e.g., eider 
ducks, cormorants, and gulls (Larus marinus, Larus argen-
tatus)]. As the infected birds forage, loiter or nest on rocky 
shores, they deliver trematode eggs via their guano to the 
vicinity of the snail hosts. M. similis and C. lingua eggs 
are ingested by grazing snails to complete the life cycle 
(Stunkard 1930, 1957). Thus, gull colonies, which are often 
found on uninhabited rocky islands, and gull attractors such 
as fishing piers, emerge as hotspots of trematode transmis-
sion to snails (>50  % prevalence in adult snails at some 
sites), while many other rocky intertidal sites exhibit low 
to no trematode prevalence (Byers et al. 2008; Hoff 1941; 
Matthews et al. 1985).

The unique features of this host-parasite system provide 
a valuable opportunity to test for the relative influence of 
local selective pressure and dispersal-mediated gene flow 
on host local adaptation. We carried out a common garden 
experiment to test for differences in susceptibility to trema-
tode infection in wild-caught snails originating from loca-
tions with a history of a high risk (HR) or low risk (LR) 
of trematode infection, hypothesizing that snails from 
locations with high parasite selective pressure would show 
lower susceptibility to infection, reflecting local adaptation 
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of host defenses. We further hypothesized that this effect 
would only hold for the two snail species with local repro-
duction modes. We also tested the assumption that trema-
tode parasites have high levels of genetic mixing in this 
system that might reduce their tendency to locally adapt to, 
or specialize on, differentiated snail genotypes.

Materials and methods

Snail collections

To test for an effect of parasite selective pressure on sus-
ceptibility to trematode infection, the three species of Lit-
torina snails (L. obtusata, L. saxatilis, and L. littorea) were 
collected from multiple intertidal sites along the coast of 
New England, USA between 28 June and 1 July 2011 for 
use in a laboratory common garden experiment (Fig.  1). 
Specifically, we collected each snail species from three 
sites where at least one study over the previous 10  years 
had identified HR of trematode infection (i.e., >10 % trem-
atode infection prevalence in at least one of the three spe-
cies, and high densities of shorebird definitive hosts), and 

from three sites with known LR of trematode infection 
(<10 % infection rates in prior surveys of any species, and/
or low density or absence of shorebirds) (Table 1). Not all 
snail species were present at all sites in sufficient numbers, 
so the six collection sites are not identical for each species 
(Fig. 1; Table 1). We sourced snails from multiple HR and 
LR sites to ensure broad characterization of each category 
and thus minimize the influence of isolated, site-specific 
effects on snail performance. 

To determine the consistency of selective pressure act-
ing on the current generation of snails at our snail collec-
tion sites, and thus to validate our categorization of a site 
as either HR or LR, we examined ~100 adult snails of each 
species at each site for trematode infections. Because snails 
live for multiple years and successful infections are usually 
permanent in the snails, measurements of trematode parasite 
prevalence in the adult snail population at each site, includ-
ing larger, older snails, allowed us to infer infection risk 
integrated over multiple years, giving a fuller picture of the 
consistency of parasite infection risk at each site (Graham 
2003). For these surveys, snails representing the full range 
of adult sizes were collected haphazardly at low tide from 
a broad area (>100-m length whenever possible, including 

Fig. 1   Spatial distribution of 
snail-collection sites on the 
coast of the northeastern USA 
(New England). Top left inset 
Location of study area within 
New England. Lower right inset 
Two high trematode infection 
risk sites. DNA helixes denote 
collection sites for Microphal-
lus similis DNA samples. Bird 
icon marks site of experimen-
tal guano collection. Black 
arrow points to proposed high 
trematode infection risk site 
that was ultimately excluded 
due to inconsistency in parasite 
pressure. Littorina obtusata L. 
obtusata, L. saxatilis Littorina 
saxatilis, L. littorea Littorina 
littorea
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high and low intertidal). We measured the collected snails 
from the apex to the anterior tip of the aperture and then 
dissected them under a stereomicroscope and examined the 
gonad and digestive tissues for presence of trematode cer-
cariae, sporocysts or rediae. Trematode species were iden-
tified using published keys and descriptions of trematodes 
infecting Littorina sp. (James 1968; Stunkard 1983).

Our estimates of trematode prevalence in each host spe-
cies at each collection site were evaluated against data from 
previous studies to confirm or refute each collection site’s 
a priori assignment to the HR or LR category (Byers et al. 
2008; Blakeslee and Byers 2008; Blakeslee, unpublished 
data). Consistency of high parasite pressure was affirmed if 
trematode infection prevalence in at least one snail species 

exceeded 10  % in both a previous report and the current 
study (Table 1). We attempted to collect snails of each his-
torical infection risk category (LR and HR) over as large a 
domain as possible; however, due to limitations in available 
qualifying sites, our range of collections was more geograph-
ically constrained for HR snails. Specifically, because of the 
uncertainty in the consistency of parasite-mediated selection 
pressure at one of our a priori designated HR sites (Odiorne, 
NH), we excluded snails from this site from our analysis. 
The two sites that showed consistent infection in the snails 
are both on gull nesting islands, where gulls and other sea 
birds are known to aggregate annually at high densities (Ellis 
and Good 2006), further supporting their categorization as 
HR sites. These two island sites are relatively geographically 

Table 1   Prevalence of trematode infection in each species of Littorina snails from each site of origin in 2011 and in prior studies

Not all species were present at sufficient densities to be sampled at each site, so more than six total sites are included

NA Not applicable
a  Sites designated a priori as high prevalence based on data from prior year(s)
b  Site designated a priori as high prevalence but dropped due to inconsistency
c  Sampling carried out in summer 2002 (Byers et al. 2008)
d  Sampling carried out in summers 2002–2005 (Blakeslee and Byers 2008)
e  Sampling carried out in 2003 and 2008 (Blakeslee et al. 2012)
f  Sampling carried out in 2010 (Blakeslee et al. 2012)
g  Sampling carried out in 2004 (Blakeslee et al. 2012)

Site latitude/longitude Species collected Adult % prevalence (N) Mean size (mm) ± SD Prior % prevalence (n) and source

Appledore, MEa Littorina littorea 27.43 (113) 15.51 ± 2.56 29.0 (279)c

42°59.09′N Littorina obtusata 15.94 (69) 10.22 ± 1.08

70°36.79′W Littorina saxatilis 15.94 (69) 10.32 ± 1.42

Smuttynose, MEa L. littorea 23.47 (98) 15.58 ± 3.21 30.7 (205)c

42°59.01′N L. obtusata 10.81 (111) 10.58 ± 1.42

70°36.13′W L. saxatilis 4.67 (107) 9.30 ± 1.60

Boothbay, ME L. littorea 4.85 (103) 16.42 ± 4.15 9.21 (76)d

43°50.55′N L. obtusata 1.06 (94) 8.55 ± 0.94 0.00 (87)d

69°37.55′W L. saxatilis 3.85 (52) 9.34 ± 1.29 3.85 (156)e

Hilton Park, NH L. littorea 0.00 (78) 15.31 ± 3.55 1.9 (157)c

43°07.21′N

70°49.63′W
Merepoint, ME L. littorea 1.06 (94) 15.77 ± 3.72

43°49.41′N L. obtusata 5.71 (105) 10.07 ± 1.02

70°00.59′W 0.00 (90 L. saxatilis)f

N. Hampton, NH L. obtusata 1.01 (99) 10.57 ± 1.10 NA

42°57.54′N L. saxatilis 0.00 (81) 9.88 ± 1.35

70°46.13′W
Rye Harbor, NH L. saxatilis 0.00 (120) 9.63 ± 1.41 4.96 (121)g

43°00.22′N 5.9 (169 L. littorea)c

70°44.99′W
Odiorne Point, NHb L. littorea 3.03 (99) 16.96 ± 3.80 11.8 (178)c, 13.25 (317)d

43°02.59′N L. obtusata 0.00 (105) 9.96 ± 1.42 8.08 (198)d

70°42.65′W L. saxatilis 7.69 (78) 10.17 ± 1.82 26.21 (145)d
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close with the potential for greater connectivity by dispersal 
for the host species with pelagically dispersed larvae. For the 
two species with closed populations (L. obtusata and L. sax-
atilis), these two collection sites are still likely to represent 
separate demes, given they are on different islands and these 
two species can exhibit small-scale genetic differentiation 
(Johannesson and Tatarenkov 1997; Schmidt et al. 2007).

For the focal experimental snails used in the laboratory 
common garden experiment, we collected ~200 small-
sized adult snails of each species at each site. Small adult 
size ranges were approximately 4.5- to 8-mm maximum 
spire height for L. saxatilis, 6–9 mm for L. obtusata, and 
7–12  mm for L. littorea. Among sexually mature (adult) 
snails, smaller individuals were preferred for use in experi-
ments because they are susceptible to trematode infections, 
but are less likely to harbor infections than larger, older 
adults which are more likely to have previously encoun-
tered trematode infective stages (Graham 2003). Collected 
snails were held in sea tables with running ambient seawa-
ter at the Shoals Marine Laboratory, Appledore Island, ME.

Common garden infection experiment

We used a common garden experiment to test whether 
a history of trematode infection risk (i.e., HR versus LR) 
affected susceptibility to trematode infection in each host 
species. A random subset of 50–100 snails of each species 
in the small-adult size class from each site was painted to 
denote their collection site using BriteMark paint pens. We 
combined these groups of snails in a single tray of a flow-
ing seawater table, evenly distributing them into one of two 
identical 1.4-m2 mesh bags (made from 0.33-mm2 black 
screening material) populated with rocks and Ascophyl-
lum seaweed to form a semi-natural habitat. The water was 
drained from the sea table tray once daily for a period of 
2–3 h to simulate a low tide, and the tray was rinsed regu-
larly to prevent the buildup of snail waste and algae. We 
exposed all experimental snails to infective trematode eggs 
by adding seabird guano, which contains trematode eggs 
from infected birds, to the common garden habitat. Bird 
guano was collected from a common seabird loitering area 
that was separate from any snail collection site (Fig.  1). 
Dissections of snails inhabiting this guano collection area 
over the 10 past years have consistently shown high lev-
els of trematode prevalence in this area, suggesting that 
the site is a hotspot for transmission from infected birds to 
the snail first intermediate hosts (Byers et al. 2008, 2015). 
During the guano collection period, daily counts (n = 11) 
of seabirds utilizing the intertidal area (~100  m ×  30  m) 
from which the majority of guano was collected averaged 
27.5 ± 2.8 (mean ± SD) black back gulls (Larus marinus), 
2.2 ± 0.7 double-crested cormorants (Phalacrocorax auri-
tus), and 4.0 ± 1.3 herring gulls (Larus argentatus).

Fresh guano deposits were scraped off the rocky sub-
strate into a 50-mL plastic tube, and diluted in a 1:2 ratio 
with seawater to form a homogeneous slurry. This slurry 
was either poured evenly across the habitat in both snail-
containment bags during the simulated low tide each day 
or used to coat fresh seaweed (usually Ascophyllum with 
a mix of Ulva and Fucus sp.) which was then distributed 
in the habitat as a supplemental food source. For a period 
of 24 days, an average of 12.5 ± 1.3 mL guano day−1 was 
added to each bag (i.e., 37.5  mL per bag after seawater 
dilution), alternating between the two application methods. 
This volume of guano is substantially higher than would be 
encountered daily over a similar area in nature where the 
deposits are discrete and patchy; however, using the large 
diluted volume allowed us to ensure an even distribution 
across the bags to standardize access to infective stages 
for the experimental snails. After the inoculation period, 
the snails were maintained in the sea table habitat for an 
additional 4  weeks, and in aerated seawater tanks for an 
additional 2 weeks to allow any induced infections to reach 
patency. After this 6-week incubation period, all experi-
mental snails were dissected to assess infection status.

The other half of the collected small adult snails were 
used to control for baseline levels of background field-
acquired infection at each site, and were maintained in a 
separate sea table from the experimental snails to pre-
vent parasite exposure. These control snails were main-
tained in Tupperware containers with mesh sides to allow 
water circulation, and were separated by collection site. 
The snails were provided with seaweeds collected from a 
cove on Appledore Island with low bird density and low 
natural trematode infection in snails to avoid introduc-
ing new infections. We subjected these snails to the same 
simulated tidal cycle and sea table cleaning schedule as the 
experimental snails. The snails were held for a minimum 
of 4 weeks to allow any field-acquired infections to reach 
patency, and then dissected over the course of 4  weeks. 
Though these control snails were necessarily maintained 
under slightly different conditions to prevent the acquisi-
tion of new infections, they should accurately quantify 
the baseline prevalence of pre-existing infections in wild-
caught snails in the experimental size class.

Data analysis

Because induced infection levels were clearly quite dif-
ferent between the three snail species, and the species of 
trematode infecting one of the sentinel snail species was 
different, we analyzed each species separately. Each indi-
vidual snail was considered an independent replicate, with 
a binomial response of infected or non-infected. Because 
one a priori HR site was dropped due to inconsistency in 
parasite pressure (Odiorne), our HR category encompasses 
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snails from two collection sites, and the LR category rep-
resents snails from three collection sites. To focus our 
analysis on the impact of parasite-mediated selection in 
determining each snail’s response to exposure, we statisti-
cally accounted for collection site-level impacts by includ-
ing individual collection site as a random variable in our 
model, and used the category of infection risk history (HR 
versus LR) as a fixed effect.

Thus for each species, our analysis consisted of a bino-
mial generalized linear mixed effects model with experi-
mental treatment (control or guano addition), infection risk 
history (HR or LR), and their interaction as fixed effects, 
and individual collection sites included as a random effect. 
The interaction term (experimental treatment ×  infection 
risk history) is particularly important because it relates 
whether experimental trematode exposure differentially 
affects snails with HR versus LR histories. Also, holding 
treatment constant (exposed), we calculated the differences 
in the log odds of infection for LR- relative to HR-sourced 
snails. Specifically, we used exponentiation for the sum of 
the generalized linear mixed effects model parameter esti-
mates for the fixed effects of infection risk history and the 
interaction of risk history with experimental treatment. 
Analyses were carried out in RStudio version 0.98.1056 
(RStudio 2012).

Trematode genetic structure

Our infection experiment assumed that the site of origin of 
the trematode eggs would not influence infectivity in snails 
from different sites due to relative genetic homogeneity of 
the trematode populations across the area of our study. To 
test this assumption, and to evaluate the overall amount of 
genetic admixture in the parasite population, we assessed 
population genetic structure of the most common trematode 
species in our study, M. similis, across two sites that span 
the geographic range of our study. In June 2012, trematode 
tissue samples were collected from all M. similis-infected 
snails originating at Appledore Ledges and from a site 
~170  km away on Damariscove Island in Boothbay Har-
bor, ME, a geographically distant site that had a sufficient 
number of M. similis infections to conduct the test (Fig. 1). 
A single trematode DNA sample was collected from each 
M. similis-infected individual from Damariscove Island and 
from Appledore Island, and saved in 95  % ethanol. DNA 
extraction was carried out using Purgene (Gentra) rea-
gents. We amplified a mitochondrial CO1 gene using prim-
ers published for a different microphallid species (Leung 
et  al. 2009). Sequencing was carried out by Macrogen 
and alignment of the resulting sequences was carried out 
in Geneious version 6.1.2 (Biomatters). We used Hudson’s 
nearest-neighbor statistic (Hudson 2000), which is robust 
to small sample sizes, to test for genetic differentiation 

between the two collection sites, using ten sequences from 
the Damariscove site, and six sequences from Appledore 
Ledges. Values near 1 indicate strong differentiation, while 
values near 0.5 indicate low heterogeneity or panmixis 
(Hudson 2000). The statistic and associated p-values were 
calculated in DNAsp (Librado and Rozas 2009).

Results

Common garden infection experiment

In our common garden infection experiment, naturally col-
lected seabird guano produced trematode infections in all 
three snail species, especially L. obtusata and L. saxatilis. 
Infection prevalence in these two species increased from 
near 0 % in control snails to 54.5 and 82.9 %, respectively. 
Infection levels in L. littorea were markedly lower, increas-
ing only by 6.5 % points overall (Fig. 2).

For the two direct developers (L. obtusata, L. saxatilis), 
our model indicated a significant interaction of infection 
risk history (HR or LR) and experimental exposure on 
infection (Table  2), after accounting for variation due to 
collection site-level differences. Experimentally exposed 
snails from LR locations had 2.13 times greater odds of 
becoming infected relative to HR history snails for L. 
obtusata, and 3.11 times greater odds of infection for L. 
saxatilis.

On the other hand, the interaction of infection risk his-
tory with exposure was not significant for the broadcast 
spawning species, L. littorea. Snails from both HR- and 
LR-history sites increased in infection, with HR snails 
trending toward higher infection than LR snails. Because 
the interaction of infection risk history and experimental 
exposure was not significant, we did not calculate the ratio 
of odds of infection for this species.

Many of the infections observed during dissections of 
experimentally infected snails were immature and did not 
possess mature cercariae with distinguishing morphologi-
cal characteristics. However, toward the end of the 4-week 
period that was required to complete dissections of experi-
mental snails, many infections had developed distinguish-
ing characteristics, and the majority of these were identi-
fied as M. similis infections.

Trematode genetic structure

Samples of M. similis separated by 170 km represented 11 
haplotypes (Supplemental Fig. 1) across the >800-base pair 
mitochondrial CO1 gene region we sequenced. There was 
no differentiation based on site of origin, suggesting high 
gene flow at the spatial scale of our study (Hudson’s near-
est-neighbor statistic = 0.64, p = 0.08).
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Discussion

Adaptation of hosts to local parasite-mediated selec-
tive pressure is an important coevolutionary process with 
strong ramifications on disease dynamics in wild popula-
tions. Adaptation in the hosts is predicated on the strength 
of selection pressure exerted by the parasites relative to 
defense costs, the consistency of such pressure across a 
time frame relevant to the development of a response, and 
the isolation of the population under selection from disrup-
tive introduction of maladapted genotypes. In our study 
system, castrating trematode parasites exert strong selective 
pressure on snail hosts to avoid or defend against infection. 
In agreement with our expectation, we found that for the 
two host species with relatively closed populations, snails 
from sites with consistently high parasite pressure were 
significantly less susceptible to infection than hosts that 
were more naïve to infection threats (Fig.  2). Our results 
contribute to a growing body of evidence that anti-para-
site defenses involve trade-offs for hosts, such that strong 
defense is only selected for when the probability of infec-
tion is consistently high. The results also suggest that host 
gene flow plays a role in governing hosts’ ability to locally 
adapt to parasite infection risk. The effect of prior exposure 
to reduce susceptibility was specific to our two host species 
with local recruitment. The one host species we examined 
with open populations, L. littorea, did not exhibit evidence 
of lower susceptibility among snails with higher prior 
exposure to trematodes, suggesting that they may not adapt 
to match local parasite risk. However, this result could also 

Fig. 2   Change in proportion of 
snails infected after experimen-
tal exposure in common garden 
(Exper) for each species relative 
to baseline infection prevalence 
(Ctrl), showing differences for 
each species in response among 
snails with a history of a high 
risk (HR; red triangles) and a 
low risk (LR; blue circles) of 
infection

Table 2   Results of binomial generalized linear mixed models for the 
outcome of infection for each species

Each model includes fixed effects of infection risk history [high risk 
(HR) or low risk (LR)] and experimental treatment (Treat.) [control or 
exposed (Exp.)], along with their interaction, and also includes col-
lection site identity (ID) as a random effect. The reference categories 
are HR (risk history) and control (treatment)

Parameter estimate SE z-value P (>|z|)

L. obtusata

 Intercept −3.46 0.41 −8.35 <0.001

 Treatment (Exp.) 3.14 0.46 6.83 <0.001

 Category (LR) −1.85 1.08 −1.71 0.088

 Treat. × Category 2.61 1.11 2.35 0.019

Variance Variance SD

 Site ID <0.001 <0.001

L. saxatilis

 Intercept −3.11 0.41 −7.68 <0.001

 Treatment (Exp.) 4.17 0.49 8.56 <0.001

 Category (LR) −1.96 0.82 −2.37 0.018

 Treat. × Category 3.09 0.92 3.36 <0.001

Variance Variance SD

 Site ID 0.026 0.16

L. littorea

 Intercept −3.10 1.17 −2.64 <0.01

 Treatment (Exp.) 1.18 0.34 3.47 <0.001

 Category (LR) −2.80 1.88 −1.49 0.14

 Treat. × Category −0.44 0.77 −0.57 0.57

Variance Variance SD

 Site ID 2.55 1.60
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stem from the lower overall susceptibility of this host spe-
cies to the predominant trematode obtained from the field 
(M. similis), limiting the power of our experiment to detect 
adaptation in this species.

Effect of prior exposure

Consistent use of particular sites, such as our HR island 
sites, by seabird definitive hosts results in high levels of 
parasite infection risk for snails across generations (Byers 
et al. 2008; Fredensborg et al. 2006; Levakin et al. 2013), 
and this can impose directional selection on snail resistance 
mechanisms such as immune defenses (Gorbushin and Bor-
isova 2014; Iakovleva et al. 2006). From the host perspec-
tive, consistent parasite-mediated selective pressure should 
enhance host immunity over generations via a combination 
of changes in frequencies of relevant alleles and epige-
netic inheritance (Ardia et al. 2011). Our findings of higher 
defense among snails from HR-history sites are consist-
ent with other studies indicating that immune defenses are 
only selected for when parasite infection risk is sufficiently 
high and is stable across generations (Bryan-Walker et al. 
2007; Hasu et al. 2009; Kawecki and Ebert 2004), whereas 
defenses are selected against when infection risk is low 
because of costs of immune defense such as resource diver-
sion or self-harm (Sheldon and Verhulst 1996). Among 
our experimental L. obtusata and L. saxatilis, we observed 
higher mortality during the experiment among snails origi-
nating from HR sites, which could reflect a cost of higher 
defense investment.

Non-immunological sources of defense such as behav-
ioral avoidance, self-medication, beneficial symbionts, 
and fecundity compensation may also constitute impor-
tant components of a host’s response to parasites (Parker 
et al. 2011). For example, L. littorea are able to detect and 
behaviorally avoid seabird guano, the delivery medium of 
the trematode eggs, at exceedingly small concentrations 
(Davies and Knowles 2001). While this avoidance behav-
ior may operate in habitats where guano is relatively rare, 
the extensive guano coverage achieved in our common gar-
den experimental enclosures likely eliminated this defense 
option, instead enhancing reliance on other defense mecha-
nisms, including immune defenses. If infection risk and 
immune defense costs are high, hosts demes experiencing 
consistent parasite pressure may be selected to tolerate 
some level of infection in favor of maximizing reproductive 
effort under the threat of castration. In White Sea popula-
tions of L. saxatilis, uninfected snails from HR locations 
compensate for the high likelihood of castration by having 
higher age-specific fecundity than uninfected females from 
LR areas (Granovitch et al. 2009). Different versions of this 
“fecundity compensation” have been observed in several 
other snail hosts that experience high trematode infection 

risk (Fredensborg and Poulin 2006; Ibikounle et al. 2012; 
Jokela and Lively 1995; Lafferty 1993). Whether this tol-
erance response operates in addition to higher defense 
responses in our host populations is another area for future 
study.

Effect of larval dispersal mode

High larval retention in the parent habitat that results from 
the direct development life history of L. obtusata and L. 
saxatilis promotes the adaptation of resistance in these two 
hosts to local levels of parasite risk. In some cases limited 
mixing can be a detriment, but only if genetic diversity is 
so limited that it minimizes the chance of adaptive alleles 
being present. Our data suggest that the restricted gene flow 
of the two direct developing snail species and the result-
ing minimal disruptive immigration of non-adapted immi-
grant genotypes gives them an advantage in adapting to 
their more broadly dispersed trematode parasites. It also 
implies costliness to maintaining resistance when it is not 
needed (Sheldon and Verhulst 1996). Our test for gene 
flow within the focal parasite species, M. similis, in agree-
ment with prior studies of trematodes, shows a high admix-
ture of parasite genotypes at the spatial scale of our study, 
reflecting its relatively broad dispersal by seabird definitive 
hosts (Dybdahl and Lively 1996; Keeney et al. 2008, 2009; 
Prugnolle et al. 2005).

The relatively high amount of genetic mixing in M. simi-
lis, in addition to its generalist tendency to infect multiple 
snail species, suggests that the collection site of the parasite 
should not strongly influence its infectivity in hosts from 
different locations. Indeed, in our study, if the relative prox-
imity of the two HR sites to the guano collection site had 
positively influenced infectivity of the parasites from nearer 
sites (i.e., parasites performing better in sympatric hosts), 
we would expect the snails from these sites to have shown 
a greater increase in infection than snails from more dis-
tant sites. Instead, the fact that L. obtusata and L. saxatilis 
from sites closer to the parasite collection site had lower 
odds of experimental infection than more distant LR-site 
snails supports our overall hypothesis that the hosts have 
the advantage in the host-parasite arms race thanks to their 
local recruitment promoting adaptation to local parasite-
mediated selection. Future experiments that reciprocally 
test the susceptibility of multiple HR-site snails to sympa-
tric versus allopatric parasite populations would provide a 
more formal test of the coevolutionary arms race (Hoek-
sema and Forde 2008; Kawecki and Ebert 2004), building 
on our more general approach comparing host performance 
based on high versus low infection risk history.

From the parasite’s perspective, a high level of mixing 
relative to their hosts does not necessarily beget a coevo-
lutionary disadvantage (Gandon et al. 1996; Lively 1999), 
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and could even be advantageous if other aspects of the par-
asites’ biology allowed positive new alleles to be quickly 
spread through the parasite population (e.g., fast generation 
times, direct transmission). However, in our particular host-
parasite system there are several factors at play that may 
limit adaptation of the parasite to local host demes. First, 
the amplification of a subset of parasite genotypes that 
occurs when the trematode reproduces clonally within the 
first intermediate snail host may serve to reduce the effec-
tive population size of the parasite, reducing its evolution-
ary potential (Jarne and Theron 2001; Mulvey et al. 1991). 
Second, the complex three-host life cycle of the parasite 
may considerably lengthen the parasite’s generation time, 
restricting its evolutionary pace relative to other types of 
parasites (Barrett et  al. 2008). Third, because the primary 
trematode found infecting our experimental snails, M. simi-
lis, is thought to be a generalist species that infects multiple 
first intermediate host species, specialization by the para-
site may be actively selected against in our system (Bar-
rett et al. 2008; Gandon 2002; Roth et al. 2012). This final 
point may also be a key difference from other trematode-
snail systems in which parasites appear to have the coevo-
lutionary upper hand (Lively and Dybdahl 2000; Lively 
et al. 2004), or in which neither host nor parasite demon-
strates local adaptation (Prugnolle et al. 2006).

Because L. littorea has pelagic larvae and thus higher 
genetic admixture within the metapopulation, we expected 
this species to act as an outgroup in terms of capacity for 
local adaptation when compared to the two direct-develop-
ing species. Indeed, although we did see a significant effect 
of treatment and a strong trend of influence of infection 
risk history (HR versus LR) on infection in L. littorea, we 
did not see an interaction effect indicative of local adapta-
tion, perhaps because field-acquired infections contributed 
a relatively large proportion of ultimate infections in the 
HR snails. It is possible that the snail’s likelihood of locally 
adapting to its trematode parasites could also be influenced 
by a disruption in their coevolutionary dynamics resulting 
from L. littorea’s invasion history. We think this explana-
tion is unlikely to contribute heavily to the observed pattern 
of minimal local adaptation because: (1) L. littorea is still 
heavily infected by trematodes at sites within northeastern 
North America, including the two HR sites in the current 
study (Table  1) (Byers et  al. 2008); and (2) the associa-
tions between L. littorea and its trematodes are not novel 
since all five of its trematode parasites in North America 
are found in the snail’s native range in Europe (Blakeslee 
and Byers 2008). Overall levels of induced infection in L. 
littorea were much lower than the levels induced in the 
other two host species. While the relatively low amount 

of infection achieved in L. littorea may seem to suggest a 
high amount of defense by this host, the levels of infection 
experimentally induced in our three target species are not 
readily comparable because of the difference in trematode 
species that preferentially utilize these hosts. The majority 
of identifiable infections that were induced experimentally 
in L. obtusata and L. saxatilis were identified as M. simi-
lis, a species which usually occurs at very low levels in L. 
littorea in the field (Blakeslee and Byers 2008). The spe-
cies of trematode that constitutes the majority of infections 
in L. littorea in the field [Cryptocotyle lingua (Byers et al. 
2008)] did not seem to be amenable to our fecal manipula-
tion. Thus a reduced chance of experimental infection may 
have reduced the power of our experiment to detect differ-
ences in adaptation between L. littorea from LR and HR 
sites. Further experiments that are successful in inducing C. 
lingua infection in L. littorea would allow for greater com-
parison of the defense abilities across the three snail host 
species.

Conclusion

Coevolutionary relationships between parasites and hosts 
are antagonistic and dynamic, providing a fertile testing 
ground for the ecological and evolutionary importance of 
local adaptation. The ability of individual hosts to resist or 
limit parasite attack has implications for disease emergence 
and persistence at population and meta-population levels. 
Our experimental approach demonstrates that, for two spe-
cies with local recruitment, historical parasite exposure can 
alter hosts’ susceptibility to infection. The expansion of 
this approach to include increased replication at the level 
of dispersal mode (i.e., host species identity) would provide 
a more robust test of the effect of dispersal on host local 
adaptation. Future studies may build on these findings to 
uncover potential feedbacks of host local adaptation to dis-
ease emergence and spread.
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