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Abstract

An introduced species’ invasion success may be facilitated by the release of natural enemies, like parasites, which may provide an
invader with a competitive advantage over native species (enemy release hypothesis). Lower parasite infection levels in introduced
versus native populations have been well documented. However, any potential competitive advantage will depend on whether
native competitors exhibit higher parasite loads than introduced hosts and whether native hosts suffer more (e.g., reduced
reproduction or growth) from parasite infections than introduced hosts. In this study, we compared macroparasite richness,
prevalence, and intensity in sympatric populations of one native and two introduced brachyuran crab hosts in the centre of their
European range. While the native green crab Carcinus maenas (Linnaeus, 1758) hosted three parasite groups (acanthocephalans,
microphallid trematodes, rhizocephalans), the two invasive crab species Hemigrapsus sanguineus (De Haan, 1835) and H. takanoi
Asakura and Watanabe, 2005 were only infected with acanthocephalans. All acanthocephalans were molecularly identified (COI)
as the native Profilicollis botulus (Van Cleave, 1916). Prevalence and intensities of P. botulus were generally lower in the
introduced than in the native crabs. Metacercariae of microphallid trematodes were only found in the native C. maenas, with mean
infection levels of 100-300 metacercariac per host, depending on geographical location. Likewise, the castrating rhizocephalan
barnacle Sacculina carcini Thompson, 1836 was only found in C. maenas at a few locations with low prevalences (< 3%). This
first study on infection levels in invasive Hemigrapsus species in Europe indicates that these invasive crabs indeed experience
lower infection levels than their native competitor C. maenas. Future experiments are needed to investigate whether this difference
in infection levels leads to a competitive advantage for the invasive crab species.

Key words: enemy release, Carcinus maenas, Hemigrapsus sanguineus, Hemigrapsus takanoi, Profilicollis botulus,
parasite spillback, Wadden Sea

release from enemies can result in direct fitness
benefits for introduced populations when a species is

Introduction

One of the mechanisms potentially facilitating the
invasion success of introduced species is the release
from natural enemies during the process of trans-
location (enemy release hypothesis; Elton 1958;
Keane and Crawley 2002). During translocation,
various barriers can reduce the number of predators
and parasites that are co-introduced to the species’
new range (Keane and Crawley 2002; Torchin et al.
2003; Colautti et al. 2004). This reduction in or

negatively affected by the lost enemies in its native
region (regulatory release; Colautti et al. 2004). In
addition, a reduced set of enemies in the introduced
range may release physiological resources otherwise
invested in defence mechanisms (e.g. immune system)
leading to increased fitness of the introduced host
(compensatory release; Colautti et al. 2004). The
two types of release are not mutually exclusive and
may lead to a competitive advantage for introduced
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species over native species (Keane and Crawley 2002;
Grosholz and Ruiz 2003; Mitchell and Power 2003;
Torchin et al. 2003; Parker et al. 2013).

Regarding parasites, a general reduction of parasite
burdens in introduced hosts has been well
documented and seems to be particularly strong in
aquatic ecosystems (Torchin et al. 2003; Torchin and
Lafferty 2009; Blakeslee et al. 2013). A review by
Torchin et al. (2003) showed that parasite richness
(number of species) and prevalence (proportion of
hosts infected) are, on average, 2-3 times lower in
hosts in their introduced compared to their native
range. In general, the level of parasite reduction
seems to differ among parasite groups. For example,
in marine ecosystems, rhizocephalan parasites seem
to be regularly lost during the process of introduction,
while other parasite groups, like cestodes, are usually
lost at a lower frequency (Blakeslee et al. 2013). It is
important to note that the parasite richness of
introduced hosts often consists of co-introduced
parasites, but also of native or previously established
parasites that have been acquired by the introduced
species in the invasive range (Torchin and Mitchell
2004). This parasite acquisition may ultimately amplify
the population size of these parasites and increase
parasite loads in native hosts (parasite spillback;
Kelly et al. 2009). Regardless of the parasite origin
and level of reduction, the generality of the observed
patterns suggests that many introduced hosts may
have a competitive advantage over native species
due to regulatory and compensatory release. However,
a potential competitive advantage will depend on
whether native competitors actually exhibit higher
parasite loads than introduced hosts and whether
native hosts suffer more (e.g., reduced reproduction
or growth; Calvo-Ugarteburu and McQuaid 1998a, b;
Bachelet et al. 2004; Byers 2000) from parasite
infections than introduced hosts (Torchin and Mitchell
2004; Hatcher et al. 2006; Torchin and Lafferty 2009;
Dunn et al. 2012). Studies comparing local infection
levels between competing native and introduced hosts
(community studies or cross-species comparisons,
sensu Colautti et al. 2004; Torchin and Mitchell
2004) suggest that parasite richness, prevalence, and
abundance are indeed often higher in native compared
to introduced host species (Georgiev et al. 2007,
Dang et al. 2009; Roche et al. 2010; Gendron et al.
2012). However, for most introduced host species,
such cross-species comparisons between introduced
and native competitors are lacking. This is also true
for brachyuran crab species, some of which have been
globally introduced into coastal waters and have
been studied in respect to parasite release. The most
prominent case is the European green crab Carcinus
maenas (Linnaeus, 1758), which has been introduced
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to North America, Australia, Tasmania and parts of
Japan and South Africa (Carlton and Cohen 2003). In
a seminal study, Torchin et al. (2001) investigated
infection levels in global C. maenas populations and
found that crabs in native populations generally
harboured more parasite species and showed higher
infection levels than populations in arecas where the
crab species had been introduced. However, how
this general parasite release of introduced C. maenas
compares to parasite infection levels in native
competitors has not been investigated to date.
Another invasive crab species, the Asian shore crab
Hemigrapsus sanguineus (De Haan, 1835), has been
introduced from the North-West Pacific (with a
native range from Russia along the coasts of Japan,
Korea and China up to Hong-Kong; Epifanio 2013)
to the North Atlantic coasts of North America
(Williams and McDermott 1990; Epifanio 2013) and
Europe (Dauvin et al. 2009). In North America, only
three parasite species have been found in introduced
populations of H. sanguineus (Torchin et al. 2001;
Blakeslee et al. 2009; Kroft and Blakeslee 2016),
while the crab species is infected with nine parasite
species in native locations (reviewed in Blakeslee et
al. 2009; McDermott 2011). Furthermore, infection
intensities were much lower in populations in the
introduced compared to the native range (Blakeslee et
al. 2009; McDermott 2011). In comparison to other
crab species at the Atlantic coast of North America,
there was no significant difference in parasite richness
and prevalence between the invasive H. sanguineus
and two native crab species (Kroft and Blakeslee
2016), but compared to another invader, C. maenas,
richness and prevalence were relatively lower in H.
sanguineus (Blakeslee et al. 2009). However, whether
H. sanguineus also shows enemy reduction in Europe
is presently unknown. A third species, the brush-
clawed shore crab Hemigrapsus takanoi Asakura
and Watanabe, 2005, has been introduced to Europe
from the same region as H. sanguineus and now
occupies the same range in Europe as its congener
(northern Spain to Sweden; Dauvin et al. 2009;
NORSAS 2012; Markert et al. 2014). As H. takanoi
was only recently identified as a pseudocryptic
sibling species of H. penicillatus (Takano et al. 1997
Asakura and Watanabe 2005), literature records on
parasite infections from native and introduced
populations do not exist.

This study conducted a cross-species comparison
of macroparasite infection levels in the two
Hemigrapsus species (H. sanguineus and H. takanoi)
introduced to Europe, with infection levels in their
main native competitor (C. maenas). By sampling
sympatric populations of the three species in the Dutch
Wadden Sea, located in the centre of the invasive



Comparison of parasitism in native and invasive crabs

Table 1. Habitat, sampling dates and sample sizes of native (Carcinus maenas) and invasive (Hemigrapsus spp.) crabs collected

in the Wadden Sea around the island of Texel.

Carcinus maenas

Hemigrapsus sanguineus Hemigrapsus takanoi

Location  Habitat Sampling dates Females Males Females Males Females Males
1 Dyke 18, 19 June 10 56 40 11 7 27
2 Mussel/oyster bed 19, 29 Jun; 16 Aug 38 94 3 0 0 3
3 Mussel/oyster bed 14 Aug 4 22 17 1 5 19
4 Dyke 4 Jun; 2 Jul 7 5 28 24 5 26
5 Dyke 30 May; 1, 5, 12 Jun; 5 Jul 21 16 29 16 5 23
6 Mussel/oyster bed 24 May; 5 Sep 62 22 10 2 5 15
7 Dyke 7,20,21 Jun 14 23 25 12 8 33
8 Channel 20 Jun 5 31 0 0 0 0
9 Sand flat 18 Jun 4 14 0 0 0 0
10 Sand flat 18 Jun 3 4 0 0 0 0
Total 168 287 152 66 35 146

European range of the two species of Hemigrapsus,
the study aimed to answer two main questions: 1) Is
there evidence for parasite reduction in European
populations of the two introduced Hemigrapsus
species?; and 2) how do parasite richness and
infection levels of the introduced crabs compare with
those levels of their main native competitor C. maenas?
As Hemigrapus spp. is currently expanding its range,
and negative impacts of invasion have been
documented in the US where it is also invasive (e.g.,
Lohrer and Whitlatch 2002; Tyrell et al. 2006;
Brousseau et al. 2014), this first investigation on
parasite infections in introduced Hemigrapsus
species in Europe contributes to the understanding of
the magnitude and relevance of parasite release for
native and introduced host populations.

Material and methods

Sampling and dissection

Sampling of crabs was carried out between May and
September 2012 at ten locations around the island of
Texel in the southern Wadden Sea in the Netherlands
(Figure 1, Table 1). In the intertidal zone, three habitats
(dykes reinforced with rocks, epibenthic bivalve beds
composed of invasive Pacific oysters (Crassostrea
gigas) and native blue mussels (Mytilus edulis), and
sandy tidal flats) were sampled at low tide by
collecting crabs (>1 cm carapace width) by hand and
by setting crab traps which were retrieved the
following low tide. Previous studies indicated that
crabs can be collected without a size class bias by
these methods (Landschoff et al. 2013). In the
subtidal zone, a single location was sampled by
collecting crabs caught in a kom-fyke net used by the
NIOZ Royal Netherlands Institute for Sea Research
for long-term monitoring of fish and macroinverte-
brates (Campos et al. 2010; Van der Veer et al. 2015).

Figure 1. Sampling locations of crabs (1—10) around the island of
Texel in the southern Wadden Sea in the Netherlands (black dot
in the small insert left top corner) as well as sampling location of
gull colony on Texel (G) from which additional acanthocephalans
were sourced from gulls for molecular identification.

Sample sizes depended on local abundances of crabs
and generally differed among locations and the three
crab species (Table 1).

After collection, all crabs were brought to the
laboratory and stored frozen at —18 °C for later
dissections. The dissection protocol for crabs was
similar as the one described by Torchin et al. (2001).
Prior to dissection, sex was determined for each
crab, identified to species level, and carapace width
(CW in mm) measured between the fifth spines on
the dorsal side of the carapace. Before removing the
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carapace, crabs were checked for infection by the
rhizocephalan Sacculina carcini Thompson 1836
(visible externa). As early infections without a
visible externa could not be detected with this
approach, our estimates of rhizocephalan infection
levels are conservative. The carapace was then opened,
the internal carapace tissue carefully removed and
squeezed between two large glass plates and examined
under a stereomicroscope. All macroparasites found
were identified and counted. Acanthocephalans
found in Carcinus maenas and the two Hemigrapsus
species were carefully removed from the tissue and
stored in pure ethanol for molecular analysis.

Molecular identification

To identify potentially introduced acanthocephalans,
a sub-set of acanthocephalans found in the two
invasive crab species (Hemigrapsus takanoi n = 14,
Hemigrapsus sanguineus n = 10) and of the ones
found in C. maenas (n = 17; one acanthocephalan
per individual crab) were molecularly identified
(Supplementary material Table S1). To compare the
data from larval stages collected from crab hosts
with adult stages from local definitive hosts, we also
added two adult parasites that were retrieved from
two herring gull (Larus argentatus; Pontoppidan,
1763) chicks from a breeding colony on Texel (e.g.
Camphuysen 2013) (Figure 1; see Appendix 1 for
dissection protocol).

Parasite genomic DNA was extracted using the
GenElute Mammalian Genomic DNA Miniprep Kit
(Sigma) according to the manufacturer’s instructions.
DNA concentrations were determined using spectro-
photometry (ND-1000, NanoDrop Technologies).
New primers were designed based on an alignment of
COI sequences for the acanthocephalans Profilicollis
botulus (Van Cleave, 1916) and Polymorphus
minutus (Zeder, 1800) (Genbank accession numbers
EF467862 and EF467865, respectively). With the
help of the primers AcaCOf (TGATATATGTTTT
GGTTAGGTTRTGAA) and AcaCOr (CACCYCCT
GTAGGATCAAAA), a portion of the cytochrome-
c-oxidase I (COI) gene was amplified in a total
volume of 50 pl containing 1x PCR buffer, 0.25 mM
of each dNTP, 1 uM of each primer and 1 unit
Biotherm+ DNA polymerase, using 2 pl undiluted
DNA extract. Initial denaturation was performed at
94 °C for 2 min., followed by 35 cycles of denaturation
for 30 s at 94 °C, annealing for 30 s at 55 °C and
extension for 1 min. at 72 °C, with a final extension
step of 72 °C for 10 min. Sequencing of the PCR
products was carried out at Macrogen, Korea.
Sequences were aligned manually in BioEdit 7.2.5
(Hall 1999) and compared to published acantho-
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cephalan COI sequences. Genetic distances were
estimated with MEGA 6 (Tamura et al. 2013), and
minimum spanning networks among all haplotypes
detected was constructed using the R package Pegas
version 0.8-2 (Paradis 2010).

Phylogenetic trees were constructed in MEGA 7
(Kumar et al. 2016) by adding as outgroup two
acanthocephalan sequences from different species
(EF467865 from P. minutus and KF835320 from
Profilicollis altmani (Perry, 1942) Van Cleave, 1947).
A condensed Maximum Parsimony Tree was
produced by using ten random addition trees and 500
bootstrap replicates. For the Maximum Likelihood
Tree the best nucleotide substitution model was
selected to be HKY+G (Hasegawa-Kishino-Yano
with gamma distribution) based on both the AIC
(Akaike Information Criterion) and the BIC (Bayesian
Information Criterion) criteria, and 500 bootstrap
replicates were run.

Statistical analyses

For each location and crab species, prevalence
(proportion of infected crabs) and mean intensities
(no. of parasites per infected crab) were calculated.
Differences in prevalence between species or between
locations were tested with likelihood-ratio tests
(G-tests). Differences in intensity of acanthocephalans
among the three hosts and the sampling sites were
tested with general linear models (GLM) with inten-
sities (log-transformed) as response variable and
location and crab species as fixed factors. These
analyses included all locations at which the three
crabs co-occurred. Differences in intensities of
trematodes in C. maenas among locations were tested
with a GLM with intensity as response variable and
location as fixed factor. Test assumptions were verified
by inspecting residual plots. Relationships between
intensity and host size as well as between prevalence
and mean intensity per location among the three crab
species were tested with Spearman correlations. All
analyses were performed using the statistical software
R v3.2.1. (R Development Core Team 2015).

Results

We sampled 854 crabs from ten locations: 455 were
Carcinus maenas, 218 were Hemigrapsus sanguineus,
and 181 were Hemigrapsus takanoi (Table 1).
Although not quantified, C. maenas seemed more
abundant on mussel/oyster beds than Hemigrapsus
spp., while along dykes it was the opposite.
Hemigrapsus spp. were absent at the subtidal location
(location 8) and the two sandflat locations (locations
9 and 10).
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Carcinus maenas was infected by three parasite
taxa: acanthocephalans, trematodes, and rhizocepha-
lans (Figure 2). In contrast, the Hemigrapsus species
were only infected by acanthocephalans. In these
two invasive crab species, prevalence was generally
lower than in the native C. maenas (G-test, G = 218.68,
P < 0.001). All acanthocephalans (cystacanth stage)
molecularly identified (sequences deposited at
Genbank, accession numbers KX279893-KX279935)
from the two Hemigrapsus species, C. maenas, and
herring gull chicks were Profilicollis botulus (Van
Cleave, 1916) (Garcia-Varela and Pérez-Ponte de
Leén 2008). The maximum p-distance among any
two sequences was 0.0243, while the smallest distance
to any sequence in Genbank except P. botulus was p
= 0.1739 to Profilicollis altmani (Perry, 1942) Van
Cleave, 1947 (KF835320) (see also Figures S1 and
S2). The trematodes found in C. maenas were
metacercarial stages of microphallids, with a mix of
two probably native species, Maritrema subdolum
Jagerskiold, 1909 and Microphallus claviformis
(Brandes, 1888), based on previous investigations in
the study region (Thieltges et al. 2008a). However,
more detailed molecular analyses are pending.

Within individual sampling locations, acanthoce-
phalan prevalence was significantly higher in native
C. maenas than in the two invasive Hemigrapsus
species in all but one location (Figure 3A; location 2:
G-test, G =3.050, P =0.218, for all others P < 0.01).
Within species, prevalence differed among the
sampling locations in C. maenas (G-test, G = 39.271,
P <0.001) but not in H. sanguineus (P = 0.088) and
H. takanoi (P = 0.107). Intensity of acanthocephalan
infection significantly differed between species, with
highest infection levels in C. maenas (Figure 3B;
GLM, Fyo4 = 6.172, P < 0.01). Although mean
intensities tended to differ among locations (Figure 3B),
this was not statistically significant (GLM, Fg36 =
0.793, P = 0.570). There was also no statistically
significant interaction between location and crab
species (GLM, Fi;204= 0.626, P = 0.819). Intensity
of acanthocephalan infections in individuals of the
three host crab species did not significantly increase
with host size (Figure 4, Spearman correlation, all
P > 0.170). Both females and males of the three crab
species were infected, and the size of infected indivi-
duals ranged between 14—72 mm CW for C. maenas
and between 14-25 mm CW and 15-25 mm CW for
H. sanguineus and H. takanoi, respectively (Figure
S3). Mean prevalence per location was positively
correlated between H. sanguineus and H. takanoi
(Spearman correlation, Spearman’s p = 0.86, P = 0.014)
but not between C. maenas and H. sanguineus
(Spearman’s p = 0.36, P = 0.432) or H. takanoi
(Spearman’s p=0.11, P =0.819; Figure S4). Similarly,

0.5
Parasite group
0.44 Acanthocephala
Trematoda
® Rhizocephala
0
o3
g
o
oo
0.1
0_0_ . - I -

C. maenas H. sanguineus H. takanoi
Host species

Figure 2. Overall prevalence of the three parasite groups
(Acanthocephala, Trematoda, Rhizocephala) found in the three
crab host species Carcinus maenas (n = 10 sampling locations),
Hemigrapsus sanguineus and Hemigrapsus takanoi (both n = 7
sampling locations).

mean intensity at the different locations was not
correlated between C. maenas and H. sanguineus
(Spearman’s p = —0.20, P = 0.672) nor between C.
maenas and H. takanoi (Spearman’s p = —0.32,
P = 0.491), but positively correlated between the two
Hemigrapsus species (Spearman’s p = 0.96, P < 0.001;
Figure S5).

Prevalence of trematode infection in the native C.
maenas varied significantly among locations (G-test,
G =151.501, P <0.001), with the two sand flat habitats
(locations 9 and 10) showing highest prevalences
(Figure 5A). In contrast, intensities did not differ
significantly between the ten locations (Figure 5B;
GLM, Fq 155 = 0.480, P = 0.886). Crabs were, on
average, infected with 100-300 metacercariae of
microphallid trematodes depending on location
(Figure 5B), and individual crabs were infected with
up to 1,400 metacercariae. Like acanthocephalan
infections, trematodes infected both sexes of C. maenas
and the size of infected individuals (14—67 mm CW)
was similar to that of uninfected crabs (13—75 mm CW,
Figure S6). Mean intensity in infected crabs did not
significantly correlate with crab size (Spearman’s
correlation, Spearman’s p = 0.15, P = 0.080, Figure 6A).
Moreover, the intensity of trematodes was independent
of acanthocephalan intensity (Spearman’s p =—0.12,
P = 0.364; Figure 6B). Prevalences of infections of
C. maenas with the rhizocephalan S. carcini (based
on visible externa) were generally very low (< 3 %)
and only occurred at four of the ten locations (Figure
S7).
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Figure 4. Intensity of acanthocephalans in infected individuals of the three host crab species (Carcinus maenas; n = 239, Hemigrapsus
sanguineus; n = 15, Hemigrapsus takanoi; n = 16) depending on host size (carapace width). Note the different axes scales.

Discussion

In this study, we compared parasite richness, preva-
lence, and intensities in sympatric populations of a
native and two introduced brachyuran crab host species
in the centre of their European range. While the native
green crab Carcinus maenas hosted three parasite
groups (acanthocephalans, microphallid trematodes,
rhizocephalans), the two invaders (Hemigrapsus
sanguineus and H. takanoi) were only infected with
one group (acanthocephalans). All acanthocephalans
were identified as Profilicollis botulus.

In this first study on parasite richness in the two
invasive crab species in Europe, we found fewer
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parasite species compared to findings from invasive
H. sanguineus populations in North America, where
the crabs are infected with three parasite species (an
unidentified nematode, a microphallid trematode, and
an acanthocephalan — most likely P. botulus;
Torchin et al. 2001; Blakeslee et al. 2009; Kroft and
Blakeslee 2016). In contrast to invasive populations
in America and Europe, H. sanguineus is infected by
at least nine microsporidian, rhizocephalan, or tre-
matode parasite species in its native range (Blakeslee
et al. 2009; McDermott 2011). Hence, H. sanguineus
seems to have a reduced set of parasites in its
introduced range in Europe (parasite reduction), similar
to observations in North America and corresponding
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with findings in introduced populations of other crab
species like C. maenas (Torchin et al. 2001). The
other introduced crab species, H. takanoi, was also
only infected with acanthocephalans. As H. takanoi
was only recently identified as a sibling species of
Hemigrapsus penicillatus (De Haan, 1835) (Asakura
and Watanabe 2005), no literature records on parasite
infections from native populations exist. However,
for the sibling species H. penicillatus, at least eight
parasite species have been reported from its native
range, with many of the species also infecting H.
sanguineus (McDermott 2011). This suggests that
parasite escape is also likely for the invasive
populations of H. takanoi in Europe. However, data
on infection levels within the native range of this
species will be needed for a final assessment of the
existence of parasite release.

While the two introduced crab species, H. takanoi
and H. sanguineus, have escaped their native parasites,
they have recently acquired an acanthocephalan
parasite species in their introduced European range.
Our molecular analyses indicated that all acantho-

Intensity Acanthocephala

cephalans belonged to the same species (P. botulus),
which has never been recorded in the native range of
Hemigrapsus spp. (McDermott 2011) and, therefore,
was unlikely to be co-introduced by the invasive
crabs. However, whether P. botulus is native in
Europe, a recent invader from North America, or
native to both regions is difficult to ascertain.

The acanthocephalan P. botulus has been recorded
extensively in the northeast Atlantic, but has also
been found in the northwest Atlantic (van Cleave
1916) and the northeast Pacific (Ching 1989). Our
own sequences show that all sequences known to
date, which originate from herring gulls (Wadden
Sea area), three crab species (Wadden Sea area), and
two waterfowl species (mallard Anas platyrhynchos
Linnaeus, 1758 from Pacific North America and
common eider Somateria mollissima Linnaeus, 1758
from Denmark), all group together in one haplotype
network (Figure S1). Phylogenetic analyses with an
outgroup also demonstrate that all our sequences
belong to the same cluster and that there is no
support for separate clades within the P. botulus
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sequences (Figure S2). We can therefore be confident
that all acanthocephalans encountered belong to the
same species. However, we cannot be certain that
the P. botulus we identified from the Wadden Sea is
native to the area. Alternatively, P. botulus is native
to North America and may have recently been
introduced from there to the northeast Atlantic and
our study area. In addition, it is also possible that the
species has a wide natural distribution without
population differentiation, perhaps as a result of
natural dispersal vectors such as migratory birds or
widely distributed species such as herring gull. A
more detailed phylogeographic study is needed to
distinguish among these possibilities. The level of
variability we observed is rather high (Figure S1),
which may be interpreted in favour of the parasite
being native to the study area. Hence, we tentatively
assume that P. botulus is most likely native in the
study region.

Introduced and native crabs differed in infection
levels of the acanthocephalans, with generally lower
prevalences and intensities in the introduced than in
the native crabs. It is unlikely that this is only due to
the size difference among the crab species, as crab
size was not a significant predictor of infection
intensity, suggesting that other factors are more
important in determining the differences in infection
levels between native and invasive crabs. Given that
prevalence in both Hemigrapsus species was strongly
correlated and that this was not the case between
Hemigrapsus species and C. maenas, the underlying
mechanisms may be the same for the two
Hemigrapsus species. Besides size, host age may
explain differences in infection intensity between
invasive and native hosts, as host age is usually
correlated with the actual parasite exposure over
time, suggesting higher intensities in older crabs.
Based on published maximum carapace width
(75 mm CW; Klein Breteler 1976; Wolf 1998; Waser
et al. 2016) and ages (Dries and Adelung 1982;
Liitzen 1984) of native C. maenas in Europe, the
20-70 mm CW of sampled shore crabs corresponded
with ages between 2—4 years. Similarly, based upon
studies in the European introduced range, the 15 to
25 mm CW of both invasive Hemigrapsus crabs cor-
responded with an age of 2-3 years (Dauvin 2009;
Gothland et al. 2014). Hence, the native green crab
C. maenas sampled was probably slightly older and
had the potential to acquire more parasite infections
over time. Therefore, age may be one contributor to
the differences in infection intensity between native
and invasive crabs. Similarly, it may be that the
actual exposure (sensu Combes 2001) to infective
stages shed by bird definitive hosts into the environ-
ment differs between the native C. maenas and the
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two invasive Hemigrapsus species. While C. maenas
occupies both subtidal and intertidal zones and
regularly migrates between the two zones (e.g., Silva
et al. 2014), Hemigrapsus spp. are often found in
between boulders and rocks higher in the intertidal
zone (Lohrer et al. 2000 and references therein;
Dauvin 2009), which may result in a different
likelihood of parasite encounters for invasive crabs.
However, in our study, crabs were collected at
locations where all species occurred in close sympatry
(i.e., on oyster beds and dykes); hence differences in
tidal exposure cannot explain differences in infection
levels. Nevertheless, the microhabitat use of invasive
and native crabs within locations may differ. Due to
their small size, both invasive crab species can be
expected to hide deeper in mussel and oyster beds or
within the boulders and pebbles at the bottom of
dykes, potentially reducing exposure to infective stages
of acanthocephalans. Physical structures and ambient
organisms have been shown in other studies to reduce
parasite transmission as a result of interference,
predation, or other means (Thieltges et al. 2008b;
Johnson and Thieltges 2010), and deserve further
experimental study in our system. Alternatively, the
lower acanthocephalan prevalences and intensities in
invasive compared to native crabs, may result from
the fact that both Hemigrapsus species do not share
an evolutionary history with P. botulus, which our
evidence suggests is native in the study area.
Consequently, the parasite may show a preference
for the native crab species, resulting in higher parasite
prevalences, intensities, and abundances compared
to invasive crabs as observed in other species
(Georgiev et al. 2007; Dang et al. 2009; Roche et al.
2010; Gendron et al. 2012). However, given the
passive transmission process from P. botulus eggs to
crabs, this does not seem very likely. The eggs of the
acanthocephalan are released via bird faeces into the
water column and infection occurs via accidental
ingestion of eggs by crabs (Thompson 1985), making
the potential for parasite preferences in determining
infection levels in crab species rather small. The
potential mechanisms discussed above are not
mutually exclusive and further experiments and
analyses are needed to disentangle the underlying
mechanisms of differential infection levels in native
and invasive crabs.

Surprisingly, metacercariae of microphallid
trematodes were only found in the native C. maenas
but not in the two invasive crab species, while invasive
populations of H. sanguineus and C. maenas in
North America each harbour a microphallid trematode
species: Gynaecotyla adunca (Linton, 1905) in H.
sanguineus; and Microphallus similis (Jagerskiold,
1900) Nichol, 1906 in C. maenas (Blakeslee et al.
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2009; Kroft and Blakeslee 2016). Also in its native
range, H. sanguineus is commonly infected with
several species of trematodes (Blakeslee et al. 2009;
McDermott 2011). This suggests that invasive popu-
lations of Hemigrapsus in Europe may not serve as
suitable hosts for local trematode parasites, although
the crabs are, in principle, suitable hosts for trematodes
as indicated by infections in their native range and in
North America. This absence of trematode infections
in Hemigrapsus species may again relate to diffe-
rences in parasite exposure and/or host susceptibility
and further experiments will be needed to clarify
this. In contrast to Hemigrapsus, individuals of C.
maenas were, on average, infected with 100-300
metacercariae per host at the various locations. Such
high infection levels have been previously reported
from the wider study region (Thieltges et al. 2008a;
Zetlmeisl et al. 2011) and from other native popula-
tions in Europe (Zetlmeisl et al. 2011).

In addition to trematodes, visible externa of the
rhizocephalan barnacle Sacculina carcini were also
only observed in C. maenas, at a few locations with
low prevalence (< 3%), and never in either of the
two Hemigrapsus species. Such low prevalences in
this range have previously been reported from the
wider study region (Zetlmeisl et al. 2011; Waser et
al. 2016). In its native range, H. sanguineus is
infected by three species of rhizocephalans (reviewed
by McDermott 2011), indicating a parasite escape of
this group of parasites in European populations of
the species. Such a complete loss of rhizocephalan
parasites in the course of introductions seems to
be a general pattern in marine invasions (Blakeslee
etal. 2013).

The observed reduced set of parasites infecting
the two invasive Hemigrapsus species in the centre
of their European range suggests the potential for a
competitive advantage of the invasive crabs over the
native C. maenas. Theoretically, invasive species that
escaped their parasites might invest physical resources
on host fitness parameters (e.g., reproduction and
growth) that might otherwise be spent on immune
responses to parasites, enhancing the competitiveness
of invasive species (Calvo-Ugarteburu and McQuaid
1998a, b; Bachelet et al. 2004; Byers 2000).
However, it is unclear whether the impact of the
various native parasite species on the native C.
maenas 1is strong enough to mediate competition
with the invasive Hemigrapsus spp. Castrating
parasites like S. carcini can substantially reduce the
testes weight of green crabs (Zetlmeisl et al. 2011),
and the loss of these parasites has been associated
with faster growth, greater longevity, and/or greater
biomass of invasive green crab populations (Torchin
et al. 2001). Nevertheless, the low prevalences with

S. carcini in our and wider study regions (North Sea
and Wadden Sea; Zetlmeisl et al. 2011; Waser et al.
2016) suggest that very few individuals are affected
by rhizocephalan castration, which is unlikely to
translate into sweeping population level effects.
Furthermore, a study on the effects of trematode and
acanthocephalan infections on the reproduction
index of native C. maenas could not find any
negative effect of the parasites on crab testes weight
(Zetlmeisl et al. 2011). In addition, in introduced
populations of C. maenas, Blakeslee et al. (2015) did
not find strong effects of trematode infections on the
physiology or behaviour of infected crabs; however,
crabs may respond differently in the native range
and this remains to be studied. The effects of P.
botulus infections on the two invasive Hemigrapsus
species have not been tested, and experiments are
needed to investigate whether the observed lower
parasite load of invasive crabs compared to the
native green crab actually leads to a competitive
advantage. Although evidence for effects of the
acanthocephalan on native and invasive crabs is
lacking, the addition of both invasive Hemigrapsus
crab species to the host range of P. botulus in Europe
might have pronounced effects on native birds, the
definitive host of the parasite. An increase in the
number of competent intermediate host species
potentially leads to an amplification of the popula-
tion size of P. botulus in crabs, ultimately resulting
in an increase in acanthocephalan infections in bird
species that have brachyuran crabs in their diet
(parasite spillback). Birds are known to suffer from
P. botulus infections (e.g. mass mortalities reported
for eider ducks (S. mollissima) in Europe and the
US, reviewed in Garden et al. 1964) and therefore
the inclusion of Hemigrapsus spp. in P. botulus’
host range has the potential to impact higher trophic
levels via these parasite spillback effects.

In conclusion, this first study on parasite infection
levels in invasive Hemigrapsus sanguineus and H.
takanoi in Europe indicates parasite reduction/escape
and lower infection prevalences and intensities in the
two invasive crabs compared to their native compe-
titor, the green crab. Although this suggests a
potential competitive advantage for invasive crabs,
there is limited evidence to date that the fitness of
native C. maenas is compromised by native parasites.
Hence, whether a competitive advantage due to
parasite mediated competition for invasive crabs
actually exists in these invader-native pairings is
questionable and deserves further experimental study.
Such community studies or cross-species comparisons
are a valuable approach in understanding the actual
relevance of enemy release for local communities of
native and invasive competitors.
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