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Generaldiscussion

In this thesis, biological invasionsvereu s ed a's
parasite-host interactions and the underlying processes across spatial scales. The overall
objective was to disenaingle the manifold ofroles of marine invasive species in parasitéost
interactions and to understand the ecological and evolutionary imications for marine
ecosystems.

In this chapter, the main findings of the three parts of thehesis are discussedin a broader
ecological and evolutionary context, with specific emphasis on the Pacific oyste€rassostrea
gigag) invasion in the European Wadden Sea. First, will discuss the manifold roles of the Pacific
oyster in parasite-host interactions according to thedifferent mechanismsof the conceptual
framework provided in Part | (Chapter 2). This thesis focussed mostly on the cintroduction and
spillover of an invasive parasitespecies(Chapters 4, 5, 7, 8), but in thishapter, | will also include
additional mechanisms such as parasite releader which | provide a review of the literature. In
addition, the role of the Pacific oyster in parasitehost interactions is further broadened bythe
inclusion of microparasites (i.e.viruses, bacteria, protozod using literature sourcesto provide a
comprehensive overview ofthe complex ways of how a single invader can affect parasigost
interactions in an invadad ecosystem In the second part of this chapter, | wildiscusshow the
effect of Pacific oysters on parasitehost interactions varies along the ecosystem due to the
respective environmental contextin form of surrounding communities and abiotic factors.Then
in the third part, | will evaluatethe ecological and evolutionary impactsof the complex effects of

the Pacific oyster on parasitehost interactions for the Wadden Sea ecosystenkinally, | will end
the discussion with recommendations for future resarch andsome concluding remarks.
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Chapter 10

Marine invasions and parasites

After an alien species is introduced to a new ecosystem it can become invasive by establishing
self-sustaining populations which spread in the new range (see Fig. 1.1 in Chapter 1). Duritgs
last phase in the invasion process, the invader interacts with local species vmedation and
competition, which increases the complexity of native interaction webs (see Fig. 1.2 in Chapter
1). In this thesis,l show that theseinteraction websbecome even more complex by the addition
and mediation of interactions between parasites andheir hosts through invasive species(Fig.
10.1). Therefore, this thesis shows that tle manifold of roles of invasive species in parasiténost
interactions goes well beyond the initial release or reduction of parasites(enemy release
hypothesis).

Pre-invasion Post-invasion

Fig. 10.1 Abstract illustration of a native parasite host web, which involves five native host species (white
semicircles) and four native parasite speciemall white circles) before the arrival of an invasive species
(pre-invasion). This web grows in complexity after the establishment of the invasive species (grey
semicircles) and its ceintroduced invasive parasites (grey circles), by increasing the numibeof
connections between host and parasite species via the mechanisms described in Chapter 2.

In total, this thesis identified seven possible wayéseeChapters 2 and6) in which invasive species
canaffect parasite host interactionsin invaded ecosystems

1. Parasite release or reductioninvasive speciescan leave all or some of theiparasites
behind in the native range,leading to potential competitive advantages of invaders over
native species (enemy release hypothesjs

2. Parasite spillback Invasive species canact as new competent hos for native parasite
species, potentially amplifying the native parasite population, leading to increased
infection levels in native host species

3. Introduction of freeliving stages of parasitestnvasive species can be parasites themselves,
which are introduced as freeliving stages (mostly microparasites) in the introduced
range, potentially infecting native host species
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4. Parasite ceintroduction with host: Invasive parasites can be controduced with their
invasive host to the introduced range

5. Coaointroductions of parasites and spillover to native hostikvasive parasites can be co
introduced with their invasive hostto the introduced range andgubsequently spill over to
native host species

6. Interference with parasite transmissianinvasive species carbe noncompetent hosts and
interfere with the transmission ofnative parasites.

7. Trait-mediated indirect interactions Invasive ecosystem engineers can exert trait
mediated indirect effects on paraite-host interactions via their complex physical
structure by changing thebehavior of native hosts (e.grefuge seeking in the structure
provided by an invadel) which canlead toan alteration of infection levels in native hosts.

In the following, | demonstrate that these seven roles of invasive species in parasit®st
interactions canoccur simultaneously during a singleinvasion process,n this casethe invasion
of Pacific oystesin the EuropeanWadden Sea.

The Pacific oyster invasion and its effects on parasite-host interactions

The Pacific oyster was not directly introduced fromEast Asia to European coastal watersbut
invaded via oyster introductions from British Columbia alongthe North American Pacific oast
where it had been introduced for oyster culture purposes beforeTherefore, parasite species
associated with the Pacific oystehad to passthe various barriers of the invasionprocess (see
Fig. 1.1in Chapter J) at least twice,increasing the chance thaparasites were lost during the two
separate invasion stepsSo far,a potentially resulting parasite release of the Pacific oyster in the
Wadden Sea has not been investigad. However, a literature review indicates that at leastfive
parasite speciesthat have beendescribed in Pacific oystersfrom the native range inEast Asia
have been lost as theyavenot beenfound in British Columbia orin the Wadden Sea (Table 1Q;
Fig. 10.2): the trematode speciesGymnophalloides tokienseand Proctoecesspp., the cestode
Tylosephalum spp., the cnidarian Eugynmanthea japonicaand the paramyxean Marteiliodis
chungmuensisTwo of these potentially lost parasite species, the trematodes. tokiensesind the
paramyxeanM. chungmuensisdirectly impact the fithess ofthe Pacific oysterin its native range.
Oysters heavily infected byG. tokiensisshow depleted body reserves and reductions in growth
(Hoshina and Ogino, 1951), whileM. chungmuensismpacts the reproduction of the oyster by
infecting its oocytes, resulting in abnormal developmentof the gonads and a disfigured
appearance (Itoh et al., 2004)Hence,a release from these parasites may havesulted in a direct
fitness increase of the inasive Pacificlow predation pressure in the invaded ecosystem (Troost,
2010; Chapter 1), may have facilitated the spread of this invader.

However, despite a release from some of its own native parasitethe Pacific oyster
became infected with two nativeparasite species once it was established in the Wadden Sea, the
fungus Ostracoblable implexa(Thieltges et al., 201%&) and the polychaete Polydora ciliata
(Thieltges et al., 2006; Pogoda et al., 2012; Brenner et al., 2014; Thieltges et al., 20Thapter3;
Fig. 10.2). Both parasites do not directly affect the host tissue, but damage the Pacific oyster shell
and weaken its structure (Catherine et al., 1990; Thieltges et al., 204)3 The fungus naturally
infects European flat oysters Qstrea eduli}, but now found a new competent host species in the
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Pacific oyster in which it is extremely prevalent in the entire Wadden Sea (Thieltges et al., 2@)3
With the extinction of its native host ©. eduli¥ and adaptation of the Pacific oyster as a new host
species the fungus could remain or reestablish its presence in the Wadden Sea, illustrating the
importance of the Pacific oyster invasion for the parasite population. In the Dutch Delta, European
flat oysters are still naturally occurring and the presence of th invasive oyster could result in
spillback to this native oyster species, potentially increasing the disease risk for the native host.
Similarly, the acquisition of the native shell boring polychaeteP. ciliata by the invasive Pacific
oyster in the WaddenSea could amplify polychaete populations, resulting in increasing infection
levels in native blue mussels Mytilus eduli§ and common periwinkles (Littorina littorea) via
spillback effects. AsP.ciliata infections are known to increase the vulnerability of mussels and
periwinkles to predators (Kent, 1979, 1981; Buschbaum et al., 2007), these potential spillback
effects may eventually result in an enlarged predation pressure on these native host species. The
much higher prevalences oP. ciliatain invasive oysters compared to native mussels in the entire
Wadden Sea (Chapter 3), might also suggest an ongoing host switch of the parasite, which now
seems to preferably infect the Pacific oyster. As the invasive host species is currently almost
predator-free inthe Wadden Sea (Chapter 1), shell damage inflicted By ciliata might make the
Pacific oyster more available to Wadden Sea predators, such as birds and crabs. However, the
potential spillback or host switch of P. ciliata and its resulting effects on predtion pressure on
native and invasive host species remain a topic for future studies (see Box 10.1 and 10.2).

Table 10.1 Results of a literature review on @rasites of the Pacific oysterCrassostrea giggswvhich have
probably been lost during translocations from East Asia (native range) via British Columbia (North
American Paific Coast) to the Wadden Sea (introduced range), with information on the parasite species,
parasite taxa, presence in East Asia, British Columbia and the Wadden Seaeffeets of the parasite species
on oyster hostsand therespective literature sources.

Parasite species Parasite taxa East British Wadden Directeffects Reference
Asia Columbia Sea
Gymnophalloides tokiensis Trematoda Yes No No Body reserves () 1,2
Growth (-)

Proctoecesspp. Trematoda Yes No No Unknown 2
Tylosephalurrspp. Cestoda Yes No No Unknown 3
Eugynmantheajaponica  Cnidaria Yes No No Unknown 4
Marteiliodis chungmuensis Paramyxea Yes No No Fecundity (-) 5

References: 1) Fujita, 1925; 2) Hoshina and Ogino, 1951; 3yakaguchi, 1973 in Lauckner, 1983; 4) Yamada, 1950 in
Lauckner, 1983; 5) Itoh et al, 2004

Besides acquiring the two native parasites discussed abovthe Pacific oyster is also
infected with a wide variety of Vibrio bacteria which are omnipresent in the Wadden Sea
(Thieltges et al., 201%; Wendling et al., 2013; Wendling and Wegner, 2015). The origin of these
(sometimes virulent) bacteria is unknown andthey could be native as well as introduced as
invasive infective stages, giving/ibrio bacteria a cryptogenic status in the Wadden Se¥ibrio spp.
can be found in the oyster tissue and hemolymph and are probably taken up from the
environment by the oystas (Wendling and Wegner, 2015), where their presence in the water
column varies seasonally with environmental temperatures (Wendling et al., 2014). Abundances
of Vibrios p p . in oysters peak during summer (Wendling
spawning period Vibrio infections can cause mass mortalities of Pacific oysters when
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temperatures are still high (Wendling, 2013), as was observed in populations in the southern
German Wadden Sea (Watermann et al., 2008 However, under these circumstancg, Pacific
oysters in the Wadden Sea are known to quickly built resistance and locally adapt to virulent
Vibrio strains, demonstrating fast evolutionary responses of the invasive species within a few
generations (Wendling and Wegner, 2015).

Parasite release
Gymnophalloides tokiensis
Tylocephalum spp. |
Eugynmanthea japonica
Proctoeces spp.
Marteilloides chungmuensis

Parasite spillback
Polydora ciliata

\ Ostracoblable implexa
< ; ’ * Parasite co-introduction

with host
Oyster herpes virus

<:]DDD x @ @ Parasite spillover

Mytilicola orientalis
Trait-mediated indirect effects ‘ Nocardia crassostreae

Renicola roscovita

Mytilicola spp.
’ % Asian parasites not introduced
-é Introduced parasites
Transmissioninterference #> Native parasites
Renicola roscovita ) )
@ ‘ Himastla elongata » Native parasites, oysters not infected
Mytilicola intestinalis I:!C]DD Indirect effects

Fig. 10.2 The manifold effects of the invasive Pacific oyster Crassostrea giggson parasite-host
interactions in the Wadden Sea (and Dutch Deltdnfectionswith Vibrio bacteriahavenot been illustrated
as these paasites are from unknown origin.See text for further details.Drawings by Pieternella C.
Luttikhuizen.

The Pacific oyster hasiot only acquired native parasites butalso cceintroduced several
invasive parasites to the Wadden Sea. Recently, a virulent strain of oyster herpesvir@sH\+1
pvar) emerged in Pacific oysters in Europe (Engel
Segarra et al., 2010) and appears to have originated from Ea&sia (Mineur et al., 2014). So far,
the virus only impacts the Pacific oystefFig. 10.2), causing mortalities of up to 90% among oyster
larvae, spat and juveniles in the Dutch Delta (Engelsma, 2010). Recently, the virus has also been
detected in juvenile oysters in the Wadden Sea (Gittenberger et al., 2015), but so far mass
mortalities have not been documented in this introduced rangelt will be interesting to see
whether the virus will affect the population dynamics of the Pacific oysters on wild oyster beds
and whether it will spillover to native host species at some point.

Such a spilloverto native hostshas occurred in one of theco-introduced parasites, the
parasitic copepodMytilicola orientalis, which now infects native blue mussels M. edulis), common
cockles (Cerastoderma edule and Baltic tellins (Macoma balthica Chapter 5; Fig. 102).
Prevalences in native musselgan behigher than in invasive oysters (Chapter3), but the number
of parasites ininfected oystersexceedthosein mussels (Chapter 3)However,when host density
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is taken into account, native mussels harboumuch larger population densities of M. orientalis
than Pacific oysters as mussels occur in higher densities than oysters at most locatioirs the
Wadden Sea (Chapter 3). It is still an open question whether the invasive parasiiepends on
both host spedes to maintain its population, but recent theoretical developments in parasite
population modelling gives promising directions toanswer this question (Box 1.2).
In this thesis, | also investigated the impact of the invasive parasitic copepold. orientdis
on its new native mussel hosM. edulis Experiments including artificial infections demonstrated
that mussel condition is significantly reduced by juvenileM. orientalis but that these parasite
stages do notexert a negative effect on the clearance rate, growth or survival of its native host
(Chapter 7). The adverse effects of the invasive copepod on the condition of its mussel host are
most likely caused by the dietary needs of the parasite, as stable isotope aysds showed a
trophic enrichment of the parasite compared to its host, indicating thaM. orientalisis feeding on
host tissue (Chapter 8). However, the trophic enrichment was much smalled(. 2 %) t han t he
average trophic fracti on dytusedno séparate wophic evels B1i. 4 % c o0
predatory trophic interactions (Minagawa and Wada, 1984; Vander Zanden, 1997; Post, 2002).
As a comparative literaturebased analyses revealed (Chapter 9), this standard trophic
fractionation factor may not be applicabbe for parasite-host relationships as neither a trophic
enrichment nor a depletion of the parasite compared to its host appears to be a general pattern.
Furthermore, among parasitehost relationships, nitrogen and carbon enrichment of parasites
scale negaively with, respectively, the 85N and d13C isotope values of the host (Chapter 9), a
pattern which was also found for nitrogen isotopes comparing the invasive parasitic copepdd.
orientalis and its native mussel hostM. edulis(Chapter 8). The absence o& general trophic
fractionation factor and the negative scaling of parasite enrichment with host isotope values, call
for a scaled rather than a fixed trophic fractio
trophic fractionation factor separating trophic levels (Chapter 9). This has also consequences for
the employment of isotope mixing models that are often used by biologists to reconstruct the
proportions of di et sources in an organi sms'’ di
fractionation factors (Phillips et al., 2014). Therefore, we used a variety of trophic fractionation
factors in these isotope mixing models, which all showed that also mussel diet sources (i.e.
particulate organic matter and microphytobenthos), could make up substantiaproportions of
the parasites’ diet (Chapter 8)M orightalsgrabablybasul t s i
a parasitic, but also a commensalistic relationship with its new native mussel host (Chapter 8).
Another co-introduced parasite of Pacificoysters which can potentially spill over to native
species in the Wadden Sea is the bacteriuidocardia crassostreadFig. 10.2) In the summer of
2006, a mass mortality of Pacific oysters was observed in the Dutch Delta which was (partially)
caused by thisbacterium (Engelsma et al., 2008). Mass mortalities of Pacific oysters associated
with nocardiosis have been reported earlier in Japan (Koganezawa 1975; Numachi et al., 1965)
and on the west coast of North America (Sindermann and Rosenfield, 1967; Elstd®93). The
primary cause of the mass mortalities in the Dutch Delta was abiotic stress due to elevated water
temperatures and low oxygen levels in summer (Engelsma et al., 2008). However, infection with
the bacterium may have acted as an additional stress facilitating the mortality of the oysters
(Engelsma et al., 2008). In addition, the disease did not only affect the invasive Pacific oyster, but
also the native European flat oyster (Engelsma et al., 2008), thus showing a spillover potential to
native species. However, so farN. crassostreaehas not been detected in Pacific oysters in the
Wadden Sea.
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Box 10.1 Spillback of Polydora ciliata - ongoing research

The acquisition of the native shell boring polychaeteéPolydora ciliata by invasive Pacific
oysters (Crassostrea giggscan result in spillback effects for native blue musselsMytilus
edulis), potentially leading to changes in predation strength on both host species. T
investigate parasite spillback and estimate populationsizes of the parasite in both host
species, one needs to obtain information ofR. ciliata intensities in host species, which is &
tedious procedure requiring the cracking of host shells to accurately determine the numbe
of worms in infected hosts. Alterndively, X-ray scans of host shells (Fig. 1) may be used t
estimate the number of worms in infected shells. Results of a pilot study suggest that th
percentage of damaged shell surface significantly correlates witP. ciliata intensities in
oysters (R=0.61, p < 0.01) and mussels @ 0.44, p < 0.001). With such a proxy method
estimates ofP. cilata infection intensities in the field could be obtained to calculate parasite
population densities in both host species accordingo Bush et al. (1997), bymultiplying
parasite abundances with host densities as has been done for the invasive parasitic copep
Mytilicola orientalis in Chapter 3. The field data used for this calculation showed tha
although the overall prevalence ofM. orientalis was higher in naive mussels, the higher
intensities in invasive Pacific oysters lead to similar abundance estimates of the parasite
both host species. However, due to the much higher population densities of musse
compared to Pacific oysters, native mussels harbourechost of the M. orientalis population
at all investigated locations in the Wadden Sea (Chapter 3). Whether the same accounts
P. ciliatais still an open question and part of ongoing analyses.

A proxy for P. ciliatainfection levels based on shell damagjcan also be applied to thg
historical shell collections of bivalves from the Wadden Sea hold by the NIOZ (shellfig
monitoring since the 1970s by J. Beukema and R. Dekker), in particular via the screening
mussel shells before and after the arrival oPacific oysters. This ongoing research will allow
to investigate whether the introduction of Pacific oysters has resulted in an increase in.
ciliata infections in mussels.

Fig. 1 X-ray scans of(A) mussel and(B) oyster shells showing infections with the shell boring
polychaetePolydora ciliata White arrows indicate the presence of tubes made by the parasite.
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Box 10.2 Relative contributions of invasive and native hosts to parasite
persistence - ongoing research

The invasive parasitic copepodMytilicola orientalis and the native shell boring polychaete
Polydora ciliata both infect invasive Pacific oysters Crassostrea giggs and native blue
mussels Mytilus edulig but the relative contribution of the two hosts for the persisence of
these parasite species in Wadden Sea remains to be determined. Recently, Fenton ef]
(2015) proposed a conceptual framework for partitioning host contributions to parasite
persistence in multihost communities based on key thresholds for parasit@ersistence. In
this framework, the basic reproductive number (R) of the parasite for each host species first
needs to be calcula#¢d via hostspecific parameters such as prevalence, host density, the
number of released infective stages and the transmission rate. When the calculategvBlues
in both species are then plotted against each other, five regions in parameter space develq
parasite extinction, host 1 mantains the parasite population, host 2 maintains the parasite
population, facultative multihost parasitism (either host canmaintain the population) and

obligative multihost parasitism (the parasite needs both host populations to persist; Fentorf
et al., 215). Fig. 2 shows this plot for the invasive parasitic copepol. orientalis which was
created by using data of the field sampling campaigdescribedin Chapter 3 (prevalences of
M. orientalisin mussels and oysters and host densities per plot on 7 beds = 28 plots) in the

Wadden Sea), suggesting a case of facultative multihost parasitism where eithgrst species
can maintain the parasite population alone. This would mean that the persistence of th
parasite population does no longer depend on its origal host, the invasive Pacific oystebut

can also be maintained by the new native mussel hosts. However, this preliminary plot wa
made under the assumption that the number of released infective stages and th
transmission rate are similar for each hostspecies, and further experimental studies are
needed to determine whether these assumptions are valid. In addition, similar calculation
can be done for the shell boring polychaetd®. ciliata once data on infection levels and
parasite population densities are available (see Box@.1.).
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Fig. 2 Graph ofthe RomusserRooyster parameter space for the two dominant host speciggnvasive Pacific
oysters Crassostrea gigaand native blue musseldMytilus eduli§ of the invasive copepodMytilicola
orientalis. Ext. = parasite goes extinct, OMH = obligate multihost parasitism, FMH = facultati
multihost parasitism.
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Besides serving as host for native or invasive parasitetie invasive Pacific oystercan alsoaffect
native parasite-host interactions without being a host itself byinterfering with the transmission
of the native trematodesRenicola roscovitaand Himasthla elongata which both have a complex
life cycle (see Fig. I.in Chapter I Fig. 1.2). In experimental settings, the Pacific oyster has been
shown to act as adecoy ordead-end host for these parasite specieéThieltges et al., 2009; Welsh
et al., 2014, Goedknegt et al., 2015), thereby directing infective parasite stages away frtime
native blue mussel hostM. edulis As R. roscovitaaffects the growth rate, clearance rate and
condition of native blue mussels(Thieltges, 2006 Stier et al., 2015) andH. elongatareduces the
mussel s’ attachment c ap-threddprgdudion (Lauckpes, L984),Pgcifid t s by s
oysters can reduce the disease risk for native mussels ligterfering with the transmission of
these parasite speciesHowever, in anobservational field study, any effects of the Pacific oyster
on infection levels of thesetwo parasites were not observed(Chapter 3, suggesting that other
environmental factors may often override thetransmission interference effects of Pacific oysters
in the field.

In addition to interfering with the transmission of native trematode speciesthe invasive
Pacific oyster appears to also act as a sink for thepreviously introduced parasitic copepod
Mytilicola intestinalis. Dissections of almost 400 oystersriginating from the Wadden Sea andhe
Dutch Deltadid not reveal any M. intestinalisinfections (Chapter § and artificial infections of
oysters with this invasive parasite were unsuccessful (Elsner et al.,, 2011; Meis, personal
communications). In one of theseexperimental infection trials, 25 infective M. intestinalislarvae
where added to a conginer with one Pacific oyster (D replicates) and after 133 days only one
oyster was infected with a single copepod, with almost no remaining larvae in the containes
(only one individual copepod in 3 out of 40 containersM. Feis, unpublisheddata). This result
suggests that thePacific oyster could act as a potential diluter ofM. intestinalis parasites.
Additional support for this hypothesis comes from field studies where oyster density was
negatively correlated with M. intestinalis occurrence in blue musselsacrossthe entire Wadden
Sea (Chapter 3. As experiments with artificial infections showed reductions in mussel condition
with increased infection levels oM. intestinalis(Feis et al., 2018, Pacific oystersprobably reduce
the diseas risk for native blue mussels by acting as a sink for the parasite species.

Finally, invasive Pacific oysterscan also initiate trait -mediated indirect effects on
parasite-host interactions via the habitat structure and complexity they provide. Native blue
musselsuse the complex structure created by the oysters as refugem crab and bird predators
by migrating to the bottom of the oyster matrix (Eschweiler and Christensen, 2011).This
behavioural change induced by the oysters in presence of gulators results in mussels at the
bottom and top of the matrix experienéng significantly different infection levels (Chapter 6). This
is the first time that a modification of parasitehost interactions as a result oftrait-mediated
indirect effects exerted by an invasive ecosystem engineer has been demonstratadd this
mechanism may also occur in other invasive ecosystem engineers.

To conclude, the introduction of the Pacific oyster in the Wadden Sea (and Dutch Déglta
has resulted incomplex changes in theparasite-host interaction web in the invaded ecosystem

(Fig. 10.1), involving both invasive and native host and parasite species (Fig. 0.2) which are
adding to the changes in predatory and competitive interactiongChapter 1).
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Variations in parasite-host interactions across the ecosystem

Although the Pacific oyster has been identified tgenerally affect parasite-host interactions in the
invaded ecosystem in the manifold ways discussed abovihe resulting interaction webs will
differ across the ecosystem depending on local environments as the results from the field study
of infection levels of Pacific oysters and musselslong the Wadden Sea&cosystem suggests
(Chapter 3). This study revealedstrong spatial heterogeneity in the distribution and abundance
of parasites which play a role in parasite spillback, parasite spillover and transmission
interference across the entire Wadden Sea. This indicates that thecal environment strongly
influences local parasitehost webs, resulting in aiversity of different localwebs across an entire
ecosystem (Fig. 0.3). These local interaction webs can differ in the general species composition
and interaction architecture, but also in the strength of specit interactions between parasites
and hosts (Fig. 103).

]
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Invasive host

Native host
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parasite

o

Native
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Fig. 10.3 Schematic lustration of variationsin local parasitehost interaction webs across an ecoystem
depending on locakenvironments.Local interaction webs can differ in thegeneral speciescomposition and
interaction architecture but also in thestrength of specificinteractions (indicated by thethicknes of links
between specie$.

One of the factors determining the spatial variabity in parasite-host interaction webs is
the presence and absence o$pecific parasite and host speciesat individual locations. For
example, the invasie parasitic copepodMuytilicola orientalis has so far rarely been found in
mussels and oysters in the north of the Wadden Sewhile it present atall southern locations in
this ecosystem (Chapter 3). This means that thiateractions resulting from the presence of this
invasive parasite are present in parasite-host interaction webs at some locations, but not at
others such asin the north of the Wadden Sea.

While the presenceof links and the general architecture oparasite-host interaction webs
is determined by the presenceor absenceof parasite and hos species, the strength okpecific
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parasite-host interactions will be determined by the abundance of parasitesat individual
locations. This in turn will be theresult of local biotic and abidic factorsas suggetsed by results
presented in Chapter 3 Inthis study, | investigated the effect ofl3 environmental drivers on
parasite abundance in invasive Pacific oyster and mussels hostsFor many parasite speciesthe
abundance of themacro-algae Fucus vesiculosus/as patrticularly important, probably affecting
the relative abundance of parasite species in mussel and oysters hosta the accumulation of
infective stages in the water columr(Chapter 3). Also host size was a strong predictor of parasite
abundances, further determining the local interaction strength of specific parasitehost
interactions (Chapter 3).

Abiotic factors such asthe ambienttemperature canalso affect the strength of parasite-
host interactions. In the WaddenSea, the range of average summer temperatures across locations
was too small to be included in the analysesf Chapter 3 but for invasive speciesof which the
invasive range stretches over multiple latitudes, temperature can be particularly importantFor
example, invasive speciesvhich play a role in parasite transmission interference of native
parasites have been shown to exertenhanced feeding rates as a response to increasing
temperatures, reducing infections in native host speciet an even greaterextend at elevated
ambient temperatures (Goedknegt et al., 2015)At relatively warmer locations, these enhanced
feeding rateswill strengthen the transmission interference link between aninvasive speciesand
a native parasite, but weakenthe parasitic link between the native parasite and its native host
species.Furthermore, invasive parasites ceintroduced with Pacific oysters and involved in spil
over events might thrive at elevated temperatures, strengthening the links between the invasive
parasite and host speciesWe already observed that higher temperatures dring the breeding of
infective Mytilicola orientalis larvae substantially increasedlarval development of the invasive
parasite (Chapter 7), potentially leading to greater abundances in mussel and oyster hosfby
allowing more sequential larval production events in adults), thusfurther affecting the
interaction strength.

Finally, the development of parasite and @st pre- and postinfection traits during
coevolutionary processes may determine the local interaction strength in parasite-host
interaction webs (Fig. 10.4). Experimental crossinfection studies not included in this thesis (Feis
et al, 2016), discovered that also these traits aresubject to local environmental factors The
parasitic copepodM. intestinalisshows higher infectivity in native mussels and is more efficient
at expl oiting tihthe souhsvestesn WadtenGearthlae garasitesriginating
from the northern Wadden Sea(Feis et al, 2016). In addition, southern hosts have evolved
resistance to infection, whereas hosts in the north may have evolvadfection tolerance (Feis et
al.,, 2016). These results demonstrate that hosparasite coevolution depends on local
environmental processesand will in turn shape the structure and interaction strength of local
parasite-host interactions.

Impact on the Wadden Sea ecosystem

The variation in parasite-host interaction webs across the invade@&cosystem caused by different
environmental processes (Fig. 10. 3) will also result in different impacts on host species and local
communities across the ecosystem. This compromises a general assessment of ecological and
evolutionary impacts at the ecosyeem scale. However, it is possible to assess the impact on
smaller scales based on the condition that the local presence and abundance of parasite and host
species is known.
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Fig. 10. 4 Graphical depiction of paradie and host pre and postinfection traits which developduring host-
parasite coevolution in the course of parasite invasionWhite semi circles represent a native host species,
grey small circles represent an invasive parasite specid®re-infection traits: infectivity =the ability of the
parasite to infectthe host, resistance= the ability of the host to prevent parasitic infectionsPost-infection
traits: virulence= the ability of the parasite to damage the hostplerance=the ability of the host to resist
potential damage by the parasite.

Regarding the Wadden Sea ecosystem, the impact of many macroparasite species on
native host species is known from previous investigations of native parasitbost interactions
(e.g. the shell boring polychaetéolydaa ciliata and the trematode specieskenicola roscovitaand
Himasthla elongatgd and recent experiments with invasive parasites (the parasitic copepods
Mytilicola orientalis and Mytilicola intestinalis, partly Chapter 7 and Feis et al., 2016). As the effact
of these macroparasite species are generally density dependent, the impacts of these
macroparasites will increase when the parasites occur in higher abundances. For example, when
the trematode Renicola roscovitaoccurs locally in high abundances in natie blue musselaviytilus
edulis the growth rate, clearance rate and condition of native blue mussels (Thieltges, 2006; Stier
et al., 2015) can be expected to be negatively affected. Similarly, when the invasive copepods
Mytilicola spp.locally occur in highabundances in native mussels, the mussel condition will be
significantly reduced (Chapter 7; Feis et al., 2016). As blue mussels are ecologically and
commercially important species in the Wadden Sea, these impacts of parasite infections on the
host might also affect other species and general ecosystem functions and services of musselsh
as habitat and food provision for other speciesthedilution of pollutants and the cleaning of the
water column via filter feeding activities.

The effects of micropaasite species on the other hand, are more devastating for the
invasive Pacific oysters themselves. In contrast to the macroparasites discussed above, bacteria
(e.g.Vibrio spp.,Nocardia crassostreae and viruses (e.g. oyster herpes virus) are more virulen
often resulting in the death of infected oysters (Engelsma 2008, 2010; Watermann et al.., 2008
see Fig. 0.4). In particular during summer, when environmental temperatures increase,
microparasitic infections cause increased mortality in invasive Pacific oysters (Wendling, 2013).
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Such mass mortality events may be early indications of potential boom and bust dynamics in the
population growth of the Pacific oyster. Since its introduction in the Wadde®ea, a continuous

population growth of Pacific oysters has been observed (Schmidt et al., 2008). However, in the
Dutch Delta and the Wadden Sea, the first *busts’
mortalities as a result of parasite infectbns, in particular via infections of virulent
microsparasites (i.e.Vibrio spp.,Nocardia crassostreaeand oyster herpesvirus; Engelsma 2008,

2010; Watermann, 200&). However, these detrimental impacts on invasive host species also

result in a strong seletion pressure on Pacific oysters as observed fovibro bacteria (Wendling

and Wegner, 2015). The evolutionary response of Pacific oysters to these selectiongsares can

be rather quick as alocal adaptation to Vibrio strains could be observed within justa few

generations (Wendling and Wegner, 2015). It will be interesting to see whether Pacific oysters

will adapt to other virulent pathogens or whether oyster populations will eventually be regulated

or even ‘bust’ . I n any c&dicate that thecesotogicalongacts bfthé i o nar y
changes on parasitehost interactions imposed by Pacific oysters will not only vary spatially, but

will also have temporal dynamics via the coevolution of host and parasite species.

Outlook

This thesis contributed to efforts to disentangle the manifold effects of marine invasive species
on parasite-host interactions in invaded communities. In this thesis, | focussed particularly on the
mechanisms which link invaders with native species via parasithost interactions. However, the
interaction webs in which these parasitehost interactions are included are still a simplified
version of more realistic interaction webs, as other species interactions involving parasites and
their hosts exist that have not been includd in this thesis. In the following, | discuss several such
interactions that seem promising research avenues for futurestudies on invasive Pacific oysters
as well as for invasion ecology in general.

One of the relationships which could be added to theswebs are parasiteparasite
interactions, as hosts are often infected by more than one parasite species. Recently, these
interspecific parasite interactions gained increasing attention in the literature (e.g. Fenton et al.,
2010; Cattadori et al., 2014; Feton et al., 2014; Woolhouse et al., 2015; Hellard et al., 2016), but
so far interactions between invasive and native parasites have rarely been investigated.
Numerous experimental studies (reviewed by Hellard et al., 2016) have shown that gofecting
parasites can exert strong positive or negative interactions, further affecting the interaction
strength between parasite and host species, with consequences for disease dynamics (Fenton et
al., 2014; Woolhouse et al., 2015). However, as experimental studiesluding co-infections with
two different parasite species are not always possible because of ethical or logistical reasons, the
interaction strength of parasite-parasite interactions can also be determined from field
observational data by the use of mixeé modelling (Fenton et al., 2010). This is a promising
approach which will help to understand the interactions between invasive and native parasites
in parasite-host webs.

A second type of interaction which could be added to parasikost webs in the futue are
indirect interactions between invasive and native host species which are mediated by invasive or
native parasites. When invasive and native host species compete for resources, the outcome of
the competition can be altered when a parasite affects onbkost species, but not the other,
resulting in density-mediated indirect effects (Dunn et al., 2012; Hatcher et al., 2006). In other
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cases, when invasive and native species are not in direct resource competition, a shared parasite
species might still medide their interaction via apparent competition (Holt and Pickering, 1985).
For example, the parasite can affect the least abundant host species, but not the other, leading to
the removal of the least abundant species from the parasilost web (Hatcher et &, 2012).
Furthermore, like Pacific oysters via the biogenic matrix they provide (Chapter 6), parasites
might also exert trait-mediated indirect effects on host species (Werner and Peacor, 2003) by
affecting host behaviour, which results in the modificatbn of competitive and trophic interactions
between invasive and native host species (Dunn et al., 2012; Hatcher et al., 2006).

Finally, all these direct and indirect parasitehost interactions between invasive and
native species may further increase theconnectivity and complexity of food webs via the
introduction of new nodes and links as demonstrated in Fig. 10.1. Thereby the introduction of
invasive hosts and parasites to local ecosystems might affect entire communities. So far, marine
food web studieswhich include invasive species and their controduced parasites to food webs
are lacking (see Amundsen et al., 2013 for a freshwater food web study) and research directed to
this area will provide interesting insights into the impacts of species invasiomn the structure
and dynamics of food webs and species interaction networks (see also Britton, 2013).

Concluding remarks

The work presented in this thesis demonstrates that only a single invasivepecies, exemplified
by the Pacific oysterCrassostrea gigs, can be responsible for the establishment of various new
and the modification of many existing parasitehost interactions in the introduced range (Fig.
10.1). As parasitehost interactions represent only a small share of all species interactions, which
generally also involve predatorprey, competitive and commensalistic relationships, the
accumulative change in biotic interactions in native communities as the result of a single species
invasion is likely substantial and complex. Furthermore, as coastatesystems are amongst the
most heavily invaded ecosystems in the world (Grosholz, 2002), the continuous introduction of
alien species is rather the rule than the exception. Considering the multitude of alien species
which have been introduced to the Waddersea alone (at least 49; Buschbaum et al., 2012), the
number of biotic interactions that have been added and altered since the introduction each of
these species must be enormous, with each type of interaction resulting in ecological and
evolutionary impacts for native marine communities in the Wadden Sea. To unravel the
complexity of these changes and the resulting impacts is a daunting tadbut efforts in this
direction will give significant insights into the manifold roles of parasites in marine invasias,
their effects on species interaction networks and into the general functioning of marine
ecosystems under an increasing pressure of species invasions.

| like to end this thesis with the notion that ecosystem change by humaaided
introductions is not simply the addition of a new species to a community, but that these
introductions are the start of complex and ongoing transformations of native interaction webs in
invaded ecosystems. In this context, the present thesis demonstrated that the influence of
invasive species on natural communities and ecosystems becomes even larger when parasite
host interactions are included in the resulting species interaction webs. Thereby the initial
ecosystem change initiated by humasaided introductions is the onset of a&ascade of interaction
changes through entire communities and ecosystems from the smallest to the largest level, also
including coevolutionary dynamics and feedbacks, thus verifying the early observations of
Heraclitus that the only constant in life is clange.
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