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Preface

At the very first, [ have to admit one thing: [ am an avid fisherman. In the same year I got my first
brown trout (Salmo trutta L.) on a dry fly, I started to read newspapers. An article that made a strong
impression on me was «The Salmon killer». There was a picture of Gyrodactylus salaris, and a
description of what a fish parasite was. At that time, I did not know, that Tor Atle Mo had taken this
picture, and that he would be my main supervisor for this thesis. Later, I took a trip to the library to
find out what this was all about. I really remember the discussions between old anglers if G. salaris
could infect our Salmon River Glomma. I had already spent many hours working with the cultivation
of this Atlantic salmon (Salmo salar L.) stock in River Glomma and felt that this work could be in
vain. My interest in fish and parasites led me to graduate at the University of Oslo on fish parasites
and water quality. With this in my luggage, I got a position at the Veterinary Institute (VI) to find a
new method to kill G. salaris where we used aquatic aluminium added into to the river. Five years
later, I wanted other challenges, and started in a PhD Research Fellowships at University of Oslo. This
was a university fellow position with a high degree of freedom, but very little resources for activities.
Therefore, this thesis has been made up of many different projects, dependent on materials and
opportunities. Atlantic salmon in River Glomma have not been infected with G. salaris, but I have
found its close relative G. thymalli on grayling (Thymallus thymallus (L.)) in my childhood river
(Paper I). For this is precisely what this thesis is about: Man's management of nature and the

consequences this can lead to in an academic context.
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SUMMARY

In this thesis, I studied Gyrodactylus (Monogenea) parasites in natural and human influenced fish
populations to better understand the dispersal mechanisms of Gyrodactylus species and their hosts. 1
also wanted to explore how the genetic diversity of the parasite might be linked to the genetic variation
of the host in a number of different populations. I used two different parts of the mitochondrial (mt)
dehydrogenase subunit 5 (NADH 5) and the cytochrome oxidase I (COI) genes to describe genetic
population structure of G. thymalli Zitian, 1960, an ectoparasite of European grayling (Thymallus
thymallus (L.)),' throughout the largest watercourse in Norway (Paper I). Three main clusters of
haplotypes dominated in three distinct geographic parts of the river system. A positive correlation
between pairwise genetic distance and hydrographic distance between populations was found
(isolation by distance — IBD). To answer how genetic diversity might be linked to the genetic variation
of the host, I studied population genetic structure of grayling populations using microsatellites, and
compared them to the NADHS gene data from G. thymalli populations in Lake Mjesa. This lake is a
smaller part of the River Glomma system, without barriers to gene flow (Paper II). There was a non-
significant population genetic pattern between G. thymalli and its host. Most of the molecular variance
for G. thymalli and grayling was detected within the tributaries. The individual behavior of grayling

may lead to random transmission of parasites.

Translocation of native species, and introduction of alien and invading species are potentially harmful
to the local biota. The enemy release hypothesis (ERH) states that host populations lose parasites
during translocation to new environments. This hypothesis was addressed in Paper IIl. Differences
in species community and the load of Gyrodactylus ectoparasites were investigated in 14 native and
29 translocated minnow (Phoxinus phoxinus L.) populations in Norway. Host heterozygosity was used
as a covariate. The results showed that native and introduced minnow populations had similar species
compositions of Gyrodactylus, leaving no support for the ERH. The two minnow groups did not differ
in the likelihood of being infected with Gyrodactylus. Here, the more homozygotic minnows had
higher Gyrodactylus infections than more heterozygotic hosts. Another introduced and invading
species is G. salaris Malmberg, 1957, which infects the skin and fins of Atlantic salmon (Sa/mo salar
L.) leading to serious physical injury or mortality. The pathogenesis of G. salaris was examined
among experimentally infected Atlantic salmon parr (age 0+). An sets of physiological blood
parameters were measured (Paper IV). All fish from the infected group showed a distinct loss of
serum ions, leading to the conclusion that a heavy G. salaris infection causes osmoregulatory failure

and stress, causing mortality in Atlantic salmon juveniles.

! Cover photo of the dorsal fin of a European grayling (Thymallus thymallus (L.)) Photo: Ruben A. Pettersen
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In conclusion, I found large genetic diversity for the G. thymalli infecting its grayling host in the
large Glomma river system, where barriers to migration and long distances have led to IBD genetic
structure. In the smaller systems of Lake Mj@sa, where there are no barriers to migration, there was
only very weak genetic structure in G. thymalli and no evidence for IBD. There was covariation in
the genetic population structure of the parasite and its host in this system. Further, I did not find any
support for ERH, when compering native and introduced minnow populations, however the native
populations had a higher number of Gyrodactylus individuals per host, than introduced populations.
Lastly, an extreme infection of G. salaris on Atlantic salmon parr penetrating the skin leads to loss

of ions and results in sudden death of the host.
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INTRODUCTION

Parasitology
Parasitology is the scientific study of interactions between parasites and hosts, the co-evolution of

their life histories, dispersal, and their responses to the abiotic and biotic environment (review by
Bozick & Real 2015). Parasites may be internally living as endoparasites or living externally on their
hosts as ectoparasites. Their life histories may vary from being strictly host specific to being
generalists having multiple host species. Some parasites have a direct life cycle without an

intermediate host, while other parasites can have several intermediate hosts prior to their main host.

A long history of co-occurrence of parasite and host may lead to tight co-evolution, whereas the
response of a host that has only recently been exposed to a new parasite may be unpredictable
(Woolhouse et al., 2002). Thus, the response of the host to a parasite infection can vary from no
apparent negative fitness consequences to pathogenicity. The study of parasite population dynamics
has often been associated with large epidemiological impacts on humans, where the focus has been to
study the spread of the disease in host populations (Anderson, 1982; Woolhouse et al., 2005).
Monogenean ectoparasites are an ideal model organism for studying host-parasite interactions and
dispersal as they lack intermediate hosts and have short generation times (Poulin, 2007; Bakke et al.,
2007). These are all traits that render these organisms very useful for studies of natural host-parasite
systems, and for describing host pathogenesis under controlled laboratory experiments (Poulin, 2007).
However, in general, we still lack knowledge regarding interactions of host and parasites in natural

systems (Poulin, 2007).

Biology and ecology of Gyrodactylus spp.
The Class Monogenea is one of the most species-rich groups of ectoparasites (Poulin & Morand,

2004). Within this class, the genus Gyrodactylus was first described by von Nordmann in 1832. A
recent estimate suggests approximately 20,000 existing species within this genus where just a few are
reported as pathogenic (Bakke et al., 2002, 2007; Harris et al., 2004). Gyrodactylus species are
characterized by having a direct life cycle, short generation time, and rapid population growth. They
most often infect the skin and fins of fish, though some species prefer the gills of fish. A viviparous
life history strategy allows Gyrodactylus to directly transfer between hosts at any stage of its life cycle
(von Sieboldt, 1849). Gyrodactylus has lost the swimming oncomiracidium ciliated larva stage that
characterizes the Monogeneans (Harris, 1983). When attached to their host, Gyrodactylus species
cause at least two types of physical damage to the host’s epidermis as a result of their feeding activity
and their attachment organ (ElI Nagar & MacColl, 2016). Harris (1983) recorded feeding by G.

gasterostei Gléser 1974 at a frequency of every 15-30 minutes with feeding wounds 20-30 pm in
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diameter. In addition, the epidermis can be damaged by the 16 marginal hooks and two central anchors
in the opisthaptor (the attachment organ), potentially leaving 16 shallow and two deeper holes in the
skin (Lester, 1972) (Figure 1). In teleost fish, the skin is known to play an important role as an osmotic
barrier (Evans, 1993). Thus, Gyrodactylus induced damage to the epidermis could lead to

osmoregulatory failure.

Figure 1. Gyrodactylus macronychus opisthaptoral hard parts. Photo: Ruben A. Pettersen. Pictured are the haptoral hard
parts used to identify Gyrodactylus species (Buchmann & Uldal, 1997; Mo & Appleby, 1990). Opisthaptoral hard-parts
depicted after digestion of all soft tissue are A: hamulus, B: marginal hook and C: ventral bar. Proteinase K (1 % in buffer)
was used to remove the tissue around the haptoral hard parts. The haptoral hard parts were then mounted on a microscope
slide in formaldehyde-glycerine (15:85) fixative. For visualization of haptoral hard parts, a Leica DM 4000 B microscope
with a Heine phase contrast condenser, and a 100X/1.25 oil immersion objective was used (see Buchmann & Urdal 1997).
The microscope was linked to a Leica DFC 320 digital camera and archiving system. A computer with Leica software LAS©

was used to take pictures for future analysis of measurements.

One of the well-studied Gyrodactylus species is G. salaris Malmberg 1957. In 1975, G. salaris was
observed on wild Atlantic salmon (Salmo salar L.) parr from Lakselva and Ranaelva rivers in Northern
Norway (Johnsen, 1999; Johnsen & Jensen, 1986). Since then, the parasite has been further recorded
in 50 Norwegian wild salmon rivers, 13 hatcheries with salmon parr and 26 hatcheries with rainbow
trout (Oncorhynchus mykiss Walbaum, 1792) (Forseth et al., 2017; Hyttered et al., 2014). In addition,

G. salaris also occurs in 16 rivers on the Swedish west coast and in several rainbow trout farms and
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salmon hatcheries throughout Fennoscandia (Hyttered et al., 2014; Malmberg & Malmberg, 1993),
and in Europe (Dzika et al., 2009; Hansen ef al., 2016; Paladini et al., 2009; Rokicka et al., 2007). In
all of the wild Atlantic salmon populations in Norway, the parasite has resulted in a considerable
decline in the salmon parr density (approximately 50%) within two years after introduction, increasing
to declines of 86% five to seven years after the introduction (Johnsen & Jensen, 1986, 1991). In the
Baltic Basin, salmon populations are considered resistant to G. salaris, because G. salaris is believed
to be an endemic parasite to the Baltic Basin (Anttila et al., 2008; leshko et al., 2016; Lumme ef al.,
2016). G. salaris has also been reported on Arctic charr, (Salvelinus alpinus L.), brown trout (Salmo
trutta L.), brook trout, (Salvelinus fontinalis (Mitchill, 1814)), and lake trout (Salvelinus namaycush
(Walbaum, 1792)). In these cases, the host has a response to the parasite and G. salaris causes less
damage (Olstad et al., 2007; Paladini et al., 2009, 2015; Robertsen et al., 2007; Sterud et al., 1998).
Non-pathogenic strains of G. salaris have also been reported beyond the Baltic Basin (Kania et al.,
2007; Olstad et al., 2007). Today, G. salaris is one of the major threats to Atlantic salmon in Norway,
but has been evaluated as having a low likelihood of causing further population loss (Forseth et al.,

2017).

A very closely related species to G. salaris is G. thymalli Zithan (1960). G. thymalli was first described
on wild grayling (Thymallus thymallus (L.)). Unlike G. salaris, G. thymalli seems to have no major
negative consequences for grayling in contrast to G. salaris on Atlantic salmon (Sterud et al., 2002).
Today, G. thymalli is widespread throughout Eurasia, but was certainly restricted to different ice lake
refugia during the last glacial maximum (LGM) giving rise to at least four major mtDNA lineages
(Hansen et al., 2003, 2006, 2007b; Kuusela et al., 2009; Lindqvist et al., 2007). Several phylogenetic
lineages and haplotypes of G. thymalli have been found in European rivers and numerous
mitochondrial haplotypes of G. thymalli, grouping to more than ten well-supported clades, have been
identified from Scandinavian, British, and Central European localities (Hansen et al. 2003, 2006,
2007a, b,; Lindqvist et al., 2007; Kuusela et al., 2009). Unfortunately, the basal nodes linking the

clades together are only weakly supported.

There is ongoing taxonomic discussion as to whether G. thymalli and G. salaris are one or two species.
G. thymalli on grayling is morphologically and genetically very similar to G. salaris (Meinila et al.
2004; Olstad et al. 2007, 2009). In this context, different molecular markers have traditionally been
used for identification and discrimination of these two species (Cunningham et a/., 2001; Hansen et
al., 2007b; Zigtara et al., 2002). However, none of these markers support the separate species status
of G. salaris and G. thymalli. Further, a study of genetic differentiation in microRNA in several
populations of G. salaris and G. thymalli conclude that the traditional species concept used for G.
salaris and G. thymalli does not reflect a meaningful system to describe their taxonomic status

(Bachmann et al., 2016; Fromm et al., 2014). These authors suggest that G. salaris and G. thymalli is
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a single species that consists of several pathogenic and non-pathogenic strains residing on various
primary hosts. Thus, G. thymalli has been proposed as a junior synonym of G. salaris (Kuusela et al.,
2007; Meinila et al., 2004). However, Fromm et al., (2014) did not include specimens from the type
localities for these two species, which should ideally be used when synonymizing species according
to the nomenclatural concept of the International Code of Zoological Nomenclature (ICZN?). Despite
the findings by Fromm et al., (2014), experiments have documented that G. thymalli is not able to
survive on Atlantic salmon while G. salaris cannot survive on grayling (Sterud et al. 2002). Thus,
there are clear biological differences between the two species. G. thymalli seems to be the only
Gyrodactylus species parasitizing grayling to a large degree (Hansen et al., 2007a) while G. salaris
has the ability to complete its life cycle on different fish species (Bakke et al. 2007) — which adds
complexity to their evolutionary history. This debate is still ongoing however, since the G. salaris /
G. thymalli species complex has not been evaluated according to the nomenclatural concept (ICZN)
when integrating genetic markers, biology and morphology. Therefore, in this thesis, [ have chosen to
use the separate species names, referring to G. thymalli for parasites from 7. thymallus only, and to G.

salaris for Gyrodactylus species from other hosts (Atlantic salmon, Arctic charr, rainbow trout).

Other fish species are known to be hosts of several Gyrodactylus species. The European minnow
(Phoxinus phoxinus L.) is host to more than one Gyrodactylus species, making the minnow a suitable
candidate for studies of species diversity of Gyrodactylus. Several species of Gyrodactylus have
previously been reported on minnows from Norway: G. laevis, Malmberg 1957, G. magnificus
Malmberg, 1957, G. phoxini Malmberg, 1957, G. macronychus Malmberg, 1957, G. aphyae
Malmberg, 1957 (Sterud, 1999). I found only four of these species (Figure 2) in an extensive survey
throughout Norway (Paper III). Further, nine different Gyrodactylus species have been reported on
minnow elsewhere in Eurasia® (Harris ef al., 2008; Dorovskikh & Stepanov, 2008; Mat&jusova e al.,

2000).

2 www.iczn.org
3 www.gyrodb.net

13



Figure 2. Photographs of the opisthaptoral hard parts from Gyrodactylus spp., which parasitizes minnow (Phoxinus

phoxinus). Photo: Ruben A. Pettersen. The figure shows hamulus (A1) and marginal hook (A2) of G. aphye, G.
macronycus (B1 and B2), G. magnificus (C1 and C2) and G. phoxini (D1 and D2) as found in Paper III. Note that there

are different scales on the pictures. See figure 1 for methods.




Life histories in hosts
Parasites with a direct life cycle are dependent on their host and have the same distribution as their

host (review by Bozick & Real, 2015). Thus, the host life history is also important for the parasite’s
life cycle. Grayling spawn during early spring, at which time they migrate from lakes or large rivers
to spawning areas in smaller tributaries (Northcote, 1995). During spawning male grayling hold and
defend spawning territories (Beauchamp, 1990). After spawning all mature fish return to the lakes or
rivers (Northcote, 1995). It is during the period of aggregation and spawning, when individuals will
be close together, that Gyrodactylus transmission may be most common compared to the rest of the
life cycle (Pickering & Christie, 1980; Richards ef al., 2012). Grayling embryos hatch in June and the
juveniles may stay in the tributaries until September (Kristiansen & Dgving, 1996). The generations
of grayling in small tributaries have no overlap in their habitat, which means that transmission between
generations is absent. Mature grayling return to spawn in the same tributaries or same areas in rivers
year after year, indicating some level of reproductive isolation between grayling from different
tributaries or areas in rivers (Kristiansen & Dgving, 1996; Northcote, 1995). This spawning behaviour

combined with local variation and adaptations in various life history traits suggest that grayling

populations are genetically differentiated (Gregersen et al., 2008; Haugen & Vellestad, 2000; Junge
etal.,2011).

Figure 3. A school of European minnows (Phoxinus phoxinus). Photo: Ruben A. Pettersen

The European minnow spawns from April to August, with females producing multiple clutches
throughout the season. Life history parameters such as egg size, clutch size, age and length at
maturation varies with latitude (Mills, 1988). The minnow prefers shallower parts of the littoral zone

and rivers, where they often congregate in schools (Figure 3). As they grow, they use more of the river
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or littoral zone and sustain schooling behaviour for the rest of their lives. However, they do not
necessarily coincide with siblings (Bernhardt et al., 2012). The life history strategies in minnows give
Gyrodactylus spp. a good opportunity to transmit during most of their life cycle, and generations of

minnows overlap in their habitat use.

The Atlantic salmon are anadromous, meaning that they migrate from the sea to spawn in freshwater.
After one to four years in the sea, they return in autumn to their freshwater nursery areas to spawn.
The juvenile period of Atlantic salmon in rivers varies with food availability and temperature. In
Northern latitudes it may take up to four years before they migrate to sea, contrasting with more
southern areas where they return after a year (Stradmeyer ef al., 2007). After spawning, many Atlantic
salmon die, but some survive and can spawn for repeatedly. Others return to sea immediately after
spawning or stay in rivers through the winter season. As Gyrodactylus do not tolerate seawater, salmon
can only be infected in the freshwater stage of their life history (Soleng & Bakke, 1997). The Atlantic
salmon is regarded as important for the human community and has its own conservation organization®,
a post on the Norwegian state budget, and is considered a flagship species (Mills, 2007) in TUCN®.
The Norwegian management authorities have estimated a socio-economic loss of approximately 3-4
billion Norwegian kroner (NOK) as a direct consequence of the G. salaris epidemic in Norway. As a

result, strict regulations for fish dispersal have been issued by the Norwegian government.

The colonization history of the parasite
Dispersal occurs when an individual permanently leaves its natal home range and emigrates to a new

patch or population - which is important for demographic and evolutionary dynamics of populations
(Stenseth & Lidicker, 1992). Under changing environmental conditions, dispersal may act as a key
life history trait that governs the adaptive response of individuals (Ronce, 2007; Rousset & Gandon,
2002). Theoretically, there will be a trade-off between local adaptation and the degree of dispersal
plasticity (Arendt, 2015; Barber ef al., 2016). Plasticity in dispersal decision could have an important
role in the establishment of populations, in local adaptation, and ultimately in speciation (review by
Arendt 2015). This will, over time, be revealed by the genetic structure of populations of parasite and

host (Poulin, 2007).

What factors determine distribution of Gyrodactylus in space and time following their colonization
into Norway? First, host individuals must be infected with Gyrodactylus, and they must survive the
dispersal into a new area. However, in a colonization wave not all hosts will arrive to the same area,
behaving as a diminished demographic colonization front (Arendt, 2015; Boulinier et al., 2016).

Population genetic structure, dispersal and gene flow among both host and Gyrodactylus populations

4+NASCO, North Atlantic Salmon Conservation Organization
5 International Union for Conservation of Nature and Natural Resources (IUCN)
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may facilitate transmission of parasites and may also affect evolution of parasite resistance in hosts
(Boulinier et al., 2016; Huyse et al., 2005). In a metapopulation framework (Hanski, 1999),
Gyrodactylus populations may originate or go extinct depending on the fate of their host populations,
where connection between segments is important for the overall survival of the metapopulation
(Hanski, 1999). The evolutionary interaction of host and Gyrodactylus may be different in a river
transect of consecutive populations than in a lake system. The density and behaviour of both hosts and
Gyrodactylus may be important with regard to horizontal transmission as well as population dynamics
of Gyrodactylus among its hosts (Bernhardt et al., 2012; Huyse & Volckaert, 2005). Host populations
may need to be of a certain size in order to uphold a viable population of Gyrodactylus due to temporal
dynamics in the immuno-response of the host and associated stochastic demographic events in the
Gyrodactylus population (Alvarez-Pellitero, 2008). Further, demographic bottlenecks may result in
reduced genetic diversity in the host species and may affect the viability of Gyrodactylus populations.
Genetic diversity, as seen in neutral microsatellites (e.g. heterozygosity), may provide a proxy for
general genomic diversity, potentially reflecting diversity also in genomic regions that are targeted by
natural selection (e.g. parasite resistance and adaptability in new environments) (Blanchet et al.,
2010). Neutral microsatellite heterozygosity is hypothesized to be associated with fitness in several
studies, with regard to parasite infection and resistance of hosts (Blanchet et al., 2009; Maze-Guilmo
et al., 2016). Here, the assumption is that a genetically diverse host has a more robust immune system
to handle parasite infections than more homozygotic hosts (Collin et al., 2013; Voegeli et al., 2012).
Other important factors for population growth and survival of Gyrodactylus are abiotic factors such
as water chemistry and temperature (Jansen & Bakke, 1991; Pettersen et al., 2006a, b; Poleo et al.,
2004). In situations of human influenced dispersal of parasites and host our knowledge is even less.
The results from a meta-analysis of parasite-host associations have challenged the existing paradigm
that there is a close link between parasite and host, which results in the genetic structure of the parasite
being largely contingent upon the host dispersal behaviour. Here, a low degree of genetic structure
association with host dispersal behaviour was observed, indicating that other factors are important for

the population genetic structure and dispersal of parasites (Mazeé-Guilmo et al., 2016).

The colonization history of the host
One of the major factors affecting the current distribution patterns of natural organisms throughout

the Holarctic is the Weichselian glaciation. This has had a huge influence on both glacial refugia and
subsequent colonization patterns through dispersal (Hewitt, 1996). In Scandinavia, the region’s short
biogeographical history since the last glaciation, its geographical location, and the topography of
drainage basins, have largely determined the composition of its native freshwater fishes (Holmen,
2013; Huitfeldt-Kaas, 1918; Koskinen et al., 2000; Refseth et al., 1998; Ostbye et al., 2005).
Furthermore, the rising of the landmass following the glaciation strongly affected how different groups

of fish species colonized Norway from various geographic areas and water systems (Huitfeldt-Kaas,
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1918). Here, the anadromous Atlantic salmon colonized Norway along its entire coastline likely from
a southern and northeastern glacial refugium (Verspoor et al., 2012). The European grayling and the
minnow colonized Norway from a southern and a northern glacial refugium (Holmen, 2013; Koskinen
et al., 2002a). The first group of European grayling and minnow to colonize Norway likely came from
a refugium near the Caspian basin, while the second group could have come from a glacial refugium
in the central area of Europe (Holmen, 2013; Koskinen et al., 2002c). These latter clades (grayling
and minnow) were able to colonize the largest river system in Norway (the River Glomma) and the
largest lake in Norway (Lake Mjgsa) from the southeast. In addition, humans in Norway have recently

translocated the minnow to several water systems (Hesthagen & Sandlund, 2004; Museth et al., 2007).

Translocated fish hosts and the dispersal of Gyrodactylus spp. communities
The European minnow is considered an invasive species in Norway, where some newly established

minnow populations have originated due to large-distance human mediated dispersal (Holmen, 2013;
Museth et al., 2007). Translocated species may become invasive and can impose major negative
ecological effects (Rahel & Olden, 2008). Invasive species comprise an important part of worldwide
biodiversity change having enormous economic costs to society (Gherardi ef al., 2011; Perrings et al.,
2005; Pimentel et al., 2005). Introduction of new species may also function as a vector for the
establishment of new parasites and diseases that may infect naive native hosts in the receiving area
(Peeler et al., 2011). Such transmission may lead to diseases, where parasites impact native species,
or populations, due to a lack of co-evolution with the introduced pathogens, potentially leading to
large population dynamic effects (Parker et al., 1999). Alternatively, this may also release introduced
species from their co-evolved pathogens in novel environments. This “enemy release hypothesis
(ERH)” which predicts that translocated host populations (i.e. populations moved by humans) may
lose their parasite species diversity compared to natural populations (Elton 1958). If only a few
individuals are the founders of a new population, they may be able to grow and spread rapidly,
particularly without limitations of parasites or diseases. Comparing native and introduced plant
species, Mitchell & Power (2003) found that introduced plants harboured less fungi and virus than
plants in their native habitat (Mitchell & Power, 2003). Further, Torchin et al., (2003) compared 26
host taxa and showed that introduced species had half the number of parasites as native species. A
more recent review by Heger & Jeschke (2014) compared 176 studies when addressing the ERH and
found almost as much support (36%) as questioning of the evidence (43%). Thus, some support exists

for the ERH as a general phenomenon across distant taxa.

The aim of the thesis
The main objective of this thesis has been to obtain a better understanding of the evolutionary history

of dispersal patterns of the monogonean parasite Gyrodactylusthymalli with regard to fish hosts and

time scales, in natural and human influenced freshwater systems. I accomplished this by first
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investigating the population genetic structure of G. thymalli on the European grayling in the large
River Glomma (Figure 4), representing a framework of linear dispersal gradients (Paper I). In
contrast, I also studied the genetic structure of host and parasite in a large lake, Lake Mjosa,
representing an open system with many spawning populations of grayling where dispersal could occur
among all populations (Paper II). The colonization patterns of these taxa in the River Glomma and
Lake Mjgsa are due to natural dispersal following the retreat of the last Pleistocene ice sheet. However,
during the last century, humans have influenced dispersal of both fish species and their parasite taxa.
In paper II1, I focused on both natural and translocated minnow populations and their Gyrodactylus
species. By analysing the genetic structure of minnow hosts, I investigate a contrast between natural
stepping-stone dispersal and long-distance dispersal events due to human interaction. Finally, I studied
the physiological mechanisms of pathogenicity of G. salaris on Atlantic salmon (Paper 1V)
representing a parasite with huge population impacts on Atlantic salmon, and a further example of

human influence on dispersal.
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SUMMARY OF RESULTS

Currently, little knowledge exists concerning the structure of genetic variation among populations of
G. thymalli. In Paper 1, I characterized genetic diversity, differentiation and structure of G. thymalli
living on grayling at 20 localities in the large River Glomma, Norway. Here, I compared two separate
mitochondrial DNA genes to study postglacial colonization of individuals from potentially different
glacial refugia. I expected that populations were differentiated due to isolation by distance (IBD)
mechanisms (Wright, 1943). Two glacial mtDNA lineages of grayling have earlier been identified in
the River Glomma (Koskinen et al., 2002b), thus I also expected that G. thymalli could reveal mtDNA

footprints of these two glacial refugia, due to the long history of co-occurrence of parasite and host.

In G. thymalli within the Glomma river system, I observed three main clusters of haplotypes
dominating the three distinct geographic parts of the river system; one cluster dominated in the western
main stem of the river (River Gudbrandsdalslagen with the large Lake Mjosa), one in the eastern (the
upper River Glomma) and one in the lower part (the lower River Glomma after the confluence of
River Gudbrandsdalsldgen and upper River Glomma)(Figure 5). There was a significant IBD
signature, with a positive relationship between hydrographic distance and population genetic distance.
The genetic variation observed in the different sub-populations indicates long time scale isolation,
evaluated based on the finding that more than 80 % of the populations had private haplotypes. In order
to put my COI haplotypes from Paper I into a larger context, I made a Maximum Likelihood
evolutionary tree with a new algorithm in MEGA 7 (Kumar et al., 2016). The tree separates the River
Glomma clade from other European samples (91% bootstrap) and southern populations (Sarpsborg,
Nittedal, Kongsvinger) grouped out inside the River Glomma clade (89%) (Figure 5). I have also re-
analysed the data from Paper I using the new Maximum Likelihood tree and calculated divergence
times between River Trysilelva and River Glomma clades. The new divergence time was estimated to
be between 4320-5680 years when G. thymalli colonized River Glomma (reported in Paper I as a
confidence interval of 680-5000 years). Lake Mjgsa was one locality in the Glomma river system (the
River Gudbrandsdalslagen part) that showed large genetic variation. This may indicate that grayling
colonized the area around Lake Mjeasa from two glacial refugia, respectively from a northern refugium
and southeastern refugium (Paper I). Itherefore wanted to investigate further the reason for this large
variation (Paper II). To study this, I looked at the population genetic structure of the host using high
resolution genetic markers. Microsatellites can reveal recent population divergence and gene flow
among geographical samples; revealing insight into how parasites and hosts interact with regard to
shaping population genetic structures in an open system with putative gene flow following their

postglacial colonization.

20



Lesjaskog-

-~ Regulert magasin

—————— Overforing

= Kraftverk (kv)
Rettighet: SK /LD 5 1003-R12041

Kartgrunniag: N1000 fra Statens kartverk Tillatelsesnr.: L DU 5 1003-R12041

\| Koppang©

Ifat

>

‘N
“F ‘
Marikfoss - Solbergfoss

= Fassumfoss-Kykkelsrud

Yamma
{
1 /
%% $ »’
Sarﬁsbo 3k

Fredrikstad,? ML

Figure 4. This map shows the Glomma river system, with Lake Mjesa. Gyrodactylus thymalli and European grayling

(Thymallus thymallus) were collected from locations along this riversystem. The map is provided by the Norwegian Mapping

Authority.
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Figure 5. This map shows only the watercourses from figure 4 of the Glomma river system (A) from Paper I, and the
inserted panel shows Lake Mjosa (B) from Paper II. The red dots mark the sampling locations along this river system

where Gyrodactylus thymalli and European grayling (Thymallus thymallus) were collected.
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In Paper 11, I compared G. thymalli - grayling genetic structure in Lake Mjgsa, using the same river
system as in Paper I, where different spawning populations of grayling exist. It is unclear how the
genetic structure of G. thymalli may depend upon the spawning fidelity of its grayling host in a large
lake where grayling spawning occurs in different tributaries. I predicted that if there were strong
homing behaviour in grayling and if transmission of G. thymalli was mainly occurring during
spawning, then the genetic structure of G. thymalli and grayling should display a coherent pattern
(Maze-Guilmo et al., 2016). To test this, I analysed the correlation between genetic distance and
geographic distance and investigated to which degree the genetic structure of G. thymalli and its
grayling host were correlated. In Paper I, 1 found that the genetic structure of G. thymalli was
correlated with the geographical distances of their grayling hosts in a large river system. Paper 11
showed two genetic clusters of grayling, one in a large spawning tributary and all remaining tributaries
clustered in another. Both taxa revealed significant Fst or st values among tributaries. The highest
genetic variance was found within spawning tributaries, supporting low genetic differentiation among
most geographical comparisons. None of the isolation-by-distance patterns were significant, nor was

the correlation between genetic distances for the two taxa.
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Figure 6. A Maximum Composite Likelihood tree (Kimura, 1980) of G. thymalli with the highest log likelihood (- 2371)

shown. The tree is based on mitochondrial cytochrome oxidase I, 36 haplotypes on a 777 bp alignment from Paper I and

gene bank. Evolutionary distances used was Kimura 2-parameter model (Kimura 1980) in MEGA7 (Kumar et al., 2016).

Values are calculated from 10 000 replicates (Felsenstein 1985) and bootstrap values of less than 80% are not shown. The

scale bar indicates 0.02 substitutions. The tree was rooted with G. derjavinoides Malmberg, Collins, Cunningham & Jalali,

(2007). Abbreviations: G_t; G. thymalli, FIN; Finland, POL; Poland, RUS; Russia, SLO; Slovakia, SWE; Sweden, UK;

United Kingdom. All other haplotypes are from Norway. Genbank number is given inside the parenthesis.

In Papers III and IV, I have addressed human influence and its putative impact upon distribution of

parasites, as well as human influence on a documented case of a detrimental pathogenic invasive
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parasite species. Humans may affect the distribution of parasites through translocation of hosts and
through introductions of invasive species or genetic variants of parasites. However, little effort has
been invested in studying such systems with regard to presence of Gyrodactylus spp. comparing
natural and human influenced systems. The minnow has a natural distribution in Norway, but it has
also been introduced to areas outside its natural distribution area to a high degree (Figure 7). In Paper
III, I tested the ERH by comparing Gyrodactylus species diversity in natural and translocated
populations of minnows across Norway. I also used microsatellites to test for demographic expansion
and bottleneck events in translocated and natural minnow populations. Further, I tested if there was
an association between heterozygosity and parasite load in populations. I expected that translocated
minnow populations were first bottlenecked then experienced a subsequent demographic increase.
According to the ERH, I expected that translocated minnow populations had a lower parasite load and
diversity. Finally, I expected that parasite load was negatively correlated with heterozygosity, used as
a proxy for fitness, implying that individuals with higher genetic diversity have a lower parasite load.
The results showed that native and introduced minnow populations had similar species compositions
of Gyrodactylus, which does not support the ERH. The two minnow groups did not differ in the
likelihood of being infected with Gyrodactylus. Considering only infected minnow populations, it was
evident that native populations had a significantly higher mean number of Gyrodactylus individuals
(species pooled) per host than introduced populations. The results showed that homozygotic minnow
individuals had a higher Gyrodactylus infection load than more heterozygotic hosts. There was no
evidence of demographic bottleneck in the minnow populations, implying that translocated
populations retained a high degree of genetic variation, which could partly explain similar species

composition of Gyrodactylus in the two compared minnow groups.
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Figure 7. This map shows sampling locations of minnow (Phoxinus phoxinus) populations in Norway (Paper III). Red

dots mark introduced minnow populations and the blue dots mark native minnow populations.
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Parasites that are moved into new locations, meeting naive hosts, can lead to unexpected
consequences. The introduced parasite G. salaris has had huge socio-economic costs by being a
pathogenic agent on Norwegian Atlantic salmon (Johnsen & Jensen 1986, 1991). However, the
pathogenesis has not been well described and is still not well understood (Bakke et al., 2007). Thus,
in Paper IV, I conducted a controlled laboratory experiment studying the specific temporal
pathogenesis of Atlantic salmon due to presence of G. salaris. The hosts originated from River
Lerdalselva and G. salaris from River Lierelva. Here, I measured a set of blood parameters, related
to osmoregulation function in the host, as the infection developed. I expected that a high parasite load
with numerous penetration events of the skin would result in ion leakage leading subsequently to
osmoregulatory failure and ultimately death. At the end of the experiment (61 days) the mean number
of parasites per individual had reached almost 3000. At the same time, infected juveniles showed a
distinct loss of blood plasma ions, decreased hematocrit and increased plasma glucose levels.
Concomitantly, fish mortality increased. In conclusion, a heavy G. salaris infection causes

osmoregulatory failure and stress, leading to increased mortality in Atlantic salmon juveniles.
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DISCUSSION

Natural dispersal of Gyrodactylus spp. on grayling and minnow hosts across space and
time
Following the deglaciation of the Weichselian ice sheet the waterways were now open for colonization

by grayling into Norway from two main glacial refugial areas — one from the northeast and one from
the southeast (Koskinen et al., 2000). Along with the colonization of grayling, the ectoparasite G.
thymalli colonized the same areas, being contingent upon the dispersal of its host (Hansen et al.,
2007a). In river Glomma, I observed three lineages of mtDNA COI gene that corresponded well with
Hansen et al., (2007a) (Figure 4). However, I found a larger diversity in haplotypes than previously
observed by Hansen et al., (2007a) related to the River Glomma. This is likely related to sample size
as [ have studied 309 fish (revealing 35 haplotypes) while Hansen et al., (2007a) studied 10 fish (8
haplotypes). All eight haplotypes in Hansen et al., (2007a) were also detected in my study (Figure 4).
Thus, large scale versus small scale sampling approaches may be useful for different phylogeographic

investigations, where a denser sampling scheme should be used for population genetic studies.

The Glomma river system represents a linear gradient of consecutive dispersal events where I expected
the genetic structure of G. thymalli along the river to show higher genetic diversity in the lower
sections than in the upper reaches of the river, conforming to an IBD pattern (Paper I). I also looked
at Lake Mjasa, which represents an open water system with several spawning populations of grayling,
where dispersal of G. thymalli could occur across all populations (Paper II). Here, I also expected an
IBD pattern due to homing behaviour of the grayling, as well as a preference of littoral zone occupancy
related to the shoreline dispersal of grayling. Based on Koskinen et al., (2000), it is likely that grayling
colonized the area around Lake Mjgsa from two glacial refugia, respectively from the north and from
the southeast. A larger population of G. thymalli in Lake Mjgsa may hold a larger gene pool of mtDNA
variants than smaller populations in the River Glomma (Paper I and II). This may result from the
contact zone of its host, among grayling in the Lake Mjosa area, as well as from putatively larger
diversity originating in larger populations in Lake Mjegsa than in River Glomma. At the same time,
one should expect that genetic diversity was higher in the lower reaches of River Glomma,
sequentially being reduced along with the colonization wave upwards (Paper I and II). I have re-
analyzed the data from Paper I with a new phylogenetic method, the Maximum Likelihood algorithm.
I found that the three southern populations (Sarpsborg, Nittelva, Kongsvinger) grouped out of the tree
in a separate clade (Figure 4). This means that the G. thymalli clade in the River Glomma has most
probably colonized from the south. In the two contrasting systems, I found a significant IBD pattern
in the linear gradient along the River Glomma, while no significant IBD patterns were evident in Lake
Mjesa. The pattern in River Glomma is concordant with the existing theory (Wright 1943) that genetic
distances increase with the geographical distances among populations (IBD). Thus, it is logical to

assume that grayling will also show an associated IBD pattern as G. thymalli is contingent upon its
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host dispersal. This remains to be tested, however, this makes sense given that the studied distances
among grayling populations range from a few kilometres up to 600 km. However, the lack of a
significant IBD pattern of grayling in Lake Mjesa implies that homing is less precise than expected —
and that grayling are not necessarily constrained by dispersal along the shoreline habitat as expected.
The genetic pattern evaluated with regard to potential transmission of G. thymalli in the linear gradient
of River Glomma versus the open water system in Lake Mjgsa shows that the likelihood of encounter
rate and gene flow of G. thymalli among different hosts from geographically separated populations is
likely higher in Lake Mjgsa than in River Glomma. Or, mtDNA may not be suitable for testing IBD
in general (see Teske ef al., 2018).

When combining genetic data on G. thymalli from River Glomma and Lake Mjgsa, a MANOVA
analyses showed three significantly different groups of populations (Paper I, II). Here, one group was
found in the upper parts of the Glomma River, one in River Lagen and one in the lower part of the
Glomma river system. This partitioning was supported by the median-joining network phylogenetic
analysis (Paper I). In view of the re-analysed data showing new divergence time estimates of 4320-
5680 years between G. thymalli populations in River Trysilelva and River Glomma, divergence is set
within a period after deglaciation. Further, the three MANOVA groups could have originated within
the River Glomma or, alternatively, represent different colonization waves. In Koskinen et al. (2000)
two main mtDNA clades of grayling were revealed, one in northeast and one in southwest, which met
in a contact zone in the Lake Mjesa area. Thus, the three lineages G. thymalli in Lake Mjesa likely
result from the contact zone of grayling (Gum et al., 2006). In comparison, in a phylogeographic study
of G. arcuatus Bychowsky, 1933 on the three-spined stickleback (Gasterosteus aculeatus L.) two
main allopatric clades were found, one in the centre of Europe and one in the North, which spread
across the Barents Sea and White Sea (Lumme ef al., 2016). Thus, a general and similar geographical
pattern can be found in parasite genetic structure in different species on different hosts (Kudlai et al.,

2017).

The dynamics between the host and the parasite is dependent on adaptation to the environment, and
reflects adaptation with regard to their interactive arms race (Benton, 2009; Engering et al., 2013). In
contrast to a “stepping-stone colonization scenario” in River Glomma, the open water system in Lake
Mjesa reveals a system where the hosts can move freely between spawning habitats. Evolution of
population genetic structure of hosts and their parasites are little studied (see review Maze-Guilmo et
al., 2016). In such, the host-parasite system of G. thymalli and grayling are a good model system to
address this issue, particularly with the short evolutionary time frame following deglaciation. Thus, I
studied their colonization dynamics in Lake Mjgsa, spanning thousands of years, by comparing the
genetic structure of both taxa (Paper II; Auld & Rubio de Casas, 2013). The spawning tributaries of
grayling that I studied in Lake Mjgsa are in general seasonal (Paper II; Kristiansen & Dgving, 1996),
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and may in some years actually dry out (personal observation). A consequence of this unpredictability
may have led to the evolution of a bet-hedging strategy in spawning grayling as a response to
stochastic demographic dynamics in tributaries (see theory in Rousset & Ronce, 2004). Initially, I
expected a strong homing behaviour in grayling as a previous study in these streams have documented
strong philopatry between two successive spawning seasons (Kristiansen & Degving 1996). In Paper
I1, two genetic clusters were evident in the grayling in Lake Mjosa, being the large spawning tributary
in the north of the lake, while the remaining tributaries belonged to the second cluster. Furthermore,
as no significant IBD pattern was identified in grayling or in G. thymalli, this suggests lack of
geographic genetic structuring in both organisms. The AMOVA results for G. thymalli suggested
differentiation among the eastern and western side of the lake rather than between the two genetic
groups of grayling. In such, could this pattern reflect a meta-population system (Hanski, 1999) in Lake
Mjesa? In comparison, Junge et al., (2011) detected a significant IBD pattern among a set of spawning
grayling locations in Lake Lesjaskogsvatn, Norway. The investigated tributaries in Lake Mj@sa are
approximately the same size as the tributaries in Lake Lesjaskogsvatnet (Paper IIKristiansen &
Deving 1996; Koskinen et al., 2002b; Junge et al., 2011). However, the geographic distance among
spawning tributaries in Lake Mjesa is much larger than in Lake Lesjaskogsvatnet. Thus, I expected
stronger IBD patterns among tributaries in Lake Mjesa than in Lake Lesjaskogsvatn, which was not
the case (Paper II). I also expect that the longer evolutionary time of grayling in Lake Mjosa (likely
deglaciated ca. 8000 years ago, compared to Lake Lesjaskogsvatn that was stocked with grayling
roughly 80-120 years ago, Koskinen et al., (2002a,b) should reveal a more pronounced genetic
differentiation. In such, the significant IBD pattern in Lake Lesjaskogsvatnet could be an effect of the
early stages of population divergence, where, after some time, homing may evolve (Koskinen et al.
2002a; Junge et al. 2011). Theoretically, I expect that dispersal rate could vary over time among
spawning tributaries, starting high where colonists were dispersers (small founder size), but declining
with time if philopatry becomes adaptive (Olivieri ef al., 1995; Roff, 1994). However, this assumption
may be wrong. It could be that the optimal reproductive strategy in grayling is bet-hedging among
tributaries (review by Hopper, 1999). In spite of a long evolutionary time, the genetic structure may
not actually evolve in grayling or G. thymalli in Lake Mjgsa. Such an evolutionary strategy may reflect
conditions during the early colonization phase in barren and unpredictable areas after the ice age where

a philopatric strategy may not have been the most optimal.

The dispersal of parasites is dependent on their host (review by Bozick & Real, 2015), but how strong
is host dispersal as a driver of the genetic structure and variation between host and parasite? One of
the paradigms is that the genetic structure of the parasite is expected to have the same or a
corresponding genetic structure to their hosts, because host dispersal determines parasite dispersion
patterns (e.g. Jarne & Theron, 2001; review by Mazeé-Guilmo et al. 2016). This assumption is based

on studies comparing genetic structure of parasite and host population, by using among-population
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genetic differentiation such as F and @y (Holsinger & Weir, 2009; Meirmans & Hedrick, 2011; Paper
IT). However, there is a possibility to calculate the correlation coefficient of genetic differentiation
between host and parasite (McCoy et al., 2005, 2012; Paper II). Findings suggest that host and
parasite dispersal rates may be closely linked to each other, indicating spatial correspondence between
host and parasite population genetic structures (Nieberding et al., 2008). However, low genetic
differences between host and parasite populations may result from other factors such as large effective
population size and massive migration between populations (Criscione, 2008; Holsinger & Weir,
2009). Mazé-Guilomo et al., (2016) conducted a meta-analysis of multiple gene structures in
taxonomic groups of hosts and parasites and found that the genetic differentiation was lower in
parasites than in hosts. These findings correspond well with my results from Lake Mjgsa, where
genetic variation among G. thymalli tributaries (11%, ®s) was much lower than among grayling
tributaries (64%, F«) (Paper II). However, I did not expect this lower genetic variation in G. thymalli,
because G. tymalli has a shorter generation time than grayling (Bakke et al. 2007). A shorter
generation time is predicted to drive evolutionary rates faster (Price, 1977), and thus provide genetic
differentiation faster in space and time (Huyse ef al., 2005). However, in a meta-analysis of many
genetic markers in diverse taxonomic groups, Mazé-Guilomo ef al. (2016) found that the genetic
structure was weaker in parasites with asexual reproduction compared to parasites with sexual
reproduction. They explain this with sexual reproduction maintaining genetic polymorphism, while
asexual reproduction reduces it (Fox et al., 1996; Liu et al., 1996; Huyse et al., 2005). In a
phylogeographic study of mtDNA in G. gondae Huyse, Malmberg & Volckert 2005 and its host, the
sand goby (Pomatoschistus minutus Pallas, 1770), in an “open water system” along the Atlantic coasts
of Europe, Huyse ef al., (2017) found a postglacial expansion in both species. Huyse et al., (2017)
found that in the pairwise comparisons (@) among populations within parasites and hosts, it was
evident that the parasite had the lowest genetic diversity. Rahn et al. (2016) studied genetic
differentiation (microsatellites) in threespine stickleback and eye-fluke Diplostomum
pseudospathaceum Niewiadomska, 1984 in a set of 19 freshwater lakes and found that there was a
strong genetic differentiation of the host versus the parasite. Again, these patterns fit with my results
according to the genetic differentiation of G. thymalli on grayling in Lake Mjesa (Paper II). Since
such a pattern is revealed among different parasites on various hosts, and when using different genetic
markers, this may point to a general phenomenon in co-evolution of hosts and parasites. However, it
is difficult to compare host and parasite taxa with different reproductive systems (asexual versus
sexual), different generation times (age at maturity) and different genetic markers with different
mutation rates (reflecting different evolutionary time aspects) (Paper II). Despite this limited
knowledge, it is still important to ask questions of how fast evolution or genetic drift (or both) may

act on a short time scale such as in postglacial northern lakes with regard to host and parasite systems.
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Parasite dispersal is limited by abiotic environmental factors, but it also depends on the availability of
hosts and the host’s requirements and environmental needs (reviewed in Bozick & Real, 2015). All
grayling populations I examined had G. thymalli infections, with the exception of one, where grayling
was stocked only 100 years ago (Paper I and II). In contrast to this high prevalence of infection, there
were many minnow populations where I did not detect Gyrodactylus species, which could be related
to habitat characteristics (Paper III). For example, the richness or structure of Gyrodactylus
communities in fish populations of the same species often correlates with selected physicochemical
characteristics of the water bodies they inhabit (Bakke et al., 2007). Some characteristics, such as pH,
chemical characteristics, depth and latitude, determine if parasites can exist in given lakes (Kennedy,
1978; Marcogliese & Cone, 1996; Pettersen et al., 2006b; Poleo et al., 2004; Smallbone et al., 2016).
A study of threespine stickleback from lake and stream habitats, separated 100 years ago, found that
sticklebacks from streams were more resistant to Gyrodactylus spp. and had a different major
histocompatibility complex (MHC) gene expression pattern than sticklebacks from lake habitats
(Brunner et al., 2017). This may indicate that the environment may have an impact affecting the
evolution of host-parasite systems. At the same time, stickleback specialists such as G. gasterostei and
G. arcuatus have large variation in virulence (Robertson et al., 2017). Differences in prevalence
between grayling and minnow host with regard to parasites, may be due to several reasons (Paper I,
II, and III). First, these host-parasite systems have evolved for a very long time each in their own
arms race. Secondly, both host-parasite systems likely respond to various biotic and abiotic selection
pressures in different or similar ways. Also, these species have different habitat preferences and life

histories. Thus, a comparison is difficult to address.

Translocated fish hosts, minnow and salmon, and the dispersal of Gyrodactylus spp.
communities
Understanding dispersal of parasites and hosts is essential for management of natural and human

influenced parasite and hosts populations (Bozick & Real, 2015; Nentwing, 2007). Stocking of fish
can have many unforeseen consequences and may lead to cascading effects in ecosystems; resulting
in some species becoming pathogenic while others receive (un)expected benefits (Engering ef al.,
2013; Woolhouse et al., 2001). For instance, stocking of small brown trout has also led to the
unintended introduction of minnows, which have hitchhiked along distance (Hesthagen & Sandlund,
2004; Museth ef al., 2007). In the case of the minnow translocations, there has been no detection of
pathogens, however, intentional or non-intentional translocations of minnows can also have profound
ecological consequences (Borgstrom et al., 2010; Museth et al., 2007, 2010). The ERH predicts that
translocated populations lose their parasite community, thus receiving fitness benefits compared to
natural populations, however, I did not find support for this when comparing natural and stocked
minnow populations (Paper III). The reasons behind this lack of confirmation could be that the

parasites are host-specific, have a direct life cycle, and thus do not have a free-living phase in their
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life cycle (Nieberding & Olivieri, 2007). These characteristics are expected when the parasite follows
the geographical distribution of its host (Bozick & Real, 2015). Gyrodactylus species conform
particularly well to the conditions necessary for transmission, and are expected to have a more efficient
dispersal among populations than other parasites (Huyse et al., 2005). The observation that the mean
number of Gyrodactylus was lower in introduced minnows in Paper III suggest that the ERH
hypothesis may be biased as it often only considers the presence or absence of species without
considering the species-specific parasite load of hosts. There may also be several factors occurring
concurrently and it is difficult to detect the mechanism when only examining individual factors. Some
studies have found strong effects of multiple biological factors that can have an additive effect on
parasite load of translocated host populations (Lau & Schultheis, 2015). It is reasonable to assume that
the more diverse parasite species infection a host has, as well as the parasite load of each species, the
higher the challenge to the immune system of the host (Zuk & Stoehr, 2002). I found that the mean
number of Gyrodactylus was lower in the introduced minnow populations than in the natural
populations (Paper III). A study of introduction of minnow parasites showed that the number of
parasite species increased with time after introduction, likely due to repeated introduction of minnows
(Daverdin, 1997). In a new environment, the introduced population can speed up its life history, as
seen in vendace (Coregonus albula L.) from River Pasvikelva, northern Norway (Amundsen et al.,
2012). Regarding detectability of parasite species, time after initial colonization matters. It will be
increasingly likely to detect parasite specialists as they need more time to establish than generalist
parasite species (Poulin 1997a, b). Furthermore, sample size of parasites is an important issue with
regard to detection of the real parasite community that may affect the precision of the estimates
considering prevalence and abundance. In Paper III, I find that the newly established minnow
population did not show signals of population expansion or bottleneck (k and g-tests). In summary, I
observed that the mean number of parasite individuals within parasite species were lower in the
introduced populations than in native populations. In such, the review performed by Torchin et al.

(2003) support my findings in minnows (Paper I1I).

Furthermore, one could expect that translocated populations harbour lower genetic diversity than the
origin population, depending on the number of individuals that were translocated (Forsman, 2014).
As a measure of genetic diversity, heterozygosity could be a proxy for revealing genetic diversity
when comparing translocated and native host populations. Therefore, 1 expected to find more
homozygotes in my neutral markers in the introduced minnow populations, but this was not the case
(Paper III). A meta-analysis of 18 experimental studies addressing translocation and invasive species
revealed that high levels of genotypic and phenotypic diversity in founder groups increased
establishment success in new environments (Forsman, 2014). This could support my findings that
most minnow populations had high levels of heterozygosity (Paper III), potentially improving their

ability to colonize new environments. However, I found that homozygosity was positively correlated
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to the parasite burden in both translocated and native minnow populations (Paper III). A support for
my finding can be found in a laboratory study of G. turnbulli Harris 1986 infections on guppy (Poecilia
reticulata Peters, 1859). Smallbone ef al., (2016) also found that the inbred population (high levels of
homozygosity) had significantly higher mean parasite number than fish from the control population
(low levels of homozygosity). A later study of MHC genes and Gyrodactylus load found no
relationship between parasitic infection and MHC genotypes (Hablutzel et al., 2016). However, MHC
genes are targeted toward disease and parasite resistance while neutral genes in common population

genetic studies are not known to be associated with such a function.

In Paper 1V, I studied the physiological mechanisms of the pathogenicity of G. salaris on Atlantic
salmon. I found that all salmon parr from the infected group showed a distinct loss of serum ions.
Thus, I concluded that a heavy G. salaris infection causes osmoregulatory failure and stress, leading
to mortality in salmon juveniles. The feeding activity of G. salaris probably causes the most severe
damage, leaving ulcers deep into the epidermis, and sometimes even deeper through the basement
membrane and into the dermis (Cone & Dechtiar, 1984; Cusack & Cone, 1986; Mo, 1994). In a
laboratory study, the thickness of the epidermis and the number of mucus cells in salmon juveniles
infected with G. salaris were reduced during the early phase of the infection (Sterud et al., 1998). This
reduction can cause increased susceptibility to secondary pathogens and reduced osmoregulatory
efficiency, leading to mortality (Sterud et al., 1998). Similar results were noted in Gyrodactylus
colemanensis Mizelle & Kritsky, 1967 infections on various salmonids (Wells & Cone, 1990). In a
field study, the epidermis of salmon juveniles infected for a year or more were found to be thicker

compared to the epidermis of juveniles from an uninfected population (Appleby et al., 1997).

I calculated the mortality of Atlantic salmon exposed to G. salaris (Paper 1V), and found that most
salmon died within 61 days of exposure. It is difficult to compare my results with other studies as most
studies do not report mortality during the experimental period, but rather at the end of the experiment
(often closing the experiment at 40 days) (Bakke et al., 2002; Soleng & Bakke, 1997, 2001; Soleng et
al., 1999, 2005).

I further combined the results of population growth rate of G. salaris with the mortality of salmon
(Paper IV). In the last week of the experiment, the number of G. salaris multiplied with tripled, at the
same time the instantaneous mortality rate increased reciprocally. Specifically, G. salaris infection
went from an average of 1208 to 2936 parasites, with the instantaneous mortality rate increasing from
0.05 to 0.20 in the infected group (Paper 1V). If I compare my laboratory result with field studies of
the infected Norwegian salmon population, very few infected fish had more than 1200 G. salaris
(Appleby et al., 1997; Mo, 1992). In the same river, the authors found that only three samples had an
abundance of G. salaris above 3000 (when measuring 49 samples over six years). These results may

indicate that the limit for a 10 cm salmon is likely 3000 G. salaris before the fish dies. A similar
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number of G. salaris, as observed in my study (Paper IV), was found on rainbow trout showing high
mortality in fish farm in Lake Ladoga, Russia (Ieshko ef al., 2016). Therefore, the impact of G. salaris
likely depends on the salmon host size (Mo 1992). This makes intuitive sense since a smaller fish will
have a relatively larger surface to body mass relationship (Evans, 1993). Further, bigger fish have

more ions than smaller fish, and can survive for a longer time with an infection.

There was no indication of secondary fungal or bacterial infected fish (Paper IV), but this may not be
excluded. Under a stereoscope, there was visible edema and/or Sapreolegnia spp. hyphes on the fish
skin. In this case, the infection of G. salaris increased quickly, likely outpacing most bacterial
diseases, which have a longer incubation time in low temperatures (Toranzo et al., 2005). In a study
of Nile tilapia (Oreochromis niloticus L.), here G. niloticus Cone, Arthur et Bondad-Reantaso, 1995
increased host mortality followed after exposure to the bacterial pathogen Strepfococcus iniae. Pier,
1976However, a similar experiment with only G. niloticus infection had no influences of host
mortality (Xu et al., 2007). This does not correspond to the results of a similar study of G. derjavini
Mikailov, 1975 and Flavobacterium psychrophilum (Bernadet & Grimont, 1989) on rainbow trout,
where they found that host mortality was correlated to gyrodactylid infection levels but not to bacterial
exposure (Busch ef al., 2003). Further, a study of G. salmonis (Yin and Sproston, 1948) on book trout
found infection caused 44% mortality, without finding evidence of a secondary infection by bacteria
or Saprolegnia spp. (Cusack & Cone, 1986). However, parasites and bacteria may interact to increase

mortality in some fish species.

Future perspectives
The potential of fish ectoparasites to survive depends mainly on the genetic variation, which is mostly

due to genetic drift, founder effects, bottlenecks and demographic processes. Next generation
sequencing techniques have the potential to produce huge amounts of useful data, influencing future
studies of population genetics and phylogeography (Holsinger, 2010). With whole genome sequencing
it becomes possible to compare levels of diversity in different parts of the genome. This has the
potential to yield new insights relating to population history and the genomic prevalence of natural
selection (Hellmann et al., 2008; Pool et al., 2010). Rapid technological developments are decreasing
DNA sequencing costs providing the possibility to increase sample sizes in the analysis (Drmanac,
2011; Hahn et al.,, 2014). These new technologies can be useful to handle the questions of
Gyrodactylus species relationships with minnows, and detect source populations in translocation
scenarios (Paper III). New techniques may be used to separate between different populations of G.

thymalli (Paper L, II).

Alien species can often have higher tolerances for pathogenic diseases than native ones (Woolhouse

et al., 2005). In this way, introduced fish can be a reservoir for pathogenic disease and increase disease
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impacts on native species (Mo, 1994; Winger et al., 2008, 2009). The introduction of such fish
parasites is usually accidental, often as a consequence of the human-mediated movement of fish into
new environments (Halvorsen & Daverdin, 1989; Johnsen & Jensen, 1991). With a moving host (i.e.
dispersal or stocking), the parasite fauna will also be moved (Paper III). In future studies of the ERH
hypothesis, we should try to identify systems where the source population of host and parasite is
known. Sampling should be done at different times after the translocation. Data from this type of
studies will give us an opportunity to test the ERH-hypothesis in a more proper way then in Paper

II1.

Some studies have shown that Atlantic salmon strains have different immune responses to G. salaris
infections (Bakke er al., 1990, 2004; Cable et al., 2000). A laboratory test of heritability of survival
of G. salaris infection among 49 families identified 15 families who had survival rates of 10-25%,
which gives a heritability of 0.32+0.10 on a liability scale (Salte et al., 2010). In Norwegian rivers,
the Atlantic salmon infected G. salaris exhibited fast selection through 15 generations and split into
two different branches with different life history strategies (Jensen et al., 2017). In rivers with G.
salaris, there are always a few Atlantic salmon that survive infection (Mo, 1992), although the number
is small. It is possible that Atlantic salmon will be able to survive the selective sweeps in the
population. A deterministic mathematical model, found that salmon populations should be able to
recover from G. salaris infection, though this might take some time (Denholm et al., 2017). The
genome of G. salaris and Atlantic salmon have been mapped (Fromm et al. 2014; Hahn et al. 2014).
Multiple cell types from the hosts have been investigated, and were found to have an active function
in host resistance (El-Naggar et al., 2016; Leal et al., 2016). However, we need more knowledge on
the specific immune response of Atlantic salmon to G. salaris (Paper 1V). By studying this
mechanism, we may be able to detect errors in DNA within the strains of Atlantic salmon that have
low immune response to G. salaris. This knowledge will provide the basis for new tools for drug

discovery (Maldonado et al., 2017).
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Abstract

Background: Translocation of native species and introduction of non-native species are potentially harmful to the
existing biota by introducing e.g. diseases, parasites and organisms that may negatively affect the native species.
The enemy release hypothesis states that parasite species will be lost from host populations when the host is
introduced into new environments.

Methods: We tested the enemy release hypothesis by comparing 14 native and 29 introduced minnow (Phoxinus
phoxinus) populations in Norway with regard to the ectoparasitic Gyrodactylus species community and load (on caudal
fin). Here, we used a nominal logistic regression on presence/absence of Gyrodactylus spp. and a generalized linear
model on the summed number of Gyrodactylus spp. on infected populations, with individual minnow heterozygosity
(based on 11 microsatellites) as a covariate. In addition, a sample-based rarefaction analysis was used to test if the
Gyrodactylus-species specific load differed between native and introduced minnow populations. An analysis of
molecular variance was performed to test for hierarchical population structure between the two groups and to
test for signals of population bottlenecks the two-phase model in the Wilcoxon signed-rank test was used. To
test for demographic population expansion events in the introduced minnow population, we used the kg-test
under a stepwise mutation model.

Results: The native and introduced minnow populations had similar species compositions of Gyrodactylus,
lending no support to the enemy release hypothesis. The two minnow groups did not differ in the likelihood
of being infected with Gyrodactylus spp. Considering only infected minnow populations it was evident that
native populations had a significantly higher mean abundance of Gyrodactylus spp. than introduced populations. The
results showed that homozygotic minnows had a higher Gyrodactylus spp. infection than more heterozygotic hosts.
Using only infected individuals, the two minnow groups did not differ in their mean number of Gyrodactylus spp.
However, a similar negative association between heterozygosity and abundance was observed in the native and
introduced group. There was no evidence for demographic bottlenecks in the minnow populations, implying that
introduced populations retained a high degree of genetic variation, indicating that the number of introduced
minnows may have been large or that introductions have been happening repeatedly. This could partly explain
the similar species composition of Gyrodactylus in the native and introduced minnow populations.
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invasive fish species dispersal control.

Conclusions: In this study it was observed that native and introduced minnow populations did not differ in their
species community of Gyrodactylus spp., lending no support to the enemy release hypothesis. A negative association
between individual minnow host heterozygosity and the number of Gyrodactylus spp. was detected. Our results suggest
that the enemy release hypothesis does not necessarily limit fish parasite dispersal, further emphasizing the importance of

Background

Anthropogenic translocation of species between ecosys-
tems occurs worldwide at an increasing rate [1]. Some
species that are introduced into new environments be-
come invasive, imposing major negative ecological ef-
fects on the native biota [2] with concomitant economic
costs for the society [3—6]. Introduced species may also
act as vectors for new parasites and diseases that may in-
fect native hosts [7]. Transmission of non-native parasite
species may lead to large population-dynamic effects [8].
Noteworthy examples are the introduction of the mono-
genean Gyrodactylus salaris Malmberg, 1957 [9] into
Norwegian rivers with subsequent dramatic decline in
the native Atlantic salmon (Salmo salar L.) populations
[10] and the crayfish plague (Aphanomyces astaci
Schikora, 1906), a parasite that has been introduced to
Norwegian watercourses and causes mass-mortalities in
European crayfish (Astacus astacus L.) populations [11].
In these cases, strong and visible effects are evident, but
often the effects of introduced parasites are difficult to
observe [12].

Freshwater fish are commonly transported outside
their native distribution area; this potentially leads to a
loss of native fish species and that the fish communities
become more similar (sometimes called species
homogenization)[13, 14]. The minnow (Phoxinus phoxi-
nus L.) is distributed from Urals in the east to Europe in
the west. In Norway, the minnow's natural distribution
is limited to the northern and southeastern parts [15].
During the last decades, new minnow populations have
been established due to human activities such as fishing
with live bait, stocking (intentional and non-intentional),
and reorganization of waterways [16]. Genetic studies
suggest that both short- and long-distance translocations
of minnows have occurred between Norwegian water-
courses [17, 18]. Several species of ectoparasites of the
genera Gyrodactylus have been reported from minnow
in Europe [9, 19, 20]. The diversity of Gyrodactylus spp.
on Norwegian minnow is not well known, but earlier
studies indicate that up to five Gyrodactylus species can
be found [21]. The Gyrodactylus fauna in Norway is de-
pauperate compared to the rest of Europe [22]. Gyrodac-
tylus spp. often exhibit a high degree of host-specificity
and a direct life cycle where transmission typically takes
place after direct contact with a new host [23]. These

traits make Gyrodactylus spp. particularly tractable for
parasite studies, as it is not necessary to take infracom-
munities from intermediate hosts into consideration
[24]. The effects of Gyrodactylus spp. on minnow hosts
are not known, but based on other Gyrodactylus - host
systems it is reasonable to assume they impose negative
fitness impacts [25].

The “enemy release hypothesis” (ERH) states that intro-
duced species lose some of their natural enemies such as
pathogens and parasites in the new environment [26, 27].
This will provide a fitness advantage as less energy is used
to respond to the parasites and more can be allocated to
growth and reproduction. Comparing native and intro-
duced plant species, Mitchell and Power [28] found that
introduced plants harboured less fungi and virus species
than plants in their native habitats. Further, Torchin et al.
[29] compared 26 host taxa (molluscs, crustaceans, fishes,
birds, mammals, amphibians and reptiles) and showed
that introduced species had half the number of species of
parasites compared to the native species. A comparison of
176 different studies addressing the enemy release hy-
pothesis found almost as many studies in support
(36 %) as questioning the hypothesis (43 %) [30]. There
is also some support for the ERH-hypothesis in fresh-
water fish [31-34]. However, few studies have ad-
dressed this topic at the population level. Halvorsen
[35] hypothesized that local movement of fish between
neighbouring water bodies would similarly disseminate
their parasites, assuming that ecological conditions
were similar. Under this hypothesis, the prediction
would be that transport of individuals between closely
located water bodies would lead to a more similar para-
site fauna in native and introduced hosts than if hosts
are introduced to more geographically distant locations.
Alternatively, the number of parasites might increase in
introduced populations compared to native populations
by acquiring new parasites in the new environments
from resident hosts [36, 37].

There are several factors that can affect the abundance
of and resistance to parasites in host species, both in na-
tive and introduced populations. One such factor is het-
erozygosity, measured by neutral genetic markers, which
is hypothesized to be associated with fitness (review by
Chapman et al. [38]), and fitness-related traits such as
resistance to parasite infections [39]. The assumption is
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that a genetically diverse host has a more robust im-
mune system to handle parasite infections as it holds a
larger diversity of anti-parasite specific genes [40, 41].
Several studies on fish species have documented that se-
lection acts on MHC genes related to e.g. monogenean
infection (reviewed by Alvarez-Pellitero, [42]). Also,
demographic bottlenecks during introduction to the new
environments may result in reduced genetic diversity in
host and/or parasite population, putatively affecting per-
sistence and fitness in the new environment [43].

The main aim of this study was to test the enemy re-
lease hypothesis using a dataset on native and intro-
duced minnow populations in Norway. First we tested if
the diversity of Gyrodactylus species differed between
native and introduced minnow populations. Then we
tested for variation in prevalence (i.e. presence and ab-
sence) and intensity of Gyrodactylus (species pooled) be-
tween native and introduced minnow. By estimating
multilocus heterozygosity of the minnow hosts using a
set of eleven neutral microsatellites we tested for associ-
ation between individual heterozygosity and intensity.
We also tested if the transplanted minnow populations
had gone through demographic bottlenecks and subse-
quent population expansions, which potentially could
explain some of our results.

Methods
Study area and sampling
The sampling sites were selected to cover most of the dis-
tribution of native [15] and introduced [17, 44] minnow
populations in Norway (Fig. 1, Table 1). The minnow pop-
ulations, both native and introduced, are localized geo-
graphically far apart, usually in different watersheds. It is
thus highly unlikely that there is or has been natural dis-
persal between the different minnow populations. The na-
tive minnow populations were all found below the upper
marine limit, this limit is regarded as limiting the dispersal
of minnow. The introduced minnow populations were
mainly located in mountainous regions in southern
Norway, and all above the upper marine limit [16]. Poten-
tially, non-native minnow could have been introduced into
native populations, leading to native and non-native
minnow living in sympatry. However, a detailed study
of the genetic population structure of minnow in many
of these lakes indicated that this was not the case [17].
The Norwegian freshwater fish fauna is depauperate
and in most populations only one or two species are
present. Details on the composition of fish species at
the different sampling locations is presented in Additional
file 1. Brown trout (Salmo trutta) was the only species
present at all sampling sites.

The water temperature regimes may differ between
native minnow populations located at lower altitudes
below the upper marine limit compared with introduced
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minnow usually found in high mountain lakes. Based on
recent genetic studies, the newly founded minnow popu-
lations seem to have a diverse origin, some originating
from fish transported at local scales and some trans-
ported at regional (European) scales [17, 18].

A total of 1278 minnow were randomly sampled from
43 populations (14 native; 29 introduced) during the
years of 1997-2003, mainly during August and Septem-
ber (Fig. 1, Table 1). The introduced populations were
identified based on their elevation above sea level (i.e.
being situated outside the main natural distribution area
of the minnow in Norway) as well as not having prior
records of minnow occurrence [15, 44, 45]. However, the
original sources of the introduced minnow populations
are unknown, precluding a direct comparison between
introduced and source populations.

Minnows were captured in small rivers/streams and in
lakes close to the shoreline, using backpack electric fish-
ing equipment. After capture, all minnows were immedi-
ately euthanized and stored on 96 % ethanol for later
analysis. However, in some cases only the caudal fin was
preserved in ethanol for later analysis (see description
below). There is no information available on the density
of minnow in the different lakes.

Gyrodactylus spp. identification

In the laboratory, the caudal fin was excised from each
fish that had been preserved as a total individual. These
excised caudal fins and the caudal fins that were excised
and conserved in the field were then investigated in de-
tail. The caudal fin was chosen in order to utilize the
total material of minnow samples. Thus we here assume
that parasite counts on the caudal fin are representative
for the total Gyrodactylus spp. community. To assess
this approach previously unpublished data (Pettersen,
R.A.) were used to compare the number of G. aphyae,
G. magnificus, and G. macronychus on the caudal fin
with the number of specimen on the total body
(using protocol developed by Buchmann, [46]). The
results showed that the correlation was strong
(Spearman p = 0.871, p = 0.0001. Nfish = 73).

Each fin was inspected using a stereomicroscope (40X)
to count the number of Gyrodactylus spp. individuals.
All Gyrodactylus spp. individuals were carefully removed
for preparation for species identification using light mi-
croscopy. However, three individuals were lost during
the preparation procedures.

Each Gyrodactylus individual was identified to species
based on the haptoral hard parts [47]. The haptoral hard
parts were digested with Proteinase K (1 % in buffer)
until all the tissue was removed, and were mounted on a
microscope slide in formaldehyde-glycerine (15:85) fixa-
tive. A Leica DM 4000 B microscope with a Heine phase
contrast condenser, and a 100X/1.25 oil immersion
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Fig. 1 Sampling locations in Norway. The 43 minnow sampling locations in Norway (see Table 1). The 11 native minnow populations were
collected from the grey part of the map
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Table 1 Summary information for the sampled minnow Phoxinus phoxinus populations (11 native and 29 introduced; location
number refers to Fig. 1). Location name, river name, sample size of minnow, number of minnows infected with Gyrodactylus spp.,
and infection intensity (summed number of Gyrodactylus spp.) in the population are given. Three measures of mean population
specific genetic variability are also given: heterozygosity, gene diversity and allelic richness (with standard deviations)

Location Location River N fish Infected  Gyrodactylus ssp. Heterozygosity ~ Gene diversity  Allelic richness
number Name fish summed individuals (SD) (SD) (SD)

Native

1% Sorkedalselva Lysaker 55 17 41 0.514 (0.115) 0.527 (0.370) 1.527 (0.355)
2% Fallselva Drammen 41 9 14 0.603 (0.093) 0.567 (0.386) 1.567 (0.356)
3* Hunnselva Glomma 45 11 19 0578 (0.112) 0.585 (0.340) 1.585 (0.294)
4% Elverum Glomma 18 13 27 0.605 (0.156) 0.675 (0.356) 1673 (0.291)
5% Julussa Glomma 10 10 28 0532 (0.107) 0.604 (0.362) 1.600 (0.321)
6% Sere Osa Glomma 20 10 12 0.564 (0.132) 0.598 (0.356) 1.596 (0.312)
7* Femunden Trysil 22 8 1 0.536 (0.111) 0618 (0.343) 1616 (0.289)
8* Serli Serli 19 10 16 0472 (0.103) 0.500 (0.351) 1499 (0.327)
9* Stuorajavri Alta 21 10 35 0.621 (0.186) 0.592 (0.371) 1.590 (0.348)
10* Tana Tana 25 6 7 0.579 (0.161) 0.594 (0.348) 1.594 (0.302)
" Asdeltjern Lier 40 0 0 0.509 (0.120) 0.533 (0.369) 1.532 (0.342)
12 Sagelva Aros 54 1 1 0474 (0.114) 0481 (0.369) 1481 (0.351)
13 Fiskebekktjern Trysil 20 0 0 0.525 (0.178) 0.582 (0.344) 1.580 (0.301)
14 Landsjgen Trysil 17 0 0 0.503 (0.148) 0.564 (0.338) 1.561 (0.297)
Introduced

15% Drteren Hallingdal 20 5 11 0.522 (0.092) 0.544 (0.367) 1.543 (0.336)
16* Strandavatn Hallingdal 33 14 32 0.575 (0.119) 0.566 (0.341) 1.566 (0.300)
17% Stolsvatnet Hallingdal 60 35 129 0526 (0.118) 0.582 (0.330) 1.581 (0.282)
18* Hustjern Hallingdal 16 5 6 0.514 (0.123) 0485 (0.355) 1.486 (0.334)
19* Hallingsdalselva Hallingdal 22 10 18 0.517 (0.090) 0.560 (0.379) 1.559 (0.348)
20% Tisleia Begna 40 15 36 0567 (0.113) 0.577 (0.300) 1578 (0.243)
21* Bygdin Vinstra 36 5 6 0468 (0.120) 0.484 (0.340) 1484 (0.315)
22% Vinstri Vinstra 28 18 20 0.545 (0.113) 0.576 (0.290) 1575 (0.231)
23* Vinstervatna @ Vinstra 122 11 14 0.599 (0.129) 0.606 (0.294) 1.606 (0.232)
24% Birisjoen Sjoa 21 10 12 0.632 (0.098) 0.555 (0.315) 1.557 (0.270)
25% Otta Otta 8 8 21 0477 (0.118) 0.534 (0.371) 1.530 (0.342)
26 Mjdvatn Tovdal 18 0 0 0495 (0.148) 0516 (0.332) 1.515 (0.299)
27 Totak Skien 20 1 1 0.514 (0.090) 0.499 (0.385) 1.500 (0.367)
28 Masvatn Skien 17 0 0 0381 (0.134) 0.489 (0.332) 1477 (0.295)
20 Follsja Skien 15 0 0 0.409 (0.163) 0453 (0.367) 1449 (0.351)
30 Stigstuv Numedal 52 0 0 0.515 (0.117) 0.536 (0.333) 1.536 (0.296)
31 Leegreid Hallingdal 54 0 0 0.549 (0.111) 0.576 (0.346) 1.576 (0.303)
32 Tunhovd Numedal 33 1 1 0529 (0.098) 0536 (0.379) 1.536 (0.353)
33 Kippesjoen Etna 17 0 0 0.526 (0.134) 0.509 (0.357) 1.509 (0.343)
34 Heggefjorden Begna 25 4 4 0.559 (0.135) 0.563 (0.338) 1.564 (0.297)
35 Vinstrervana V Vinstra 44 0 0 0.545 (0.117) 0.586 (0.292) 1.585 (0.230)
36 Grovi Otta 20 1 1 0464 (0.065) 0496 (0.418) 1.495 (0.405)
37 Jolstervatn Jolster 38 0 0 0.501 (0.102) 0.505 (0.373) 1.505 (0.352)
38 Lesjaskogsvatn Gubransdal 16 2 2 0.577 (0.102) 0.580 (0.323) 1579 (0.273)
39 Glasatjhern Glomma 10 0 0 0.677 (0.115) 0.620 (0.365) 1619 (0.315)
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Table 1 Summary information for the sampled minnow Phoxinus phoxinus populations (11 native and 29 introduced; location
number refers to Fig. 1). Location name, river name, sample size of minnow, number of minnows infected with Gyrodactylus spp.,
and infection intensity (summed number of Gyrodactylus spp.) in the population are given. Three measures of mean population
specific genetic variability are also given: heterozygosity, gene diversity and allelic richness (with standard deviations) (Continued)

40 Essandsjgen Nea 30 3
41 Risvatnet Inna 20 0
42 Limingen Namsen 20 0
43 Store Majavatn Vefsna 16 0

3
0
0

0

0441 (0.128) 0.540 (0.391) 1.538 (0.365)
0.409 (0.099) 0.442 (0.396) 1.441 (0.387)
0595 (0.095) 0586 (0.339) 1.586 (0.294)
0419 (0.061) 0421 (0.393) 1422 (0.388)

*Samples used in the rarefaction analysis using EstimateS 8.2.0 (Colwell 2011) where more than 5 Gyrodactylus spp. individuals were observed in the population.
This number of observed Gyrodactylus spp. individuals is needed to calculate rarefaction using the software EstimateS 8.2.0.

objective (no. 506159) was used. This equipment was
linked to a Leica DFC 320 digital camera and archiving
system, and the Leica software LASg to take pictures.
These pictures were used to identify the different Gyro-
dactylus species. To establish the identity of the different
Gyrodactylus species we used information from the first
description and follow-up descriptive literature [9, 48].
We also used an additional visual identification as rec-
ommended by Shinn et al. [49] comparing our samples
with pictures from the database GyroDb [22]. Five spe-
cies of Gyrodactylus have previously been reported on
minnow from Norway: G. laevis, Malmberg 1957, G.
magnificus, Malmberg 1957, G. phoxini, Malmberg 1957,
G. macronychus, Malmberg 1957, G. aphyae, Malmberg
1957 [50]. A further nine Gyrodactylus species are re-
ported on minnow elsewhere in Eurasia [22]. One of the
authors (Pettersen, R. A.) first identified all the Gyrodac-
tylus species and counted all individuals, while another
(Mo, T. A.) checked and confirmed all the species
identifications.

Genetic diversity in the minnow hosts

Neutral multilocus genetic diversity for the minnow
hosts was assessed by genotyping 11 microsatellites for a
total of 1278 minnows. The 11 microsatellites were se-
lected from a set of 36 microsatellite markers developed
for cyprinids (the markers codes are: 27634, Cal, Ca3,
Ca5, Ca6, Cal2, MFW1, MFW17, GF11, Z15751, 7Z9692)
[17, 51]. Here, individual and population level heterozy-
gosity were estimated using GenAlEx 6.5 [52], while
gene diversity and allelic richness was estimated for
populations using Fstat 2.9.3.2. [53]. Population esti-
mates of these three measures of genetic diversity are
given in Table 1. We used estimated hetereozygosity as
a covariate in the statistical analyses, as Chapman et al.,
[38] suggests that this is a robust measure of genetic di-
versity. It is also assumed that heterozygosity is posi-
tively associated with parasite resistance (e.g. Blanchet
et al,, [39]).

To test for hierarchical population structure between
native and introduced minnows, as well as for a geo-
graphical pattern of population subdivision, analysis of
molecular variance (MANOVA, [54]) in the program

GenAlex 6.5 was used [55]. Genetic variance (based on
¢dpr) was partitioned among minnow individuals within
populations, among populations, and among the popula-
tion types (native and introduced minnows) using 9999
permutations.

If heterozygosity is important for individual parasite
resistance in minnow hosts, demographic population
bottlenecks associated with transfer of minnow to new
locations may be important. To test for heterozygosity
excess, being a signal of a population bottleneck, the
Bottleneck 1.2.0.2 software was used [56]. Here, results
were evaluated based on the two-phase model (TPM) in
the Wilcoxon sign-rank test (1000 iterations), and the
"mode - shift" indicator, which discriminates bottle-
necked populations from demographically stable popula-
tions [57].

After introduction of minnows to new locations a
demographic population expansion may occur, which
can potentially be linked to persistence against parasites.
To test for a demographic population expansion event
in the introduced minnow population, we used the kg-
test under a stepwise mutation model (SMM) [58]. Here,
the k-test compares intra-locus allelic distributions be-
tween expanding and stable populations, while the inter-
locus g-test compares variance in number of repeats
between expanding and stable population [58, 59]. A sig-
nificant number of negative k-values indicate a signature
of a demographic population expansion. The g-test sig-
nificance level was compared to the recommended cut-
off value in Table 1 (p. 455) in Reich et al., [58].

Statistical analyses

In a number of populations we did not find any individual
minnows infected with Gyrodactylus spp. To test if the
probability of being infected with Gyrodactylus spp. dif-
fered between native and introduced minnow populations,
we used a nominal logistic regression (binomial distribu-
tion, logit link, the distribution of Gyrodactylus spp. is
given in Online Resource 1). Presence or absence of Gyro-
dactylus spp. was used as the response variable, popula-
tion group (native or introduced) as factor, and average
heterozygosity as a covariate. Here, all Gyrodactylus
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species were pooled (43 minnow populations; 1278 fish
individuals).

Further, Gyrodactylus species accumulation curves
were calculated for each of the native and introduced
minnow groups using EstimateS 8.2.0 [60]. This is a
sample-based rarefaction curve that gives species accu-
mulation as a function of occurrence, presenting associ-
ated 95 % confidence intervals. These curves allow
species richness comparisons among test groups, while
accounting for differences between locations in the
number of individual minnows sampled [61, 62]. Here,
only 10 native and 11 introduced populations out of the
original 44 populations (Table 1) were used since the
sample size of Gyrodactylus specimens in each popula-
tion must be larger than the total number of Gyrodacty-
lus species observed in the total dataset [60]. Thus, in all
the 21 selected minnow populations more than four
Gyrodactylus specimens was observed.

The mean number of Gyrodactylus specimens per host
was estimated for native and introduced minnow popu-
lations, using the minnow populations where Gyrodacty-
lus spp. were observed (29 populations, 880 individuals).
We used a generalized linear model with the number of
Gyrodactylus specimens as a response variable (using a
Poisson error distribution and a log-link, using a max-
imum likelihood estimation method), and native or in-
troduced minnow populations, population identity
nested under the two groups, heterozygosity, and inter-
action between heterozygosity and native or introduced
population groups as factors (interaction was not signifi-
cant and thus removed from further analyses).

The same statistical test was applied but only using
minnow hosts that were infected comprising 21 popula-
tions and 253 minnow hosts. Here, again the interaction
between heterozygosity and the native or introduced
population groups as factors was not significant and
subsequently removed from the analyses.

All the statistical analyses, except the rarefaction ana-
lyses, were implemented in JMP 9.0 (SAS, 2012) [63].

Results

Gyrodactylus species occurrence

A total of 515 Gyrodactylus specimens were examined
and identified. Four species were found: G. magnificus,
G. phoxini, G. macronychus, and G. aphyae (Table 2). G.
aphyae was the most common species being present in
all the 21 infected minnow populations. G. magnificus
was found in 12 populations, G. macronychus in 10
populations. G. phoxini was only found in 3 minnow
populations. Most commonly, only one species of Gyro-
dactylus was found on each minnow, rarely two species
of Gyrodactylus were found on the same tail fin. The
combination of G. aphyae and G. magnificus was the
most common, being detected on 11 minnows (from 10
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populations). The combination of G. aphyae and G.
phoxini was detected on 3 minnows (from 3 popula-
tions), and one minnow had the combination of G. mag-
nificus, and G. macronychus.

Genetic variation and demographic tests in minnow
populations

A total of 1278 minnows were genotyped for 11 micro-
satellites, and the observed individual level of heterozy-
gosity ranged between 0.091 and 1.0, with the overall
mean 0.534 for all fish. The population level heterozy-
gosity (N =43 populations) ranged from 0.381 (Mgsvatn)
to 0.632 (Birisjoen). Gene diversity ranged from 0.421 to
0.675, and allelic richness ranged from 1.422 to 1.673
(Table 1). Based on the MANOVA analysis the genetic
variance was partitioned with 77.7 % among individuals
within the population level, 21.7 % at the population
level and 0.6 % at the among group level (native and in-
troduced) (Table 3). None of the populations showed a
significant signal of a bottleneck event (The results are
given in Additional file 2). Based on the population ex-
pansion analyses (k and g-tests), there were no signifi-
cant signals of demographic expansion in any of the
sampled populations (Additional file 2).

Gyrodactylus species diversity and prevalence

Out of the 43 surveyed populations, 15 minnow popula-
tions were not infected with Gyrodactylus spp. (3 native
and 12 introduced), while 28 minnow populations had at
least one or more hosts infected by one or more Gyro-
dactylus spp. specimens. A total of 253 individuals in
the samples were infected with at least one Gyrodactylus
sp. The overall prevalence (i.e. the proportion of individ-
ual minnows infected with one or more Gyrodactylus
spp. in a given population) ranged between 0 and 100 %.
The prevalence did not differ between native and intro-
duced minnows (i = 4.252, P =0.119), and there was no
effect of average heterozygosity (X3, = 2.518, P =0.113).

The number of Gyrodactylus species did not differ
on minnows classified as belonging to either native or
introduced populations (tested using EstimateS; i =
0.029, P=0.865). The diversity varied from 1 to 4
Gyrodactylus species per populations, and the pre-
dicted mean number of Gyrodactylus species was 4
species both in the native (95 % confidence interval:
3.9-4.1) and the introduced populations (3.8-4.2).

The intensity of Gyrodactylus spp. per individual
minnow host ranged between 1 and 19 (see Additional
file 3). When using all the 29 infected populations (880
minnows in total) it was found that the mean number
of Gyrodactylus individuals (all species) per host dif-
fered significantly between the native (0.64 + 1.34,
mean + SD) and introduced (0.35+1.58) minnow
groups (whole model: X3 =553.4, P<0.0001), where
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Table 2 The number of minnows from native and introduced populations infected with G. aphyae, G. macronycus, G. magnificus, G.

phoxini. For population numbers se Fig. 1

Population number Location Number of minnows infected with

N fish G. aphyae G. macronycus G. magnificus G. phoxini
Native populations
1 Serkedalselva 55 9 5 6 -
2 Fallselva 41 9 - - -
3 Hunnselva 45 8 5 - -
4 Elverum 18 13 - - -
5 Julussa 10 2 1 10 -
6 Sere Osa 20 1 2 7 -
7 Femunden 22 4 5 - -
8 Serli 19 6 3 3 -
9 Stuorajavri 21 3 - 1 8
10 Tana 25 1 5 - -
Introduced populations
16 Qrteren 20 5 - - 1
17 Strandavatn 33 1 - 14 -
18 Stolsvatnet 60 35 2 5 2
19 Hustjern 16 5 - - -
20 Hallingdalselva 22 1 - 9 -
21 Tisleia 40 3 - 12 -
2 Bygdin 36 2 - 4 -
23 Vinstri 28 1 7 1 -
24 Vinstervanta @ 122 5 6 2 -
25 Birisjgen 21 10 - - -
26 Otta 8 8 - - -

the introduced group had a lower infection (Table 4).
The abundance was significantly negatively associated
with individual heterozygosity, and there was no inter-
action effect (Table 4).

Discussion

The “enemy release hypothesis” suggests that introduced
species should harbour fewer parasite species than native
species. The observed results do not support the enemy
release hypothesis as similar numbers of Gyrodactylus spe-
cies were observed on native and introduced minnow
hosts, and they had the same likelihood of being infected

with Gyrodactylus spp. In support of the observed results,
Daverdin [64] compared some native minnow populations
to an introduced minnow population (one of the lakes in
our study) and observed no difference in the internal para-
site fauna showing that the same fauna was established in
the new environment. The same result was found in a
study of the common carp (Cyprinus carpio L.) where
there were no differences in helminth communities be-
tween native and introduced populations [65]. Several
other studies have found some support for the enemy re-
lease hypothesis spanning a range of organisms including
freshwater fish [29, 31, 33, 66, 67]. However, the success of

Table 3 Analysis of molecular variance (AMOVA) based on 11 microsatellites for the 43 minnow populations. The two groups are
defined by 29 introduced and 14 native minnow populations. Variance is partitioned among the groups, among populations and

within populations using random permutations

Variance component Sum of squares Degrees of freedom % total Variance P value
Among groups 116.71 1 0.55 0.06 <0.0001
Among population 2713.86 41 21.70 202 <0.0001
Within population 8937.14 1235 77.71 7.24 <0.0001
Total 11767.74 1277 9.31 <0.0001
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Table 4 Summary result from the generalized linear model on number of Gyrodactylus spp. Individuals per minnow host, with
population group (native or introduced minnow populations) as factor and individual minnow heterozygosity as covariate.
Population identity was nested under population group. In this test we only used the infected populations (29 populations, 880

individuals)

Factores Sum of squares Degrees of freedom p
Among groups 8.84 1 0.003
Populations nested in groups 545.15 26 <0.0001
Heterozygosity 10.69 1 0.001

parasite species introductions will likely depend on the
complexity of the parasite lifecycle. Parasites with a life-
cycle that requires more than one host will likely have a
lower probability of introduction and establishment in a
new environment [68] than parasites with a direct life-
cycle (no intermediate hosts).

An alternative to the enemy release hypothesis is that
the number of Gyrodactylus species increase in the in-
troduced populations due to transmission of new Gyro-
dactylus species from other fish species already present
in the new environment. However, this seems unlikely in
the case of the minnow as most Gyrodactylus species
seem to be host specific [22]. Further, it is possible that
abiotic environmental conditions are also important fac-
tors determining species numbers [35]. Thus, if the en-
vironmental conditions differ strongly also the parasite
fauna may differ. Environmental conditions are usually
more similar for geographically close locations. Also,
multiple introductions from the same source population
would likely ensure that the whole parasite species fauna
would be found in both environments. Thaulow et al.
[18] have shown that multiple introductions of minnows
have occurred from different sources into one of the
same river systems studied here (River Skiensvassdraget).
Thus, it is possible that multiple introduction events of
minnows into lakes in this study could partly explain the
similarity of the Gyrodactylus species fauna we observed
in native and introduced minnows.

The abundance of Gyrodactylus was observed to be
lower in introduced minnow compared to native popula-
tions in this study. This seems at odds with the enemy-
release  hypothesis. However, the enemy-release-
hypothesis may be imprecise as it usually only considers
presence or absence of parasite species. The parasite
species-specific abundance of hosts is not taken into ac-
count. It is reasonable to assume that the more diverse
parasite species infection a host has, as well as the abun-
dance of each species, the higher challenge will be im-
posed on the immune system of the host [69]. Torchin et
al. [29], who studied introduced and native populations of
a set of diverse organisms observed that the mean number
of parasite individuals within parasite species were lower
in introduced than in native populations, similar to our
observation of Gyrodactylus on the minnows.

Most of the studies that test the enemy release hy-
pothesis do not have data on individual heterozygosity.
In this study, we found no significant association be-
tween mean heterozygosity and the probability of being
infected with Gyrodactylus (absence versus presence of
infection) when using the whole dataset. However, when
using only infected minnow there was a significant nega-
tive association between individual heterozygosity and
mean number of Gyrodactylus. Here, the association of a
higher Gyrodactylus infection level in more homozygotic
minnow hosts was found for both native and introduced
populations. This may indicate that more diverse hosts
are better able to combat the infections. In two studies
on the rostrum dace (Leuciscus leuciscus 1.), Blanchet et
al,, [39, 70] tested if heterozygosity was associated with
the mean number of the harmful fin-feeder ectoparasite
Tracheliastes polycolpus Nordmann, 1832. They ob-
served that parasite burdens were highest in hosts being
moderately heterozygous, while extremely homozygous
and heterozygous hosts had a lower parasite burden.
This result seems in conflict with our observations for
the minnow-Gyrodactylus system. However, this appar-
ent conflict may be caused by different ranges of genetic
variation among hosts in the various studies.

It is likely that the number of founder populations dif-
fer between native and introduced minnow populations.
Also, the degree of heterozygosity may be associated
with the success of founder populations [71]. However,
the lack of significant bottleneck signals in the minnow
populations suggested that no drastic decrease in genetic
diversity occurred during colonization events (although
the power of the test may be weak; see [57, 72]). This is
also supported by the results from the AMOVA analysis,
showing that only 0.6 % of the genetic variation was par-
titioned between the native and introduced populations.
Thus, the relatively high level of genetic variation in the
introduced populations could help explain that the two
groups had the same number of Gyrodactylus species
observed (from species accumulation curves). This
evaluation is valid under the assumption that similar
levels of heterozygosity reflects similar abilities to with-
stand negative impacts from Gyrodactylus spp. infection,
and that heterozygosity based on neutral microsatellites
is correlated to genetic variation in e.g. adaptive
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immunocompetence genes (MHC) associated to parasite
resistance [40, 73].

Geographical distribution of Gyrodactylus spp. on
minnows

In order to place the findings of this study in a biogeo-
graphical framework we here report on the distribution
of Gyrodactylus spp. in Norway and other parts of
Europe. A total of fourteen species of Gyrodactylus have
been described on minnow on a global scale [22]. In this
study, a total of four out of five previously reported
Gyrodactylus species in Norway [50] were observed in
the 43 minnow populations. To the southeast, in
Sweden, two more Gyrodactylus species have been found
on minnow [9]. The most plausible explanation for why
Norway has a lower number of Gyrodactylus species
than the rest of Europe is Norway's relatively recent de-
glaciation (<10 000 years ago) and location to the west
on the Scandinavian peninsula, with relatively long
colonization routes from assumed glacial refugia. For
minnows these refugia are probably situated in south
central Europe (based on species determination of dated
bones from the Eem interglacial (ca .150 000 years be-
fore present) [74], and likely also somewhere in Russia.
Indeed, hosts at the geographical limits of their distribu-
tion often have fewer parasites in general or lack
species-specific parasites (see [75]). In this study, a max-
imum of four Gyrodactylus species was observed in a
minnow population. This finding is not too different
from other European studies, in which a maximum of
six Gyrodactylus species have been found in a single
minnow population [19, 20]. In the current study, G.
aphyae was found in all populations, while the three
other species were more or less rare. G. phoxini was
found in only three locations, detected on a few hosts
only. The two most common species (G. aphyae and G.
macronychus) in this study were also the most common
species reported in the literature on Gyrodactylus on
European minnow [19, 20]. Most commonly, only one
Gyrodactylus species, rarely two, was observed on the
individual hosts. If two species co-occurred, the combin-
ation of G. aphyae and G. magnificus was the most com-
monly observed.

The environmental conditions in a given lake may
likely affect the establishment of the hosts in the new
environments, as well as being important for survival
and demographics of Gyrodactylus on hosts [76-79].
In this study, this could influence the mean number of
Gyrodactylus as lakes are situated at different altitudes
and thus comprise a range of environmental regimes
for Gyrodactylus spp. Further, introduced minnow
populations may need to be of a certain size in order
to uphold a viable population of Gyrodactylus [80].
Also the population density and behaviour of minnows
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in a new location may be important with regard to
horizontal transmission and population dynamics of
Gyrodactylus [81].

Physio-chemical conditions of the lake environment
could affect the success of establishment of minnows
and its parasite fauna during introduction to new envi-
ronments. Such factors could be e.g. pH and water
temperature as these factors have been shown to be as-
sociated with Gyrodactylus spp. development and sur-
vival [77-79]. In our study, this could influence the
results as lakes are situated at different altitudes and
thus comprise differential temperature regimes for Gyro-
dactylus spp. However, the wide geographic range cov-
ered by both native and non-native populations suggests
that such abiotic drivers do not significantly bias the
results.

Conclusions

In this study it was observed that native and introduced
minnow populations did not differ in their species com-
munity of Gyrodactylus spp., which lends no support to
the enemy release hypothesis. However, the average
number of parasites per host was higher in the native
than in the introduced minnow. Interestingly, a negative
association between individual minnow host heterozy-
gosity and abundance was detected, being evident in
both the native and introduced minnow populations.
Our results suggest that the enemy release hypothesis
does not necessarily limit fish parasite dispersal, further
emphasizing the importance of invasive fish species dis-
persal control.

Additional files

N
Additional file 1: Table S1. A table of other fish species in the sampled
localities. All the Norwegian minnow (Phoxinus phoxinus) populations
used in the study and the other fish species in the same locality. The
species of fish are: AC = Arctic charr (Salvelinus alpinus) BL = bleak
(Alburnus alburnus), BR = bream (Abramis brama), BT = brown trout (Salmo
trutta), BU = burbot (Lota lota), CC = crucian carp (Carassius carassius),

CH = chub (Leuciscus cephalus), EE = eel (Anguilla anguilla), GR = grayling
(Thymallus thymallus), PE = perch (Perca fluviatilis), Pl = pike (Esox lucius),
RU = ruffe (Gymnocephalus cernuus), SS = Siberian sculpin (Cottus
poecilopus), VE = vendace (Coregonus albula), WB = white bream (Blicca
bjoerkna), WF = European whitefish, SM = smelt (Osmerus eperlanus),

ID =ide (Leuciscus idus), DA = dace (Leuciscus leuciscus), 9-SB = nine-
spined stickleback (Pungitius pungitius) and 3-SB = tree-spined stickle-
back (Gasterosteus aculeatus). (DOC 192 kb)

Additional file 2: A table of tests result of demographic bottleneck.
All the Norwegian minnow (Phoxinus phoxinus) populations used in the
study. Information from tests of demographic bottleneck using Bottleneck
1.2.0.2. (Piry et al. 1999) with the two-phase model (TPM) and the Wilcoxon
sign-rank test, and demographic expansion (where the intra-locus k-test
identify signals of recent population expansion, while the inter-locus g-test
identify signals of more ancient population expansion) using Kg-test (Reich
et al. 1999). Footnotes: *Samples used in the rarefaction analysis using
EstimateS 8.2.0 (Colwell 2011) where more than 5 Gyrodactylus spp.
individuals were observed in the population. This number of observed
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Gyrodactylus spp. individuals is needed to calculate rarefaction in
EstimateS 8.2.0. # None of tests were significant. (DOC 116 kb)

Additional file 3: Figure of distribution of Gyrodactylus spp.
individuals. Distribution of Gyrodactylus spp. individuals in the total
dataset of 1278 individual minnows (Phoxinus phoxinus) hosts from 43
populations in Norway. Here the 14 native and 23 stocked populations
have been pooled. On the left axis is the probability of occurrence and
on right axis is given counts. (DOCX 76 kb)
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