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Abstract 
Reintroducing a species to an area where it is locally extinct may contribute to 
reestablishing the ecosystem. However, we show that such reintroductions can pose 
a risk to biodiversity by introducing hitchhiking invasive organisms together with the 
donor population. This risk was caused by more severe impacts of invasive organisms 
in the habitat of the donor population than the receiving environment. The freshwater 
resident Atlantic salmon (Salmo salar) in Sweden’s River Klarälven perform 
feeding migrations to Lake Vänern. The upper part of the watershed, in Norway, 
lost its salmon population due to hydropower development that obstructed upstream 
migration. We conducted a risk assessment of the potential impacts on native 
ecosystems from invasive organisms associated with reintroducing Atlantic salmon 
into the Norwegian part of the watershed by importing adult salmon spawners. This 
assessment is crucial due to differences in the development of invasive organisms 
in the Swedish and Norwegian parts of the watershed. The risk of impacts was 
evaluated for invasive species, parasites, bacterial pathogens, and viruses that are 
present or likely present in the lower part of the watershed, or at risk of being 
introduced. We found a high risk of negative impacts associated with the parasite 
Gyrodactylus salaris, viral hemorrhagic septicemia virus (VHSV), Aphanomyces 
astaci causing crayfish plague, Renibacterium salmoninarum causing bacterial 
kidney disease, and Tetracapsuloides bryosalmonae causing proliferative kidney 
disease. In addition, 20 invasive species and pathogens were associated with a 
medium risk and three with a low risk. The case study contributes to a deeper 
understanding of how reestablishing locally extinct or diminished species can 
influence biodiversity conservation efforts and the health of aquatic ecosystems, 
underlining the importance of comprehensive planning in restoration projects. We 
highlight the importance of risk assessment of invasive species when considering 
the reintroduction of native species or dam removal. 
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Introduction 

Freshwaters provide both habitats for a multitude of organisms and ecosystem 
services that are vital for human society (Vörösmarty et al. 2010). At the 
same time, freshwaters are largely impacted by human disturbances and may 
be among the most endangered ecosystems on Earth (Dudgeon et al. 2006; 
Kristensen et al. 2010). Worldwide, rivers are increasingly impacted by 
hydropower production, transport, flood protection, water diversion, 
agriculture, pollution, climate change, invasive species, diseases, and other 
habitat alterations. These factors have now caused the biological diversity of 
European rivers to reach a critical point (Haase et al. 2023), highlighting the 
need for mitigation measures to reduce adverse effects and restore healthy 
ecosystems. 

Important mitigation measures include restoring river habitats by 
reintroducing native species or by removing migration barriers, such as dams. 
Dams alter the hydrological regime and block the free passage of migratory 
species in rivers and have emerged as one of the most common and severe 
impacts in rivers worldwide. The removal of dams or the construction of 
fish passage structures are emerging as effective approaches for restoring 
rivers and promoting environmental conservation (Ding et al. 2018; 
Schiermeier 2018; Silva et al. 2018). However, opening free passage for 
native species can potentially have detrimental consequences if it causes a 
spread of invasive species and pathogens. This is because invasive species 
are recognized as one of the major threats to biodiversity in freshwater 
ecosystems (Dudgeon et al. 2006; Vilizzi et al. 2021). 

Atlantic salmon (Salmo salar Linnaeus, 1758) serves as an example of a 
species largely impacted by migration barriers, which cause population 
declines (Lennox et al. 2021). Atlantic salmon are native to the temperate 
and subarctic regions of the North Atlantic Ocean. The species can take on 
a large variety of life trajectories, but most forms are anadromous, consisting 
of a juvenile phase in freshwater, followed by a long ocean migration for 
feeding and growth, and a return migration to freshwater to spawn (Thorstad 
et al. 2010). Some Atlantic salmon populations are landlocked and use 
freshwater habitats only, but few such populations are known in Europe 
(Hutchings et al. 2019). Eight lakes with non-anadromous (also termed 
potamodromous) populations utilizing river-lake systems are known in 
Russia, one in Sweden (Vänern), one in Norway (Byglandsfjorden), and 
one in Finland (Saimaa) (Hutchings et al. 2019). Many landlocked populations 
have declined due to anthropogenic environmental impacts, and some 
populations have become extinct (Hutchings et al. 2019; Ozerov et al. 
2010). The greatest threats to the persistence of landlocked salmon in Europe 
are habitat degradation and development for hydropower production 
(Hutchings et al. 2019). Freshwater populations often show a particularly 
high degree of local adaptations through natural selection and genetic 
divergence compared to other anadromous Atlantic salmon populations 
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(Bourret et al. 2013), highlighting the need to conserve the unique 
landlocked salmon populations. 

In Lake Vänern (hereafter Vänern), Sweden, landlocked Atlantic salmon 
populations were isolated for thousands of years due to isostatic rebound 
following deglaciation, which cut the lake off from the sea (Nilsson et al. 
2001). Adult salmon from one of the populations migrate from Vänern to 
the River Klarälven (hereafter Klarälven) to spawn. After hatching, juveniles 
reside in the river for two to three years before migrating back to Vänern 
for feeding. The River Trysilelva (hereafter Trysilelva), and associated tributaries 
or rivers and lakes in Norway, constitutes the upper parts of the Klarälven 
watershed. Landlocked Atlantic salmon from Vänern could reach the upper 
parts of the Klarälven watershed before hydropower plants were built from 
1904 to 1961, but are now extinct in the upper parts of the watershed. The 
Atlantic salmon population in the Klarälven watershed has declined by 95% 
due to overfishing, dam construction, hydropower development, timber floating, 
and industry (Hedenskog et al. 2015; Olstad et al. 2020). Approximately 88% 
of the watershed stretches inhabitable for Atlantic salmon are in Norway 
(Thorstad et al. 2021), yet the population is now confined to the lower 
Klarälven section in Sweden. 

Species reintroduction is often an attractive method in conservation work 
(Ripple and Beschta 2012; Seddon et al. 2007) and is defined as “the intentional 
movement and release of an organism inside its indigenous range from 
which it has disappeared” (IUCN/SSC 2013: p. 3). The local Norwegian 
authorities have proposed to reintroduce Atlantic salmon to Trysilelva 
through importation of adult salmon spawners. These fish, captured in the 
lower parts of Klarälven in Sweden, would be transported in tanks, and 
released in the Norwegian part of the watershed to spawn. After some years, 
the juveniles would migrate back to Vänern as smolt. Hence, reintroducing 
adult salmon spawners in tanks is not a permanent solution since the adult 
fish need to be moved annually. Due to the obstruction over recent decades 
of free fish migration through the river system, there has been a divergence 
in the occurrence of invasive species and pathogens between the Swedish 
and Norwegian parts of the watershed. Man-made connections between 
Vänern and other watersheds facilitate a potential spread of invasive species 
and pathogens to Vänern. In addition, four timber flumes connect Trysilelva 
to River Glomma (hereafter Glomma), the largest watershed in Norway, which 
may facilitate the spread of invasive species and pathogens to a larger area. 
If these invasive species and pathogens were to become introduced, spread 
and established in Norway, they could potentially have significant ecological 
impacts. Such risks need to be carefully considered prior to the implementation 
of any reestablishment efforts (McLaughlin et al. 2013). 

Here, we assess potential negative effects on biodiversity and ecosystems 
associated with reintroduction of this native but locally extinct Atlantic 
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Figure 1. Map of Trysilelva and Klarälven from Femunden to Vänern, including the Göta kanal 
and Trollhätte kanal, and the timber flumes that connect the Klarälven watershed to the Glomma 
watershed. The power plants are indicated in red on the map, while the white area represents the 
combined Glomma and Trysilelva watersheds in Norway. The arrows indicate the direction of 
water flow. 

salmon to Trysilelva. We present an environmental risk assessment that 
includes invasive species and pathogenic infective organisms. To the best 
of our knowledge, this is the first time such a comprehensive risk assessment 
has been performed prior to the re-introduction of a native species. The 
example we present may be representative of many cases where specimens 
are moved between sites or migration barriers are removed, thus allowing 
free passage of migrating species. We address the broader implications of 
such reintroductions, including the balance between conserving native species 
and managing the risks associated with invasive species and pathogens. 

Materials and methods 

Study area 

Vänern and Trysilelva/Klarälven are part of the longest watershed in 
Scandinavia, shared between Norway and Sweden (Hedenskog et al. 2015) 
(Figure 1). The watershed originates in Lake Rogen in Sweden and continues 
into Norway to Lake Femunden, (hereafter Femunden) and thereafter through 
several smaller lakes and rivers to Trysilelva. Trysilelva flows back into 
Sweden, where it changes its name to Klarälven. Klarälven enters Vänern, 
which is the largest lake in Sweden and the third largest lake in Europe. 
Vänern drains into the Kattegat Sea area through the River Göta älv, 
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entering the sea at Gothenburg on the Swedish west coast. The elevation 
difference between Femunden and Vänern is 617 meters, and the length of 
the Trysilelva/Klarälven river course is about 400 km (Hedenskog et al. 2015). 

The Klarälven catchment is significantly affected by the generation of 
hydropower, with eleven hydroelectric plants constructed from the early 
20th century up until the 1960s. Nine of these plants are in Klarälven, while 
the remaining two are in Trysilelva (Figure 1). Höljes Power Plant is the 
largest facility and the only one with an upstream reservoir, whereas the 
remaining power plants are run-of-the-river facilities (Hedenskog et al. 2015). 
All power plants include dams that block upstream fish migration, except 
the two uppermost power plants in Trysilelva where fish passages are 
installed (Hedenskog et al. 2015). When the Höljes power plant was built 
in the 1960s, this ended the migration of Atlantic salmon and brown trout 
(S. trutta Linnaeus, 1758) to upstream areas, including Trysilelva and all 
stretches that used to be accessible to migrating salmonids in the upper 
watershed (Hedenskog et al. 2015). 

Some notable man-made waterways connect the Klarälven watershed to 
other watersheds. The Trollhätte kanal (82 km) and the Göta kanal (191 km) 
form parts of a 390 km long waterway, creating a navigable path from 
Gøteborg on the west coast to the Baltic Sea. Opened in 1800 and 1832, 
respectively, the Trollhätte kanal and the Göta kanal facilitated the introduction 
of migrating species into Vänern from the Kattegat and the Baltic Sea. 
Consequently, Vänern today hosts numerous non-native species (Josefsson 
and Andersson 2002). The Glomma watershed in Norway, which includes 
the country’s longest river, Glomma, has a catchment area of 47,400 km2, 
while the Norwegian part of the Klarälven watershed covers 5,400 km2 
(source: https://nevina.nve.no/). There are no natural connections between 
the two watersheds. However, a canal featuring four timber flumes was 
constructed in 1715 between Femunden and Lake Feragen, linking these 
two watersheds. This canal was used for timber transport until 1973 and 
was restored in the 1990s. Since 2010, it has been included in a UNESCO 
World Heritage Site. Several species have spread from Femunden to the 
Glomma watershed after the timber flumes were constructed, such as northern 
pike (Esox Lucius Linnaeus, 1758), European perch (Perca fluviatilis 
Linnaeus, 1758), European whitefish (Coregonus lavaretus (Linnaeus, 1758)), 
grayling (Thymallus thymallus (Linnaeus, 1758)), burbot (Lota lota 
(Linnaeus, 1758)), and common minnow (Phoxinus phoxinus (Linnaeus, 
1758)). Invasive organisms hitchhiking with reintroduced Atlantic salmon 
could spread along the same pathway and reach a large area of Norway. 

Risk assessment 

The risk assessment was based on a literature review and qualitative evaluation 
by expert judgement. The risk of impacts on native biodiversity and ecosystems 
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Table 1. Ratings used to assess the magnitude of the negative impact. 

Rating Descriptors 
Minimal No known impact on native biodiversity and ecosystems 

Minor Potential impact on biodiversity and ecosystems, but only occasional deaths of individuals, hence minor 
effect on biodiversity and ecosystems 

Moderate Impact may cause a moderate reduction in viability and adaptability of native populations, hence moderate 
impacts on biodiversity and ecosystems 

Major Impact may cause severe reductions in native populations, hence major impacts on biodiversity and 
ecosystems 

Massive Impact may cause severe reductions in native biodiversity (local extinctions), hence massive impacts on 
biodiversity and ecosystems 

Table 2. Ratings used to assess the likelihood of the negative impact. 

Rating Descriptors 
Very unlikely Negative consequences would be expected to occur with a likelihood of 0-5% 
Unlikely Negative consequences would be expected to occur with a likelihood of >5-10% 
Moderately likely Negative consequences would be expected to occur with a likelihood of >10-50% 
Likely Negative consequences would be expected to occur with a likelihood of >50-75% 
Very likely Negative consequences would be expected to occur with a likelihood of >75-100% 

Table 3. Ratings used for describing the level of confidence for both impact and likelihood. 
Rating Descriptors 
Very low There is very little or no published data on the topic. Only expert judgment used 
Low Available information on the topic is limited, and we use mostly expert judgments 
Medium Some published information exists on the topic, but expert judgments are still used 
High There is sufficient published information, and expert judgments are in concurrence 

Very high The topic is very well debated in peer-reviewed journals and international reports. Expert 
judgments are in concurrence 

was assessed for relevant free living invasive species and pathogenic infective 
organisms (bacteria, viruses, and parasites). We first identified invasive 
species and pathogenic infective organisms that may spread to the upper 
Klarälven watershed with reintroduction of Atlantic salmon. For each of the 
invasive species and pathogens, we then assessed the magnitude of the 
potential negative impact on native biodiversity and ecosystems if they 
become established (Table 1), and the likelihood that the negative impact 
would occur (Table 2). The likelihood of impact includes a combined 
assessment of the likelihood: 1) that the invasive species and pathogens will 
be transferred to Norway with the fish transports, and 2) that the invasive 
species and pathogens will have a negative impact if introduced. Likelihoods 
are expressed as percentages to reduce ambiguity and increase consistency 
across different assessments (Burgman 2005). The level of confidence for 
both magnitude and likelihood was also included, based on available data 
(Table 3). The conclusion of the assessments in terms of low, moderate, or 
high risk, was based on the product of the magnitude and likelihood for the 
impact in question. All categories were thoroughly discussed among the experts 
prior to performing the risk assessment to ensure a common understanding. 

Results 

We identified various organisms that might spread to the upper Klarälven 
watershed. These species are currently found in Sweden but not beyond the 
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Höljes power plant in Trysilelva in Norway. The organisms also include those 
that are currently absent but have active pathways for entering Vänern, Klarälven, 
and its tributaries, making their introduction likely. The organisms were 
categorized into four groups: invasive species, viral pathogens, bacterial 
pathogens, and pathogen parasites. First, we present the specific organisms. 
Then, we assess their potential magnitude of impact on biodiversity in 
Norway, and the likelihood that an introduction and establishment will 
occur via the transport of Atlantic salmon into Norway. 

Invasive species 

The signal crayfish (Pacifastacus leniusculus (Dana, 1852)) was introduced 
from North America to Europe in the 1960s. This species is known to 
adversely affect aquatic ecosystems, such as stream invertebrates, freshwater 
pearl mussel (Margarita margaritifera (Linnaeus, 1758)), noble crayfish 
(Astacus astacus (Linneaus 1758)), salamanders, and salmonids, and can 
carry the oomycete pathogen Aphanomyces astaci Schikora, 1906 (Skurdal 
et al. 2017; Velle et al. 2021). A notable behavior of the signal crayfish is its 
tendency to create burrows, which can become dense (up to 14 per square 
meter) and cause the collapse of riverbanks. The dispersal of signal crayfish 
is often due to deliberate and unlawful introductions for culinary purposes, 
and accidentally through activities such as fish relocation or via contaminated 
fishing nets and boats. The signal crayfish is established in around 5000 
locations in Sweden, including the Vänern watershed (Bohman and 
Edsman 2011). In Norway, it has been detected in ten sites between 2006 
and 2021 (Velle et al. 2021). Overall, the signal crayfish will have a moderate 
impact (high confidence). This is unlikely to occur (low confidence). 

The Chinese mitten crab (Eriocheir sinensis H. Milne Edwards, 1853) is 
an invasive species in North America and Europe (Herborg et al. 2007; 
Veilleux and Lafontaine 2007). It poses serious ecological and economic 
threats and can also carry the oomycete pathogen A. astaci (Svoboda et al. 
2017). It has been sporadically found in Norway, including in the Glomma 
estuary (Krog et al. 2009). Its ability to complete its life cycle in Norway 
remains uncertain. In Sweden, consistent sightings of this crab along coastal 
areas date back to the 1930s, and it is now prevalent in Vänern (Drotz et al. 
2010; Drotz et al. 2012). The crab’s small larval stages are easily transported 
in water, but mature crabs must migrate to estuaries for spawning. The 
nearest estuary to the Trysilelva region is about 300 kilometers away, reachable 
through a series of rivers, timber flumes, and lakes. Overall, the Chinese 
mitten crab will have a major impact (high confidence). This is very unlikely 
to occur (medium confidence). 

The round goby (Neogobius melanostomus (Pallas, 1814)) is a euryhaline 
and bottom-dwelling fish from central Eurasia. It is invasive and has 
considerable ecological and economic effects (Corkum et al. 2004). This species 
outcompetes many native species, rapidly dominating resources, such as 
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food, hiding spots, and nesting sites (Poos et al. 2010). Additionally, it 
preys effectively on various organisms (Fitzsimons et al. 2009). In the Gulf 
of Gdańsk, the round goby’s parasite fauna includes at least 12 species 
(Kvach and Skóra 2007), and it hosts the invasive and parasitic nematode 
Anguillicoloides crassus (Kuwahara, Niimi & Itagaki, 1974) in the Baltic Sea 
(Kvach 2004). Round goby has established large populations in the Baltic 
Sea and along the Swedish west coast at the mouth of the River Göta älv 
(Puntila et al. 2018). However, it has not been detected in Vänern. The 
round goby lays its eggs on hard surfaces like stones, shells, and aquatic 
plants, which suggests that egg introduction via water is unlikely. Overall, 
the round goby will have a major impact (medium confidence). This is very 
unlikely to occur (medium confidence). 

The zebra mussel (Dreissena polymorpha (Pallas, 1771)) is a small freshwater 
bivalve. It is one of the most aggressive invasive species in freshwater 
environments globally (Karatayev and Burlakova 2022). Its invasive success 
is attributed to its broad ecological niche, and rapid population growth. As an 
ecosystem engineer, it alters and creates new habitats, influencing trophic 
dynamics and food availability for both pelagic- and benthic species 
(Karatayev et al. 2002; Strayer 2009) and has detrimental impacts on ecology, 
economy, and ecosystem services (McKindsey et al. 2007; Strayer 2009). 
It competes with the native freshwater pearl mussel (Ricciardi et al. 1998). 
Zebra mussels inhabit lakes in Sweden but have not been found in Vänern 
(von Proschwitz and Wengström 2021). They require ion-rich water to 
proliferate, particularly magnesium (Hallstan et al. 2010). A natural barrier 
of soft-water lakes separates the zebra mussel populations in eastern Sweden 
from Vänern. Overall, the zebra mussel will have a massive impact (high 
confidence). This is very unlikely to occur (medium confidence). 

The Canadian pondweed (Elodea canadensis Michaux, 1803) is an aquatic 
plant native to North America. It forms dense mats that disrupt human 
activities, hinder water flow, block sunlight, create anoxic conditions, 
and accumulate sediments, adversely affecting water quality, habitats, and 
ecosystems (Barrat-Segretain 2005; Josefsson and Andersson 2002; Simpson 
1984). Such changes can alter native plant community compositions (Mjelde 
et al. 2012) and cause crayfish population declines (Hessen et al. 2004). The 
species has spread across Europe (Josefsson 2011), driven by broad ecological 
adaptability, asexual reproduction, rapid regeneration from small fragments 
(Redekop et al. 2016), and dispersal of fragments via water, waterfowl, and 
humans (Anderson et al. 2014; Spicer and Catling 1988). Canadian pondweed 
was introduced to Norway in the 1920s and was found in 101 locations by 2013 
(Anglès d’Auriac et al. 2019). In Sweden, it is widespread, including around 
Vänern (Palmgren 2005). Overall, Canadian pondweed will have a major 
impact (high confidence). This is unlikely to occur (medium confidence). 
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Viral pathogens 

The infectious haematopoietic necrosis virus (IHNV) is the causative agent 
of infectious hematopoietic necrosis (IHN), a disease resulting in high 
mortality among various fish species, including Atlantic salmon (Dixon et al. 
2016; St-Hilaire et al. 2002). Juvenile fish are particularly susceptible, and 
those that survive an infection become lifelong carriers. While IHNV is not 
found in Vänern today, the ongoing importation of susceptible species poses 
a risk for introducing the virus. This includes the importation of European 
eel (Anguilla anguilla (Linnaeus, 1758)) into Vänern and its catchments, 
and rainbow trout (Oncorhynchus mykiss (Walbaum, 1792) that are used in 
aquaculture and put and take fisheries. After introduction, there will be no 
effective measures to either limit the spread of IHNV or mitigate its impact. 
In 2022, IHN was detected in Denmark for the first time after rainbow 
trout imports from Germany (Sommerset et al. 2022; Vendramin et al. 
2021). Before the detection was made, however, the virus had spread 
further to eight farms and three put and take lakes in Denmark, and also to 
Åland in Finland by export of rainbow trout (Sommerset et al. 2022). Overall, 
IHNV will have a major impact (medium confidence). This is moderately 
likely to occur (low confidence). 

The viral haemorrhagic septicemia virus (VHSV) has caused significant 
mortality in various fish species in the Great Lakes region of the United 
States and Canada. It causes high mortality, can infect over 80 fish species 
and has a notable capacity for adapting to new hosts (Bootland and Leong 
1999; OIE 2019). In 2019, VHSV outbreaks occurred in Austria, Belgium, 
the Czech Republic, France, Germany, Italy, Poland, and Switzerland (EURL 
2019). Currently, VHSV is not found in Vänern. However, the importation 
of susceptible species, such as rainbow trout for aquaculture and put-and-
take fisheries, poses a risk for introducing VHSV to Vänern, Klarälven, and 
their tributaries. Should VHSV be introduced into Trysilelva, its further 
spread via fish migration in connected water bodies is likely. Presently, 
there are no effective measures to limit the spread of VHSV or reduce its 
impact on affected fish populations. Overall, VHSV will have a massive impact 
(very high confidence). This is moderately likely to occur (low confidence). 

There are many genetically distinct strains of the piscine orthoreovirus 
(PRV). PRV-1 causes heart and skeletal muscle inflammation (HSMI) in 
Atlantic salmon (Palacios et al. 2010; Wessel et al. 2017), and can also infect 
other salmonids (Di Cicco et al. 2018; Purcell et al. 2020). PRV-2 causes 
Erythrocytic Inclusion Body Syndrome in coho salmon (O. kisutch (Walbaum, 
1792)) (Takano et al. 2016). PRV-3 causes a disease resembling HSMI in 
rainbow trout (Olsen et al. 2015) and is also a prevalent virus in wild 
anadromous brown trout (Garseth et al. 2019). In this context, PRV-1 is 
the most relevant genotype. HSMI, caused by PRV-1, is characterized by 
abnormal swimming behavior, anorexia, and mortality rates of up to 20% 
(Kongtorp et al. 2006). PRV-1 is prevalent in farmed Atlantic salmon 
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(Sommerset et al. 2022) and has been found in wild Atlantic salmon and 
anadromous brown trout in Norway and other countries (Garseth and 
Biering 2018; Madhun et al. 2018). In Sweden, a study of wild Atlantic 
salmon revealed PRV-1 in one of 24 tested fish in River Mörrum on the 
south coast (Vendramin et al. 2019). The status of PRV-1 in the Vänern water 
course remains unknown. Seventy-two percent of rainbow trout farms were 
found infected with PRV-3 in Denmark (Sørensen et al. 2020), suggesting 
PRV-3 may also be present in farmed rainbow trout in Vänern. Introduction 
of PRV-3 will have a moderate impact (medium confidence), and is unlikely 
to occur (medium confidence). Introduction of PRV-1 will have a minor impact 
(low confidence), and is moderately likely to occur (medium confidence). 

Aquabirnaviruses, found in aquatic environments globally, infect a wide 
range of aquatic organisms including numerous fish species, mollusks, and 
crustaceans (Gamil et al. 2015). Among these, the infectious pancreatic 
necrosis virus (IPNV) is known for causing acute catarrhal enteritis in 
salmonids (Rodriguez Saint-Jean et al. 2003). IPNV is particularly harmful 
to juvenile salmonids and can be transmitted via roe. Mortality rates during 
outbreaks range from very low to 90%, and surviving fish often become 
lifelong carriers. IPNV is notable for its resistance to disinfectants and its 
ability to remain infectious over extended periods in both seawater and 
freshwater. In Norway, the virus is predominantly found in farmed Atlantic 
salmon during both their freshwater and marine phases, leading to approximately 
20 outbreaks annually (Sommerset et al. 2022). In Sweden, IPNV is present 
in coastal areas and was detected in Vänern in 2016 (Axén et al. 2020). 
Overall, IPNV will have a minor impact (medium confidence). This is 
moderately likely to occur (medium confidence). 

The salmon gill poxvirus (SGPV) is a member of the Orthopoxviridae 
family and is the causative agent of salmon gill poxvirus disease affecting 
farmed Atlantic salmon (Gjessing et al. 2015). This virus is prevalent among 
both farmed and wild Atlantic salmon populations, though it has not been 
found in other species of fish. Symptoms in afflicted salmon include 
breathing difficulties, diminished appetite, and a susceptibility to additional 
infections. SGPV has been recorded in aquaculture along the coast of 
Norway and in Canada, the Faroe Islands, Iceland, and the UK (LeBlanc 
et al. 2019; Sommerset et al. 2022). However, SGPV occurrences have not 
been reported in landlocked salmon in Norway. SGPV has not been found 
in the export or import areas in the Vänern watershed. Overall, SGPV 
will have a minimal impact (low confidence). This is unlikely to occur 
(medium confidence). 

Fish rhabdoviruses (other than VHSV and IHNV) belong to the Sprivivirus, 
Novirhabdovirus, and Perhabdovirus (Hoffmann et al. 2005; Stone et al. 
2013). These viruses have been identified in many wild and farmed fish species 
in marine and freshwater environments and cause significant mortalities 
(e.g., Björklund et al. 1994; Dannevig et al. 2001; De Kinkelin et al. 1973). 
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Examples include grass carp rhabdovirus, tench rhabdovirus, pike fry 
rhabdovirus, Siniperca chuatsi rhabdovirus, eel rhabdovirus European X, 
eel virus American, perch rhabdovirus, Swedish sea trout virus, European 
lake trout rhabdovirus, snakehead rhabdovirus, hirame rhabdovirus, and 
eelpout rhabdovirus. The presence of rhabdoviruses in the Vänern watershed 
is unclear due to the lack of monitoring. However, it is believed that 
rhabdoviruses will emerge in Europe in the coming decades. Given their 
capacity for host-switching, these viruses are expected to affect a variety of 
fish hosts (Pallandre et al. 2021). Overall, rhabdoviruses will have a 
moderate impact (very low confidence). This is moderately likely to occur 
(low confidence). 

The infectious salmon anaemia virus (ISAV) belongs to the Orthomyxoviridae 
family and includes the non-virulent ISA-HPR0 and the virulent ISA-
HPRdel. Whereas ISA-HPR0 causes a transient infection of epithelial cells 
of gills and the skin, ISA-HPRdel infects and propagates in endothelial cells, 
causing serious disease and mortality (Evensen et al. 1991; Mjaaland et al. 
2002). The HPR0 viruses have widespread distribution in the fresh- and 
saltwater phases of both farmed and wild salmon populations. Most 
countries farming Atlantic salmon have experienced outbreaks, but the 
virus has not been reported in Sweden. ISAV can be carried by multiple 
fish species, including wild Atlantic salmon, brown trout, and rainbow 
trout. The susceptibility of northern pike, European perch, European whitefish, 
Arctic char (Salvelinus alpinus (Linnaeus, 1758)), and grayling is unknown. 
Overall, ISA-HPR0 will have a minimal impact (medium confidence). This 
is moderately likely to occur (low confidence). ISA-HPRdel will have a moderate 
impact (low confidence). This is moderately likely to occur (low confidence). 

The salmonid alpha virus (SAV) is a virus belonging to the Togaviridae 
family. Depending on strain and fish species, it causes pancreatic disease or 
sleeping disease in salmonid fishes in both fresh- and saltwater fish 
(Deperasińska et al. 2018). Infected fish display reduced appetite, circulatory 
disturbance, and loss of exocrine pancreatic tissue in the late phase (Jansen 
et al. 2017). Six genotypes have been classified based on sequence data 
(SAV1-6), where SAV2 occurs in both freshwater and seawater. SAV infections 
have been documented from most places where Atlantic salmon or rainbow 
trout are farmed in Europe (Sommerset et al. 2022). The documented host 
range for SAV includes Arctic char, Atlantic salmon, common dab (Limanda 
limanda (Linnaeus, 1758)), and rainbow trout at all life stages. Most natural 
infections occur in seawater, but may likely occur during the freshwater parr 
stage of Atlantic salmon (McVicar 1990). SAV has not been documented in 
Vänern. Overall, SAV will have a moderate impact (low confidence). This is 
moderately likely to occur (low confidence). 

Bacterial pathogens 

Renibacterium salmoninarum Sanders and Fryer, 1980 causes the severe 
condition bacterial kidney disease (BKD) in salmonids. The bacterium can 
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transmit vertically (Evelyn et al. 1985) and fish can become lifelong subclinical 
carriers (Jónsdóttir et al. 1998), making eradication difficult. The infection 
status in Femunden and Trysilelva watershed remains unknown, but it has 
not been detected in landlocked Atlantic salmon or brown trout in Norway 
(Garseth et al. 2020). In Sweden, R. salmoninarum was first reported in 
1985 and has since spread inland and along the coast. BKD outbreaks were 
recorded in rainbow trout in the Vänern watershed in the late 1980s and 
early 1990s. The occurrence of minor, undetected BKD outbreaks among 
wild salmonid populations remains a possibility. In 2019, BKD was diagnosed 
in farmed fish at six locations in Sweden and in a wild Arctic char in Lake 
Vättern (Axén et al. 2020). Overall, R. salmoninarum will have a major 
impact (medium confidence). This is likely to occur (low confidence). 

Aeromonas salmonicida subsp. salmonicida Austin et al., 1989 causes the 
severe disease furunculosis (or “classical” furunculosis) primarily in salmonids 
(Cipriano and Bullock 2001). Prior to vaccination in Norwegian salmon 
aquaculture in the early 1990s, the disease spread to several Norwegian 
rivers, where it caused significant mortalities in wild salmon and trout 
(Johnsen and Jensen 1994). A few waterways along Norway’s west coast 
remain endemically infected (Garseth et al. 2022; Sommerset et al. 2022). 
The bacterium has never been detected in Trysilelva, and the current infection 
status in the upper Klarälven watersheds is unknown. Furunculosis has been 
reported in Swedish salmonid aquaculture, including four cases in 2019, 
none of which were connected to Vänern (Garseth et al. 2020). A diverse 
range of so-called “atypical” A. salmonicida variants, associated with a similarly 
diverse range of clinical manifestations collectively termed “atypical” 
furunculosis in fish, also exists (Gulla et al. 2019). This bacterial group has 
a worldwide distribution, with the multitude of variants often showing affinity 
for a narrow range of host species, where they may cause serious disease. 
At least five variants have been documented from Sweden (Gulla et al. 
2019), including at least one in a river draining into Vänern (Garseth et al. 
2020). Overall, A. salmonicida subsp. salmonicida will have a major impact 
(medium confidence). This is moderately likely to occur (low confidence). 
“Atypical” furunculosis will have a minor impact (low confidence). This is 
moderately likely to occur (low confidence). 

Flavobacterium psychrophilum (Bernardet and Grimont 1989 ex Borg 
1960) Bernardet et al. 1996 may cause severe disease primarily in salmonid 
fry and parr. The bacterium is commonly found in temperate freshwater 
environments, and strains differ in virulence and host specificity (Nilsen et 
al. 2014). Some have been spread via anthropogenic activities (Nicolas et al. 
2008). Vertical transmission of F. psychrophilum is likely possible, and its 
potential to reside within egg cells makes it resistant to disinfection (Brown 
et al. 1997; Cipriano 2005). F. psychrophilum is a frequent cause of disease 
in farmed rainbow trout in Sweden (Garseth et al. 2020). It is likely present 
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in the Vänern watershed given its prevalence in freshwater environments. 
However, it remains uncertain whether strains found in these areas are 
capable of infecting or causing disease in Atlantic salmon. In Norway, F. 
psychrophilum is sporadically detected in salmonid species, including Atlantic 
salmon (Sommerset et al. 2022). Overall, disease due to F. psychrophilum 
infection will have a minor impact (medium confidence). This is moderately 
likely to occur (low confidence). 

Flavobacterium columnare (Bernardet and Grimont 1989 ex Davis 1922) 
Bernardet et al. 1996 causes columnaris disease, which can lead to high 
mortality in wild fish populations (Declercq et al. 2013). The bacterium 
potentially affects a wide range of fish species. F. columnare typically 
becomes a concern at water temperatures around 18–22 °C and is rarely 
associated with disease below 15 °C (Austin and Austin 2012). To date, 
F. columnare has not been reported in Norway, but has been found in 
salmonid fish farms in Sweden (Axén et al. 2020). Given the ongoing 
global warming, the significance of F. columnare in Northern Europe may 
increase. Overall, the impact of F. columnare will be moderate (low 
confidence). This is unlikely to occur (low confidence). 

Yersiniosis is caused by Yersinia ruckeri Ewing et al., 1978 and constitutes 
a significant disease problem in salmonid aquaculture. Although it is mainly 
found in farmed rainbow trout around the world, in Norway, this disease is 
predominantly identified in farmed Atlantic salmon (Sommerset et al. 
2023). While only a small proportion among a wide range of Y. ruckeri 
genotypes/strains have been extensively linked to fish disease (Gulla et al. 
2018), low-virulent strains have been shown to be widespread in freshwater 
environments connected to salmonid aquaculture in Norway (Riborg et al., 
2022) and this may also be the case for Vänern and surrounding watersheds. 
Overall, the impact of Y. ruckeri will be minimal (medium confidence). 
This is moderately likely to occur (low confidence). 

Parasites 

Gyrodactylus salaris Malmberg, 1957 causes gyrodactylosis in Atlantic 
salmon. This monogenean infests the external surfaces of many salmonids, 
but only Atlantic salmon suffer from severe disease. In Norwegian rivers, 
G. salaris has been responsible for severe disease outbreaks in Atlantic 
salmon parr, with an average mortality rate of 86% (Johnsen et al. 1999, 
Mo 2024). While G. salaris is not native to Norway, it is naturally found in 
lakes and rivers that drain into the Baltic Sea (Kudersky et al. 2003; 
Kuusela et al. 2007; Malmberg and Malmberg 1993; Meinilä et al. 2004). 
The first detection of G. salaris in the Vänern watershed was in 1972 on 
rainbow trout at a fish farm (Malmberg and Malmberg 1993). The parasite 
was first observed on Atlantic salmon in Vänern in 2013 (Olstad et al. 
2013). To date, three closely related haplotypes of G. salaris have been 
identified on salmon in Klarälven and Vänern (Olstad et al. 2013). Overall, 
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G. salaris will have a massive impact (high confidence). This is likely to 
occur (medium confidence). 

The parasitic ciliate Ichthyophthirius multifiliis Fouquet, 1876 is responsible 
for white spot disease, which affects many freshwater fish species, including 
salmonids. This disease can impact various stages of salmonids and other 
freshwater fish, potentially altering their behavior and making them more 
susceptible to predation. Disease outbreaks can occur in water temperatures 
as low as 6 °C but are most common during the warmest part of the year 
(Dickerson 2012). Such outbreaks have been observed in spawning wild 
salmonids (Traxler et al. 1998). More recently, outbreaks of white spot 
disease were reported in European eel in the river Ätran and other rivers 
along the Swedish west coast (C. Axén, Swedish Veterinary Agency, pers. 
comm.). Overall, I. multifiliis will have a moderate impact (medium 
confidence). This is moderately likely to occur (medium confidence). 

The myxozoan parasite Tetracapsuloides bryosalmonae (Canning et al., 
1999) causes proliferative kidney disease (PKD) in salmonids, typically 
manifesting when water temperatures exceed 15 °C (Okamura et al. 2011). 
The disease predominantly harms the kidney and spleen of salmonids and 
has 60 to 70% mortality rates (Sterud et al. 2007). Individuals that recover 
can carry T. bryosalmonae without showing disease symptoms (Soliman et al. 
2018) and develop immunity. The life cycle of T. bryosalmonae involves 
bryozoans as the primary host and salmonids as the secondary host 
Tetracapsuloides bryosalmonae can also influence the growth and viability 
of its bryozoan hosts adversely (Tops et al. 2009). The parasite has been 
detected in Atlantic salmon, brown trout, Arctic char, and European whitefish 
in several rivers and lakes in Norway (Mo and Jørgensen 2017; Oredalen et al. 
2022), though similar monitoring efforts in Swedish rivers are lacking. 
Overall, T. bryosalmonae will have a major impact (high confidence). This 
is very likely to occur (medium confidence). 

The myxozoan Myxobolus cerebralis Hofer, 1893 causes whirling disease 
in salmonids (Hoffman 1990). This parasite targets the nervous system and 
inflicts damage to the cartilage and backbones during early life stages 
(Gilbert and Granath 2003). As a result, the swimming ability of the 
affected fish is compromised, making them more vulnerable to predation. 
Reports confirm the presence of M. cerebralis in salmonid populations in 
both Norway and Sweden (Alexander and Bartholomew 2020). However, the 
exact geographical distribution of this parasite in wild salmonids is unknown. 
Overall, whirling disease will have a moderate impact (low confidence). 
This is likely to occur (medium confidence). 

Parasitic crustaceans belonging to the genus Salmincola are referred to 
as gill maggots since they attach to the gills of freshwater fish, especially 
salmonids, where they feed on blood and tissue. Gill maggots have typically 
little impact on their fish hosts, although they can have serious impact when 
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becoming very numerous (Black 1982). Their presence can impair the 
respiratory efficiency of the host. This can make the fish more susceptible 
to predation and other adverse effects, particularly when water temperatures 
rise, and dissolved oxygen levels decrease (Vaughan and Coble 1975). 
Species of Salmincola are documented in salmonids in both Norway 
(Amundsen et al. 1997; Kusterle et al. 2012; Mo et al. 1998) and Sweden 
(GBIF 2023). Their presence and distribution in the Vänern watershed are 
unknown. Overall, gill maggots will have a minor impact (medium 
confidence). This is moderately likely to occur (medium confidence). 

The parasitic nematode Anguillicoloides crassus causes inflammation and 
bleeding in the swim bladder of European eel (Kirk 2003). The parasite 
uses several hosts and trophic levels to complete its life cycle (De Charleroy 
et al. 1990), which may potentially impact the broader aquatic ecosystem 
(Sjöberg et al. 2009; Wlasow et al. 1998). Anguillicoloides crassus was 
introduced to Europe with imports of live Japanese eel (Anguilla japonica 
Temminck & Schlegel, 1846) in the 1980s. The first record of A. crassus in 
Sweden was in 1988 from coastal areas (Höglund and Andersson 1993). It 
was later found in Swedish lakes, most likely because of eel stocking 
(Wickström et al. 1998). Anguillicoloides crassus is not reported from Vänern. 
However, it may be present since European eel has repeatedly been stocked 
in the lake. In Norway, A. crassus was first observed in a fish farm (Mo and 
Steien 1994) and has later been observed in eel in the lower part of a few 
rivers (Mo 2009). Overall, A. crassus will have a moderate impact (low 
confidence). This is unlikely to occur (medium confidence). 

The oomycete Aphanomyces astaci causes crayfish plague, which is a 
lethal disease in noble crayfish. This pathogen, native to North America, is 
asymptomatically carried by North American crayfish species. The widespread 
introduction of signal crayfish in Sweden has led to the decimation of 98% 
of all native crayfish populations from 1900 to 2020 (Bohman and Edsman 
2011; Jussila and Edsman 2020). A. astaci can spread both through its 
crayfish host and independently in water. Signal crayfish is established in 
Vänern. Crayfish plague is less prevalent in Norway compared to Sweden, 
but it has eradicated several populations of noble crayfish in Norway 
(Vrålstad et al. 2014). Overall, crayfish plague will have a massive impact 
(high confidence). This is moderately likely to occur (medium confidence). 

Risk characterization 

The summarized risks of negative impacts on native biodiversity and 
ecosystems from importing adult Atlantic salmon spawners from the lower 
reaches of the Klarälven watershed to the upper reaches of the watershed in 
Trysilelva are depicted in Figure 2. There is a high risk associated with A. astaci, 
VHSV, G. salaris, R. salmoninarum and T. bryosalmonae. In addition, there 
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Figure 2. Risk associated with the introduction of invasive species, parasites, and viruses with 
the transfer and release of adult Atlantic salmon (Salmo salar) from Klarälven in Sweden to the 
upper part of the watershed in Trysilelva in Norway. Green = low risk, yellow = moderate risk, 
red = high risk. 

is a moderate risk associated with 20 invasive species and pathogens, and a 
low risk associated with three pathogens. 

Discussion 

Sustainable ecosystem management and conservation efforts involving species 
reintroduction and habitat restoration should depend on knowledge-based 
ecological and regulatory frameworks (Velle et al. 2022). Global restoration 
efforts provide insights into the complexity of reintroducing species and 
restoring habitats. Learning from these experiences can enhance the 
effectiveness of future projects and reduce unintended effects. Reports of failed 
projects and risk assessments that led to project cancellation should also be 
included. These can serve as important resources for learning, helping to refine 
strategies and approaches in ecosystem restoration efforts. However, reports 
of failed projects or negative results are scarce and lack uniformity 
(Catalano et al. 2019; McLaughlin et al. 2013). 

Although Atlantic salmon can survive spawning and spawn multiple times, 
the high mortality at power plants during downstream migration makes it 
unlikely for fish to survive for consecutive spawning seasons (Hedenskog 
et al. 2015). Still, our study on Atlantic salmon in the Klarälven watershed 
has shown that moving fish to upstream reaches may enhance the spread of 
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invasive species and pathogens. In addition to a relatively rich native fauna 
and flora, Vänern hosts numerous non-native species, with intentional 
introductions including various fish species and the North American signal 
crayfish, alongside ornamental plants like Canadian pondweed (Josefsson 
and Andersson 2002). Unintentional introductions, such as the zebra mussel 
and Chinese mitten crab, likely arrived through ballast water (Josefsson 
and Andersson 2002). In addition, pathogens and parasites have spread 
from human activities, such as fish farming (Axén et al. 2020). The 
potentially significant ecological impacts of both intentional and accidental 
species introductions are well-documented (Clavero and García-Berthou 
2005; Early et al. 2016). 

Five of the invasive species and pathogens we assessed are associated 
with a high risk for biodiversity and 20 are associated with a medium risk. 
The invasive parasite G. salaris is one of the high-risk species, and previous 
introductions to Norway have demonstrated the destructive effects and 
considerable costs associated with such an invasion. Gyrodactylus salaris 
was introduced to Norway with import of infested fish and has spread via 
transport of infested fish between hatcheries and rivers. The parasite has 
had devastating effects on Atlantic salmon populations in 53 Norwegian 
rivers (Mo 2024). The parasite has now, as of May 2024, been eradicated 
from 43 Norwegian rivers where Atlantic salmon populations have also 
been restored at a cost of NOK 1.5 billion for research, monitoring, and 
eradication (Mo 2024). Indirect costs are significantly larger when considering 
funding for management, impacts on fish farms, and the reduction in tourism 
and fishing. The signal crayfish is an example of one of the medium- risk 
species in our assessment. This species can outcompete native species for 
resources and habitat, leading to declines in native biodiversity (Skurdal et al. 
2017; Velle et al. 2021). 

The results in our study, underscore the complex outcomes of reintroducing 
a locally extinct species from a source population, which in our case is 
analogous to an opening of migration barriers. A reintroduction of Atlantic 
salmon in the upper reaches of the watershed aims to boost biodiversity, 
ecosystem functions, and cultural use of the river, which is often the 
outcome when migration pathways are restored (Duda et al. 2021; Maloney 
et al. 2008). Yet, it can potentially disrupt ecological balances by enhancing 
the spread of invasive species and pathogens. Because of increased risk of 
invasive species causing the extinction of native species, some have argued 
for isolating habitats instead of enhancing connectivity (Hess 1994; 
Simberloff et al. 1992). In line with this, exclusion barriers, such as dams 
and weirs, have been used as a management strategy to control the spread 
of aquatic invasive species (Holthe et al. 2005; Jones et al. 2021). 

Our findings are contextualized against the dam removal movement 
(Bellmore et al. 2017; O’Connor et al. 2015). Dam removal initiatives globally 
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share common themes, such as concerns for public safety when the dams 
are old, economic reasons, and ecological restoration and reestablishment 
of historical migration pathways, aiming to restore water bodies to their 
natural state (Hart et al. 2002; O’Connor et al. 2015). For example, there 
are about one million dams in Europe, and the EU Biodiversity Strategy 
aims to restore river flow by removing unnecessary dams by 2030. The focus 
is often on smaller, low-barrier dams, influenced by the Water Framework 
Directive aiming to improve the ecological status of water bodies. However, it 
is necessary to carefully consider the ecological consequences of such projects. 
Indeed, previous studies have reported that invasive species can spread 
post dam removal (Freeman and Bowerman 2002; Orr and Stanley 2006; 
Tullos et al. 2016). In addition, dam removal may induce the spread of 
bioaccumulated toxins to upstream reaches through migrating fish (Freeman 
and Bowerman 2002). The removal of dams or the construction of fish 
passages, which enhances the spread of both native and invasive species 
(McLaughlin et al. 2013), is referred to as a “connectivity conundrum” 
(Zielinski et al. 2020). Our study indicates that the connectivity conundrum is 
also highly relevant when fish are moved between sites within a watershed 
with limited connectivity. 

Performing risk assessments using available literature and expert judgments 
is common in environmental risk analysis (Burgman 2005). However, this 
method has potential weaknesses, such as data limitations, possible subjectivity 
from expert opinions, and the dynamic nature of ecosystems that a static 
assessment might not fully capture (Dwyer 1990; National Research 
Council 1994; Wilkins 2003; Burgman 2005; Landis et al. 2013). Also, trying 
to understand and quantify interactions with coexisting native species is 
complex (Harrison and Cornell 2008), making predictions regarding 
introduction of invasive species challenging (Jeschke et al. 2014). This task 
is further complicated by ongoing climate change, which is expected to 
exacerbate the impacts of some pathogens (Elad and Pertot 2014; Marcos-
López et al. 2010) and cause species geographical range shifts (Trisos et al. 
2020). Our risk assessment has concentrated on a selected group of agents 
with well-established pathogenic potentials, as well as other organisms that 
may spread with Atlantic salmon as a biological vector and/or with its 
transportation water as a mechanical vector. A plethora of pathogens have 
been documented in freshwater Atlantic salmon populations in Norway and 
Sweden (Bakke and Harris 1998), but our understanding regarding their overall 
implications and prevalence is often lacking (Josefsson and Andersson 
2002; Miller et al. 2014). There is also a possible cumulative effect resulting 
from the accidental introduction of accompanying invasive species and 
pathogens (Tamburello and Litt 2023; Westby et al. 2019). Such cumulative 
effects are especially likely to occur in native fish, given the number of 
potential pathogens that can spread to fish with reintroduced Atlantic salmon. 
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Additionally, there is uncertainty regarding the future risk of introducing 
new pathogens through various means, such as aquaculture, introduction 
of imported European eels, put-and-take fisheries, ballast water, and other 
human activities. Lastly, the re-introduction of Atlantic salmon in the upper 
parts of the watershed will likely impact the current ecosystem. The most 
likely impact of reintroducing Atlantic salmon is a reduction in the brown 
trout population in the rivers due to competition for space and food as 
juveniles, and for spawning areas (Hesthagen et al. 2017). Feeding Atlantic 
salmon juveniles may also impact the density of benthic macroinvertebrate 
prey in rivers, though such effects are difficult to predict (Wooster 1994). 
Given uncertainties related to species interactions, climate change, lack of 
understanding about pathogens, potential cumulative effects, potential new 
pathogens, and the impact caused by Atlantic salmon, our risk assessment 
is likely conservative. 

To reduce the risk of spreading invasive species and pathogens when 
reintroducing Atlantic salmon to the upper Klarälven watershed, broodfish 
stocks should undergo screening procedures before transfer from Sweden 
to Norway. However, since many infectious agents often occur at low levels 
or prevalence in wild fish and/or may be found only in specific organs or 
persist in latently infected carriers, not detecting them across a small sub-
selection of samples/specimens would not guarantee their absence (Riborg 
et al. 2022; Suzuki et al. 2017). Moreover, stress caused by handling and 
moving may result in activation of sub-clinical infections with subsequent 
shedding and transmission to naïve fish (Riborg et al. 2022). Another 
precaution would be to place the broodfish in quarantine, during which they 
should be closely monitored for signs of disease and tested for infectious 
agents. Additionally, sterilizing spill water, equipment, and other materials 
could help eliminate invasive species and pathogens. Two more comprehensive 
risk mitigation strategies would be (1) to import fertilized eggs to a local 
Norwegian hatchery and release eggs directly into rivers or release them as 
juveniles or smolts, and (2) to import fertilized eggs and establish a long-
term broodstock in Norway using the live gene bank approach (Bøe et al. 
2021). From this broodstock, eggs can either be released into rivers or 
raised in a local hatchery for later release as juveniles or smolts. Both 
mitigation measures reduce the risk, especially the second one, as decreasing 
transportation water lowers impact likelihood, and transporting only eggs 
enhances disease control. 

When it comes to future needs, a continuous and comprehensive ecological 
monitoring, including appropriate biodiversity  metrics, is crucial for assessing 
the long-term impacts of species reintroduction and habitat restoration 
(Sinclair et al. 2024). This will help in understanding the resilience and 
adaptability of ecosystems to restoration efforts. The management should be 
targeted and adaptive, allowing for the continuous monitoring of reintroduced 
species and ecosystem responses. This strategy enables the adjustment of 
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management practices based on real-time ecological feedback, emerging 
knowledge, and changing environmental conditions. Also, there is a need to 
develop more sensitive and specific disease screening technologies that can 
detect a wide range of pathogens in various life stages of reintroduced species. 
The high-throughput qPCR (HT-qPCR) approach represents an example 
of such technologies (Teffer et al. 2020; Teffer and Miller 2019). This allows 
for preemptive management actions to prevent introduction and establishment 
of unwanted infectious agents in restored populations. The development of 
ecological models that can accurately simulate the outcomes of species 
reintroduction and ecosystem restoration efforts would also be of great use. 
These models may incorporate several factors, such as bioenergetics, 
ecological interactions, climate change scenarios, and human impacts, to 
provide insights into what factors that are most important to the success of 
reintroductions and unintended consequences (D’Acunto et al. 2023; Halford 
et al. 2024). Finally, the socio-economic implications of species reintroduction 
and dam removal projects are multifaceted, potentially impacting local 
communities, economies, cultural values, and ecosystems. Future studies should 
aim to quantify these impacts through an interdisciplinary approach. 

Conclusions 

This study illustrates the dual-edged nature of species conservation 
exemplified by the landlocked Atlantic salmon in the upper parts of the Klarälven 
watershed. It aims to restore a key ecosystem component and cultural river 
use, but also risks spreading invasive species and pathogens, threatening 
native populations and ecosystems. This mirrors global instances where species 
reintroductions caused unforeseen ecological impacts. We recommend against 
reintroducing Atlantic salmon now due to significant uncertainties about 
the presence of pathogens. Additionally, there are substantial challenges in 
reestablishing the population and ensuring welfare, especially given the high 
mortality rates of juvenile salmon migrating downstream through power plants. 

Looking ahead, reintroduced species have the potential to thrive in restored 
ecosystems, especially given changing climate and land-use patterns that 
will significantly affect species distributions and future biodiversity (Bellard et al. 
2012). However, the success of reintroduction projects relies on understanding 
ecological dynamics, monitoring, and managing risks of introducing pathogens 
and invasive species. This requires a multidisciplinary approach, combining 
scientific research, stakeholder collaboration, and adaptive, knowledge-based 
management practices. 

Authors’ contribution 
GV: original draft, sample design and methodology, investigation and data collection; data 
analysis and interpretation; EBT: research conceptualization, sample design and methodology, 
investigation and data collection; data analysis and interpretation, writing – review and editing; 
ÅHG: investigation and data collection; data analysis and interpretation, writing – review and 
editing; TG: investigation and data collection; data analysis and interpretation, writing – review 
and editing; SG: investigation and data collection; data analysis and interpretation, writing – 

https://doi.org/10.3391/mbi.2025.16.1.15
https://www.invasivesnet.org


Balancing the restoration of a native fish and the risks of hitchhiking invasive species 

 Velle et al. (2025), Management of Biological Invasions 16(1): 247–276, https://doi.org/10.3391/mbi.2025.16.1.15 267 

review and editing; HL: investigation and data collection; data analysis and interpretation, 
writing – review and editing; TAM: investigation and data collection; data analysis and 
interpretation, writing – review and editing; MM: research conceptualization, sample design 
and methodology, data analysis and interpretation, writing – review and editing. 

Acknowledgements  
This assessment was commissioned by the Norwegian Environment Agency and conducted by 
an interdisciplinary expert group appointed by the Norwegian Committee for Food and 
Environment (VKM). We would like to thank Charlotte Axén, Edmund Peeler, and a VKM 
approval group for their valuable comments on the full risk assessment (see Thorstad et al. 
2021). We would also like to extend our gratitude to Daniel Flø for creating the map and to 
VKM for providing the funding. Finally, we would like to thank three anonymous journal 
reviewers and the editor for constructive comments. 

Funding declaration 
This study was partly funded by the Norwegian Committee for Food and Environment. The 
funders had no role in study design, data collection, data analysis, decision to publish, or 
preparation of the manuscript. 
Publication of this study was partly supported by the European Union’s Horizon Europe 
HORIZON-CL6-2024-BIODIV-01 project “GuardIAS - Guarding European Waters from IAS”, 
under grant agreement no. 101181413 (Katsanevakis et al. 2024). 

References 
Alexander JD, Bartholomew JL (2020) Myxoboliosis (Myxobolus cerebralis). In: Woo 

PTK, Leong J-A, Buchmann K (eds), Climate change and infectious fish diseases. 
CABI, pp 381–403, https://doi.org/10.1079/9781789243277.0381 

Amundsen P-A, Kristoffersen R, Knudsen R, Klemetsen A (1997) Infection of Salmincola 
edwardsii (Copepoda: Lernaeopodidae) in an age-structured population of Arctic charr – a 
long-term study. Journal of Fish Biology 51: 1033–1046, https://doi.org/10.1111/j.1095-
8649.1997.tb01542.x 

Anderson LG, White PCL, Stebbing PD, Stentiford GD, Dunn AM (2014) Biosecurity and 
vector behaviour: evaluating the potential threat posed by anglers and canoeists as pathways 
for the spread of invasive non-native species and pathogens. PLoS ONE 9: e92788, 
https://doi.org/10.1371/journal.pone.0092788 

Anglès d’Auriac MB, Strand DA, Mjelde M, Demars BOL, Thaulow J (2019) Detection of an 
invasive aquatic plant in natural water bodies using environmental DNA. PLoS ONE 14: 
e0219700, https://doi.org/10.1371/journal.pone.0219700 

Austin B, Austin DA (2012) Bacterial fish pathogens (5 ed.), Springer Netherlands, 688 pp, 
https://doi.org/10.1007/978-1-4020-6069-4 

Axén C, Brytting M, Bujila I, Chenais E, Dryselius R, Eriksson H, Etterlin P, Forsgren E, Grant M, 
Gröndahl G, Hallgren G, Hansen A, Hestvik G, Hjertqvist M, Holmberg M, Hultén C, 
Höök H, Jernberg C, Jonsson J, König U, Lahti E, Larsdotter E, Lindblad M, Lundén A, 
Löf E, Nilsson H-O, Nilsson O, Nöremark M, Ohlson A, Persson Y, Persson-Waller K, 
Rosendal T, Ståhl K, Söderlund R, Sörén K, Thelander M, Troell K, Wallensten A, 
Wallgren P, Widgren S, Windahl U, Young B, Yousef N, Zohari S, Ågren E, Ågren E, 
Åsbjer E (2020) Surveillance of infectious diseases in animals and humans in Sweden 2019. 
Swedish veterinary agency. Report No 64, 140 pp 

Bakke TA, Harris PD (1998) Diseases and parasites in wild Atlantic salmon (Salmo salar) 
populations. Canadian Journal of Fisheries and Aquatic Sciences 55: 247–266, https://doi.org/10. 
1139/d98-021 

Barrat-Segretain M-H (2005) Competition between Invasive and indigenous species: impact of 
spatial pattern and developmental stage. Plant Ecology 180: 153–160, https://doi.org/10.1007/ 
s11258-004-7374-7 

Bellard C, Bertelsmeier C, Leadley P, Thuiller W, Courchamp F (2012) Impacts of climate 
change on the future of biodiversity. Ecology Letters 15: 365–377,  https://doi.org/10.1111/j.1461 
-0248.2011.01736.x 

Bellmore J, Duda JJ, Craig L, Greene SL, Torgersen CE, Collins MJ, Vittum K (2017) Status 
and trends of dam removal research in the United States. WIREs Water 4: e1164, 
https://doi.org/10.1002/wat2.1164 

Björklund HV, Olesen N, Jørgensen PEV (1994) Biophysical and serological characterization 
of rhabdovirus 903/87 isolated from European lake trout Salmo trutta lacustris. Diseases of 
Aquatic Organisms 19: 21–26, https://doi.org/10.3354/dao019021 

Black GA (1982) Gills as an attachment site for Salmincola edwardsii (Copepoda: 
Lernaeopodidae). Journal of Parasitology 68: 1172–1173, https://doi.org/10.2307/3281119 

https://doi.org/10.3391/mbi.2025.16.1.15
https://www.invasivesnet.org
https://doi.org/10.1079/9781789243277.0381
https://doi.org/10.1111/j.1095-8649.1997.tb01542.x
https://doi.org/10.1111/j.1095-8649.1997.tb01542.x
https://doi.org/10.1371/journal.pone.0092788
https://doi.org/10.1371/journal.pone.0219700
https://doi.org/10.1007/978-1-4020-6069-4
https://doi.org/10.1139/d98-021
https://doi.org/10.1139/d98-021
https://doi.org/10.1007/s11258-004-7374-7
https://doi.org/10.1007/s11258-004-7374-7
https://doi.org/10.1111/j.1461-0248.2011.01736.x
https://doi.org/10.1111/j.1461-0248.2011.01736.x
https://doi.org/10.1002/wat2.1164
https://doi.org/10.3354/dao019021
https://doi.org/10.2307/3281119


Balancing the restoration of a native fish and the risks of hitchhiking invasive species 

 Velle et al. (2025), Management of Biological Invasions 16(1): 247–276, https://doi.org/10.3391/mbi.2025.16.1.15 268 

Bohman P, Edsman L (2011) Status, management and conservation of crayfish in Sweden: 
results and the way forward. Freshwater Crayfish 18: 19–26, https://doi.org/10.5869/fc.2011.v18.19 

Bootland LM, Leong JC (1999) Infectious hematopoietic necrosis virus. In: Woo PTK, Bruno 
DW (eds), Fish Diseases and Disorders, Volume 3: Viral, Bacterial and Fungal Infections, 
CAB International, pp 57–121 

Bourret V, Kent MP, Primmer CR, Vasemägi A, Karlsson S, Hindar K, McGinnity P, Verspoor E, 
Bernatchez L, Lien S (2013) SNP-array reveals genome-wide patterns of geographical and 
potential adaptive divergence across the natural range of Atlantic salmon (Salmo salar). 
Molecular Ecology 22: 532–551, https://doi.org/10.1111/mec.12003 

Brown LL, Cox WT, Levine RP (1997) Evidence that the causal agent of bacterial cold-water 
disease Flavobacterium psychrophilum is transmitted within salmonid eggs. Diseases of 
Aquatic Organisms 29: 213–218, https://doi.org/10.3354/dao029213 

Burgman MA (2005) Risks and decisions for conservation and environmental management. 
Cambridge University Press, 488 pp, https://doi.org/10.1017/CBO9780511614279 

Bøe K, Bjøru B, Tangvold Bårdsen M, Nordtug Wist A, Wolla S, Sivertsen A (2021) 
Opportunities and challenges related to sperm cryopreservation in Atlantic salmon gene 
banks. Conservation Science and Practice 3: e552, https://doi.org/10.1111/csp2.552 

Catalano AS, Lyons-White J, Mills MM, Knight AT (2019) Learning from published project 
failures in conservation. Biological Conservation 238: 108223, https://doi.org/10.1016/j.biocon. 
2019.108223 

Cipriano RC (2005) Intraovum infection caused by Flavobacterium psychrophilum among eggs 
from captive Atlantic salmon broodfish. Journal of Aquatic Animal Health 17: 275–283, 
https://doi.org/10.1577/H05-003.1 

Cipriano RC, Bullock GL (2001) Furunculosis and other diseases caused by Aeromonas 
salmonicida. National Fish Health Research Laboratory, Fish Disease Leaflet, 66 pp 

Clavero M, García-Berthou E (2005) Invasive species are a leading cause of animal extinction. 
Trends in Ecology & Evolution 20: 110, https://doi.org/10.1016/j.tree.2005.01.003 

Corkum LD, Sapota MR, Skora KE (2004) The round goby, Neogobius melanostomus, a fish 
Invader on both sides of the Atlantic ocean. Biological Invasions 6: 173–181, 
https://doi.org/10.1023/B:BINV.0000022136.43502.db 

National Research Council (1994) Science and judgment in risk assessment. Washington, DC, 
National Academies of Sciences, Engineering, and Medicine: The National Academies 
Press, 672 pp, https://doi.org/10.17226/2125 

D’Acunto LE, Pearlstine L, Haider SM, Hackett CE, Shinde D, Romañach SS (2023) The 
Everglades vulnerability analysis: linking ecological models to support ecosystem 
restoration. Frontiers in Ecology and Evolution 11: 1111551, https://doi.org/10.3389/fevo. 
2023.1111551 

Dannevig B, Olesen N, Jentoft S, Kvellestad A, Taksdal T, Håstein T (2001) The first isolation 
of a rhabdovirus from perch (Perca fluviatilis) in Norway. Bulletin of the European 
Association of Fish Pathologists 21: 145–153 

De Charleroy D, Grisez L, Thomas K, Belpaire C, Ollevier F (1990) The life cycle of 
Anguillicola crassus. Diseases of Aquatic Organisms 8: 77–84, https://doi.org/10.3354/dao008077 

De Kinkelin P, Galimard B, Bootsma R (1973) Isolation and identification of the causative 
agent of “red disease” of pike (Esox lucius L. 1766). Nature 241: 465–467, https://doi.org/10. 
1038/241465a0 

Declercq AM, Haesebrouck F, Van den Broeck W, Bossier P, Decostere A (2013) Columnaris 
disease in fish: a review with emphasis on bacterium-host interactions. Veterinary Research 
44: 27, https://doi.org/10.1186/1297-9716-44-27 

Deperasińska I, Schulz P, Siwicki A (2018) Salmonid alphavirus (SAV). Journal of Veterinary 
Research 62: 1–6, https://doi.org/10.2478/jvetres-2018-0001 

Di Cicco E, Ferguson HW, Kaukinen KH, Schulze AD, Li S, Tabata A, Günther OP, Mordecai G, 
Suttle CA, Miller KM (2018) The same strain of Piscine orthoreovirus (PRV-1) is involved 
in the development of different, but related, diseases in Atlantic and Pacific salmon in 
British Columbia. FACETS 3: 599–641, https://doi.org/10.1139/facets-2018-0008 

Dickerson H (2012) Ichthyophthirius multifiliis. In: Woo PTK, Buchmann K (eds), Fish 
parasites: pathobiology and protection. CABI, Wallingford, U.K., pp 55–72 

Ding L, Liqiang C, Ding C, Tao J (2018) Global trends in dam removal and related research: a 
systematic review based on associated datasets and bibliometric analysis. Chinese Geographical 
Science 29: 1–12, https://doi.org/10.1007/s11769-018-1009-8 

Dixon P, Paley R, Alegria-Moran R, Oidtmann B (2016) Epidemiological characteristics of 
infectious hematopoietic necrosis virus (IHNV): a review. Veterinary Research 47: 63, 
https://doi.org/10.1186/s13567-016-0341-1 

Drotz M, Berggren M, Lundberg S, Lundin K, von Proschwitz T (2010) Invasion routes, current 
and historical distribution of the Chinese mitten crab (Eriocheir sinensis H. Milne Edwards, 
1853) in Sweden. Aquatic Invasions 5: 387–396, https://doi.org/10.3391/ai.2010.5.4.08 

Drotz M, Brodin T, Berggren M (2012) Distribution patterns of the Chinese mitten crab 
(Eriocheir sinensis H. Milne Edwards, 1853) in Lake Vänern, Sweden. Aquatic Invasions 7: 
243–249, https://doi.org/10.3391/ai.2012.7.2.010 

https://doi.org/10.3391/mbi.2025.16.1.15
https://www.invasivesnet.org
https://doi.org/10.5869/fc.2011.v18.19
https://doi.org/10.1111/mec.12003
https://doi.org/10.3354/dao029213
https://doi.org/10.1017/CBO9780511614279
https://doi.org/10.1111/csp2.552
https://doi.org/10.1016/j.biocon.2019.108223
https://doi.org/10.1016/j.biocon.2019.108223
https://doi.org/10.1577/H05-003.1
https://doi.org/10.1016/j.tree.2005.01.003
https://doi.org/10.1023/B:BINV.0000022136.43502.db
https://doi.org/10.17226/2125
https://doi.org/10.3389/fevo.2023.1111551
https://doi.org/10.3389/fevo.2023.1111551
https://doi.org/10.3354/dao008077
https://doi.org/10.1038/241465a0
https://doi.org/10.1038/241465a0
https://doi.org/10.1186/1297-9716-44-27
https://doi.org/10.2478/jvetres-2018-0001
https://doi.org/10.1139/facets-2018-0008
https://doi.org/10.1007/s11769-018-1009-8
https://doi.org/10.1186/s13567-016-0341-1
https://doi.org/10.3391/ai.2010.5.4.08
https://doi.org/10.3391/ai.2012.7.2.010


Balancing the restoration of a native fish and the risks of hitchhiking invasive species 

 Velle et al. (2025), Management of Biological Invasions 16(1): 247–276, https://doi.org/10.3391/mbi.2025.16.1.15 269 

Duda JJ, Torgersen CE, Brenkman SJ, Peters RJ, Sutton KT, Connor HA, Kennedy P, Corbett SC, 
Welty EZ, Geffre A, Geffre J, Crain P, Shreffler D, McMillan JR, McHenry M, Pess GR 
(2021) Reconnecting the Elwha River: spatial patterns of fish response to dam removal. 
Frontiers in Ecology and Evolution 9: 765488, https://doi.org/10.3389/fevo.2021.765488 

Dudgeon D, Arthington AH, Gessner MO, Kawabata ZI, Knowler DJ, Leveque C, Naiman RJ, 
Prieur-Richard AH, Soto D, Stiassny MLJ, Sullivan CA (2006) Freshwater biodiversity: 
importance, threats, status and conservation challenges. Biological Reviews 81: 163–182, 
https://doi.org/10.1017/S1464793105006950 

Dwyer JP (1990) Limits of environmental risk assessment. Journal of Energy Engineering 116: 
231–246, https://doi.org/10.1061/(ASCE)0733-9402(1990)116:3(231) 

Early R, Bradley BA, Dukes JS, Lawler JJ, Olden JD, Blumenthal DM, Gonzalez P, Grosholz ED, 
Ibañez I, Miller LP, Sorte CJB, Tatem AJ (2016) Global threats from invasive alien species 
in the twenty-first century and national response capacities. Nature Communications 7: 
12485, https://doi.org/10.1038/ncomms12485 

Elad Y, Pertot I (2014) Climate change impacts on plant pathogens and plant diseases. Journal 
of Crop Improvement 28: 99–139, https://doi.org/10.1080/15427528.2014.865412 

EURL (2019) Report on survey and diagnosis of fish diseases in Europe 2019. European Union 
reference for fish and Crustacean diseases: national institute of aquatic resources, Technical 
University of Denmark, 82 pp 

Evelyn TPT, Prosperi-Porta L, Ketcheson J (1985) Experimental intra-ovum infection of 
salmonid eggs with Renibacterium salmoninarum and vertical transmission of the pathogen 
with such eggs despite their treatment with erythromycin. Diseases of Aquatic Organisms 1: 
197–202, https://doi.org/10.3354/DAO001197 

Evensen O, Thorud KE, Olsen YA (1991) A morphological study of the gross and light 
microscopic lesions of infectious anaemia in Atlantic salmon (Salmo salar). Research in 
Veterinary Science 51: 215–222, https://doi.org/10.1016/0034-5288(91)90017-I 

Fitzsimons JD, Clark M, Keir M (2009) Addition of round gobies to the prey community of 
Lake Ontario and potential implications to thiamine status and reproductive success of lake 
trout. Aquatic Ecosystem Health & Management 12: 296–312, https://doi.org/10.1080/ 
14634980903136453 

Freeman R, Bowerman W (2002) Opening rivers to trojan fish the ecological dilemma of dam 
removal in the Great Lakes. Conservation in Practice 3: 35–39, https://doi.org/10.1111/j.1526-
4629.2002.tb00045.x 

Gamil AAA, Evensen Ø, Mutoloki S (2015) Infection profiles of selected Aquabirnavirus 
isolates in CHSE cells. PLoS ONE 10: e0134173, https://doi.org/10.1371/journal.pone.0134173 

Garseth ÅH, Biering E (2018) Little evidence to suggest salmonid freshwater reservoirs of 
piscine orthoreovirus (PRV). Journal of Fish Diseases 41: 1313–1315, https://doi.org/10. 
1111/jfd.12824 

Garseth ÅH, Moldal T, Gåsnes SK, Hjortaas MJ, Sollien VP, Gjevre AG (2019) Piscine 
orthoreovirus-3 is prevalent in wild seatrout (Salmo trutta L.) in Norway. Journal of Fish 
Diseases 42: 391–396, https://doi.org/10.1111/jfd.12943 

Garseth ÅH, Adolfsen P, Hansen H (2020) Risikovurdering - import av rogn og gytefisk fra 
Vänern til Femund- og Trysilvassdraget. Norwegian Veterinary Institute. Report No 12 - 2020, 54 pp 

Garseth ÅH, Sommerset I, Colquhoun D, Nilsen HK (2022) Klassisk furunkulose - 
kunnskapsstøtte til Mattilsynet. Norwegian Veterinary Institute. Report No 6-2022, 30 pp 

Gilbert MA, Granath WO (2003) Whirling disease of salmonid fish: life cycle, biology, and 
disease. The Journal of Parasitology 89: 658–667, https://doi.org/10.1645/ge-82r 

Gjessing MC, Yutin N, Tengs T, Senkevich T, Koonin E, Rønning HP, Alarcon M, Ylving S, 
Lie KI, Saure B, Tran L, Moss B, Dale OB (2015) Salmon gill poxvirus, the deepest 
representative of the Chordopoxvirinae. Journal of Virology 89: 9348–9367, https://doi.org/ 
10.1128/jvi.01174-15 

Gulla S, Barnes AC, Welch TJ, Romalde JL, Ryder D, Ormsby MJ, Carson J, Lagesen K, 
Verner-Jeffreys DW, Davies RL, Colquhoun DJ (2018) Multilocus variable-number 
tandem-repeat analysis of Yersinia ruckeri confirms the existence of host specificity, 
geographic endemism, and anthropogenic dissemination of virulent clones. Applied and 
Environmental Microbiology 84: e00730-18, https://doi.org/10.1128/aem.00730-18 

Gulla S, Bayliss S, Björnsdóttir B, Dalsgaard I, Haenen O, Jansson E, McCarthy U, Scholz F, 
Vercauteren M, Verner-Jeffreys D, Welch T, Wiklund T, Colquhoun DJ (2019) Biogeography of 
the fish pathogen Aeromonas salmonicida inferred by vapA genotyping. FEMS Microbiology 
Letters 366: fnz074, https://doi.org/10.1093/femsle/fnz074 

Haase P, Bowler DE, Baker NJ, Bonada N, Domisch S, Garcia Marquez JR, Heino J, Hering D, 
Jähnig SC, Schmidt-Kloiber A, Stubbington R, Altermatt F, Álvarez-Cabria M, Amatulli G, 
Angeler DG, Archambaud-Suard G, Jorrín IA, Aspin T, Azpiroz I, Bañares I, Ortiz JB, 
Bodin CL, Bonacina L, Bottarin R, Cañedo-Argüelles M, Csabai Z, Datry T, de Eyto E, 
Dohet A, Dörflinger G, Drohan E, Eikland KA, England J, Eriksen TE, Evtimova V, Feio MJ, 
Ferréol M, Floury M, Forcellini M, Forio MAE, Fornaroli R, Friberg N, Fruget J-F, 
Georgieva G, Goethals P, Graça MAS, Graf W, House A, Huttunen K-L, Jensen TC, 
Johnson RK, Jones JI, Kiesel J, Kuglerová L, Larrañaga A, Leitner P, L’Hoste L, Lizée M-H, 
Lorenz AW, Maire A, Arnaiz JAM, McKie BG, Millán A, Monteith D, Muotka T, Murphy JF, 

https://doi.org/10.3391/mbi.2025.16.1.15
https://www.invasivesnet.org
https://doi.org/10.3389/fevo.2021.765488
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1061/(ASCE)0733-9402(1990)116:3(231)
https://doi.org/10.1038/ncomms12485
https://doi.org/10.1080/15427528.2014.865412
https://doi.org/10.3354/DAO001197
https://doi.org/10.1016/0034-5288(91)90017-I
https://doi.org/10.1080/14634980903136453
https://doi.org/10.1080/14634980903136453
https://doi.org/10.1111/j.1526-4629.2002.tb00045.x
https://doi.org/10.1111/j.1526-4629.2002.tb00045.x
https://doi.org/10.1371/journal.pone.0134173
https://doi.org/10.1111/jfd.12824
https://doi.org/10.1111/jfd.12824
https://doi.org/10.1111/jfd.12943
https://doi.org/10.1645/ge-82r
https://doi.org/10.1128/jvi.01174-15
https://doi.org/10.1128/jvi.01174-15
https://doi.org/10.1128/aem.00730-18
https://doi.org/10.1093/femsle/fnz074


Balancing the restoration of a native fish and the risks of hitchhiking invasive species 

 Velle et al. (2025), Management of Biological Invasions 16(1): 247–276, https://doi.org/10.3391/mbi.2025.16.1.15 270 

Ozolins D, Paavola R, Paril P, Peñas FJ, Pilotto F, Polášek M, Rasmussen JJ, Rubio M, 
Sánchez-Fernández D, Sandin L, Schäfer RB, Scotti A, Shen LQ, Skuja A, Stoll S, Straka M, 
Timm H, Tyufekchieva VG, Tziortzis I, Uzunov Y, van der Lee GH, Vannevel R, 
Varadinova E, Várbíró G, Velle G, Verdonschot PFM, Verdonschot RCM, Vidinova Y, 
Wiberg-Larsen P, Welti EAR (2023) The recovery of European freshwater biodiversity has 
come to a halt. Nature 620: 582–588, https://doi.org/10.1038/s41586-023-06400-1 

Halford G, Bulman CR, Bourn N, Maes D, Harpke A, Hodgson JA (2024) Can species 
distribution models using remotely sensed variables inform reintroductions? Trialling 
methods with Carterocephalus palaemon the chequered skipper butterfly. Journal of Insect 
Conservation, https://doi.org/10.1007/s10841-024-00555-6 

Hallstan S, Grandin U, Goedkoop W (2010) Current and modeled potential distribution of the 
zebra mussel (Dreissena polymorpha) in Sweden. Biological Invasions 12: 285–296, 
https://doi.org/10.1007/s10530-009-9449-9 

Harrison S, Cornell H (2008) Toward a better understanding of the regional causes of local 
community richness. Ecology Letters 11: 969–979, https://doi.org/10.1111/j.1461-0248.2008.01210.x 

Hart DD, Johnson TE, Bushaw-Newton KL, Horwitz RJ, Bednarek AT, Charles DF, Kreeger DA, 
Velinsky DJ (2002) Dam removal: challenges and opportunities for ecological research and river 
restoration. BioScience 52: 669–682, https://doi.org/10.1641/0006-3568(2002)052[0669:Drcaof]2.0.Co;2 

Hedenskog M, Gustafsson P, Qvenild T (eds) (2015) Vänerlaxens fria gång. Två länder, en älv. 
Ekologisk status och underlag til årgärdsprogram för Klrälven, Trysilelva och Femundselva 
med biflöden (Vol. 2015:17), Länsstyrelsen i Värmlands län, Fylkesmannen i Hedmark, 360 pp 

Herborg L-M, Rudnick DA, Siliand Y, Lodge DM, MacIsaac HJ (2007) Predicting the range of 
Chinese mitten crabs in Europe. Conservation Biology 21: 1316–1323, https://doi.org/10.1111/ 
j.1523-1739.2007.00778.x 

Hess GR (1994) Conservation corridors and contagious disease: a cautionary note. Conservation 
Biology 8: 256–262, https://doi.org/10.1046/j.1523-1739.1994.08010256.x 

Hessen DO, Skurdal J, Braathen JE (2004) Plant exclusion of a herbivore; crayfish population 
decline caused by an invading waterweed. Biological Invasions 6: 133–140, https://doi.org/10. 
1023/B:BINV.0000022131.40783.f0 

Hesthagen T, Larsen BM, Bolstad G, Fiske P, Jonsson B (2017) Mitigation of acidified salmon 
rivers – effects of liming on young brown trout Salmo trutta. Journal of Fish Biology 91: 
1350–1364, https://doi.org/10.1111/jfb.13454 

Hoffman GL (1990) Myxobolus cerebralis, a worldwide cause of salmonid whirling disease. 
Journal of Aquatic Animal Health 2: 30–37, https://doi.org/10.1577/1548-8667(1990)002<0030: 
MCAWCO>2.3.CO;2 

Hoffmann B, Beer M, Schütze H, Mettenleiter TC (2005) Fish rhabdoviruses: molecular epidemiology 
and evolution. In: Fu ZF (ed), The World of Rhabdoviruses. Springer Berlin Heidelberg, 
pp 81–117, https://doi.org/10.1007/3-540-27485-5_5 

Holthe E, Lund E, Finstad B, Thorstad EB, McKinley RS (2005) A fish selective obstacle to 
prevent dispersion of an unwanted fish species, based on leaping capabilities. Fisheries 
Management and Ecology 12: 143–147, https://doi.org/10.1111/j.1365-2400.2004.00436.x 

Hutchings JA, Ardren WR, Barlaup BT, Bergman E, Clarke KD, Greenberg LA, Lake C, 
Piironen J, Sirois P, Sundt-Hansen LE, Fraser DJ (2019) Life-history variability and 
conservation status of landlocked Atlantic salmon: an overview. Canadian Journal of 
Fisheries and Aquatic Sciences 76: 1697–1708, https://doi.org/10.1139/cjfas-2018-0413 

Höglund J, Andersson J (1993) Prevalence and abundance of Anguillicola crassus in the 
European eel (Anguilla anguilla) at a thermal discharge site on the Swedish coast. Journal 
of Applied Ichthyology 9: 115–122, https://doi.org/10.1111/j.1439-0426.1993.tb00533.x 

IUCN/SSC (2013) Guidelines for reintroductions and other conservation translocations. 
Version 1.0. Gland, Switzerland, IUCN Species Survival Commission, viiii + 57 pp 

Jansen MD, Bang Jensen B, McLoughlin MF, Rodger HD, Taksdal T, Sindre H, Graham DA, 
Lillehaug A (2017) The epidemiology of pancreas disease in salmonid aquaculture: a 
summary of the current state of knowledge. Journal of Fish Diseases 40: 141–155, 
https://doi.org/10.1111/jfd.12478 

Jeschke J, Bacher S, Blackburn T, Dick J, Essl F, Evans T, Gaertner M, Hulme P, Kühn I, 
Mrugała A, Pergl J, Pyšek P, Rabitsch W, Ricciardi A, Richardson D, Sendek A, Vilà M, 
Winter M, Kumschick S (2014) Defining the Impact of non-native species. Conservation 
Biology 28: 1188–1194, https://doi.org/10.1111/cobi.12299 

Johnsen BO, Jensen AJ (1994) The spread of furunculosis in salmonids in Norwegian rivers. 
Journal of Fish Biology 45: 47–55, https://doi.org/10.1111/j.1095-8649.1994.tb01285.x 

Johnsen BO, Møkkelgjerd PI, Jensen AJ (1999) The parasitte Gyrodactylus salaris on Atlantic 
salmon in Norwegian water courses, status report at the beginning of the year 2000. 
Norwegian Institute for Nature Research. Report No 617, 129 pp 

Jones PE, Tummers JS, Galib SM, Woodford DJ, Hume JB, Silva LGM, Braga RR, Garcia de 
Leaniz C, Vitule JRS, Herder JE, Lucas MC (2021) The use of barriers to limit the spread 

https://doi.org/10.3391/mbi.2025.16.1.15
https://www.invasivesnet.org
https://doi.org/10.1038/s41586-023-06400-1
https://doi.org/10.1007/s10841-024-00555-6
https://doi.org/10.1007/s10530-009-9449-9
https://doi.org/10.1111/j.1461-0248.2008.01210.x
https://doi.org/10.1641/0006-3568(2002)052%5b0669:Drcaof%5d2.0.Co;2
https://doi.org/10.1111/j.1523-1739.2007.00778.x
https://doi.org/10.1111/j.1523-1739.2007.00778.x
https://doi.org/10.1046/j.1523-1739.1994.08010256.x
https://doi.org/10.1023/B:BINV.0000022131.40783.f0
https://doi.org/10.1023/B:BINV.0000022131.40783.f0
https://doi.org/10.1111/jfb.13454
https://doi.org/10.1577/1548-8667(1990)002%3c0030:MCAWCO%3e2.3.CO;2
https://doi.org/10.1577/1548-8667(1990)002%3c0030:MCAWCO%3e2.3.CO;2
https://doi.org/10.1007/3-540-27485-5_5
https://doi.org/10.1111/j.1365-2400.2004.00436.x
https://doi.org/10.1139/cjfas-2018-0413
https://doi.org/10.1111/j.1439-0426.1993.tb00533.x
https://doi.org/10.1111/jfd.12478
https://doi.org/10.1111/cobi.12299
https://doi.org/10.1111/j.1095-8649.1994.tb01285.x


Balancing the restoration of a native fish and the risks of hitchhiking invasive species 

 Velle et al. (2025), Management of Biological Invasions 16(1): 247–276, https://doi.org/10.3391/mbi.2025.16.1.15 271 

of aquatic invasive animal species: a global review. Frontiers in Ecology and Evolution 9: 
611631, https://doi.org/10.3389/fevo.2021.611631 

Jónsdóttir H, Malmquist H, Snorrason S, Gudbergsson G, Gudmundsdottir S (1998) Epidemiology 
of Renibacterium salmoninarum in wild Arctic charr and brown trout in Iceland. Journal of 
Fish Biology 53: 322–339, https://doi.org/10.1111/j.1095-8649.1998.tb00984.x 

Josefsson M, Andersson B (2002) The environmental consequences of alien species in the 
Swedish lakes Mälaren, Hjälmaren, Vänern and Vättern. Ambio 30: 514–521, https://doi.org/10. 
1579/0044-7447-30.8.514 

Jussila J, Edsman L (2020) Relaxed attitude towards spreading of alien crayfish species affects 
protection of native crayfish species: case studies and lessons learnt from a Fennoscandian 
viewpoint. Freshwater Crayfish 25: 39–46, https://doi.org/10.5869/fc.2020.v25-1.039 

Karatayev AY, Burlakova LE (2022) What we know and don’t know about the invasive zebra 
(Dreissena polymorpha) and quagga (Dreissena rostriformis bugensis) mussels. Hydrobiologia, 
https://doi.org/10.1007/s10750-022-04950-5 

Karatayev AY, Burlakova LE, Padilla DK (2002) Impacts of zebra mussels on aquatic communities 
and their role as ecosystem engineers. In: Leppäkoski E, Gollasch S, Olenin S (eds), 
Invasive Aquatic Species of Europe. Distribution, Impacts and Management. Springer, 
Dordrecht, The Netherlands, pp 433–446, https://doi.org/10.1007/978-94-015-9956-6_43 

Katsanevakis S, Zaiko A, Olenin S, Costello MJ, Gallardo B, Tricarico E, Adriaens T, Jeschke 
JM, Sini M, Burke N, Ellinas K, Rutten S, Poursanidis D, Marchini A, Brys R, 
Raeymaekers JAM, Noé N, Hermoso V, Blaalid R, Lucy FE, Verbrugge LNH, Staehr PAU, 
Vandepitte L, de Groot D, Elliott M, Reuver M, Maclaren J, Li M, Oldoni D, Mazaris A, 
Trygonis V, Hablützel PI, Everts T,  Pistevos JCA, Dekeyzer S, Kimmig SE, Rickowski FS, 
Panov VE (2024) GuardIAS – Guarding European Waters from Invasive Alien Species. 
Management of Biological Invasions 15: 701–730, https://doi.org/10.3391/mbi.2024.15.4.14 

Kirk RS (2003) The impact of Anguillicola crassus on European eels. Fisheries Management 
and Ecology 10: 385–394, https://doi.org/10.1111/j.1365-2400.2003.00355.x 

Kongtorp RT, Halse M, Taksdal T, Falk K (2006) Longitudinal study of a natural outbreak of 
heart and skeletal muscle inflammation in Atlantic salmon, Salmo salar L. Journal of Fish 
Diseases 29: 233–244, https://doi.org/10.1111/j.1365-2761.2006.00710.x 

Kristensen P, Werner B, Collins R, Jacobsen B, Uhel R, Wehrli A (2010) The European 
environment. State and outlook 2010. Water resources: quantity and flows. In: The flagship 
assessment of the European Environment Agency. Publications Office of the European 
Union, Luxembourg, pp 46–67 

Krog O, Olsen J, Gollasch S (2009) Ullhåndskrabbe Eriocheir sinensis (H.Milne Edwards, 
1853) påvist i Iddefjorden – status for arten i Norge. Fauna Norvegica 61: 27–33 

Kudersky LA, Ieshko E, Shul’man B (2003) Distribution range formation history of the 
monogenean Gyrodactylus salaris Malmberg, 1957 - a parasite of juvenile atlantic salmon 
Salmo salar Linnaeus, 1758. In: Veselov AJ, Ieshko EP, Nemova NN, Sterligova OP, 
Shustov YA (eds), Atlantic salmon: biology, conservation and restoration. Petrozavodsk, 
Karelian Research Centre, pp 77–83 

Kusterle S, Kristoffersen R, Rikardsen AH (2012) Population dynamics of Salmincola 
salmoneus on Atlantic salmon in a northern Norwegian river. Diseases of Aquatic Organisms 
100: 59–70, https://doi.org/10.3354/dao02489 

Kuusela J, ZiĘTara MS, Lumme J (2007) Hybrid origin of Baltic salmon-specific parasite 
Gyrodactylus salaris: a model for speciation by host switch for hemiclonal organisms. 
Molecular Ecology 16: 5234–5245, https://doi.org/10.1111/j.1365-294X.2007.03562.x 

Kvach Y (2004) The Far-Eastern nematode Anguillicola crassus - new parasite of the invasive 
round goby, Neogobius melanostomus, in the Baltic Sea. Vestnik Zoologii 38: 38 

Kvach Y, Skóra KE (2007) Metazoa parasites of the invasive round goby Apollonia 
melanostoma (Neogobius melanostomus) (Pallas) (Gobiidae: Osteichthyes) in the Gulf of 
Gdańsk, Baltic Sea, Poland: a comparison with the Black Sea. Parasitology Research 100: 
767–774, https://doi.org/10.1007/s00436-006-0311-z 

Landis W, Durda J, Brooks M, Chapman P, Menzie C, Stahl R, Stauber J (2013) Ecological risk 
assessment in the context of global climate change. Environmental toxicology and 
chemistry / SETAC 32: 79–92, https://doi.org/10.1002/etc.2047 

LeBlanc F, Ditlecadet D, Arseneau J-R, Steeves R, Boston L, Boudreau P, Gagné N (2019) 
Isolation and identification of a novel salmon gill poxvirus variant from Atlantic salmon in 
eastern Canada. Journal of Fish Diseases 42: 315–318, https://doi.org/10.1111/jfd.12922 

Lennox RJ, Alexandre CM, Almeida PR, Bailey KM, Barlaup BT, Bøe K, Breukelaar A, 
Erkinaro J, Forseth T, Gabrielsen S-E, Halfyard E, Hanssen EM, Karlsson S, Koch S, Koed A, 
Langåker RM, Lo H, Lucas MC, Mahlum S, Perrier C, Pulg U, Sheehan T, Skoglund H, 
Svenning M, Thorstad EB, Velle G, Whoriskey FG, Vollset KW (2021) The quest for 
successful Atlantic salmon restoration: perspectives, priorities, and maxims. ICES Journal 
of Marine Science 78: 3479–3497, https://doi.org/10.1093/icesjms/fsab201 

https://doi.org/10.3391/mbi.2025.16.1.15
https://www.invasivesnet.org
https://doi.org/10.3389/fevo.2021.611631
https://doi.org/10.1111/j.1095-8649.1998.tb00984.x
https://doi.org/10.1579/0044-7447-30.8.514
https://doi.org/10.1579/0044-7447-30.8.514
https://doi.org/10.5869/fc.2020.v25-1.039
https://doi.org/10.1007/s10750-022-04950-5
https://doi.org/10.1007/978-94-015-9956-6_43
https://doi.org/10.3391/mbi.2024.15.4.14
https://doi.org/10.1111/j.1365-2400.2003.00355.x
https://doi.org/10.1111/j.1365-2761.2006.00710.x
https://doi.org/10.3354/dao02489
https://doi.org/10.1111/j.1365-294X.2007.03562.x
https://doi.org/10.1007/s00436-006-0311-z
https://doi.org/10.1002/etc.2047
https://doi.org/10.1111/jfd.12922
https://doi.org/10.1093/icesjms/fsab201


Balancing the restoration of a native fish and the risks of hitchhiking invasive species 

 Velle et al. (2025), Management of Biological Invasions 16(1): 247–276, https://doi.org/10.3391/mbi.2025.16.1.15 272 

Madhun AS, Isachsen CH, Omdal LM, Einen ACB, Maehle S, Wennevik V, Niemelä E, 
Svåsand T, Karlsbakk E (2018) Prevalence of piscine orthoreovirus and salmonid 
alphavirus in sea-caught returning adult Atlantic salmon (Salmo salar L.) in northern 
Norway. Journal of Fish Diseases 41: 797–803, https://doi.org/10.1111/jfd.12785 

Malmberg G, Malmberg M (1993) Species of Gyrodactylus (Platyhelminthes, Monogenea) on 
salmonids in Sweden. Fisheries Research 17: 59–68, https://doi.org/10.1016/0165-7836(93)90007-T 

Maloney K, Dodd H, Butler S, Wahl D (2008) Changes in macroinvertebrate and fish 
assemblages in a medium-sized river following a breach of a low-head dam. Freshwater 
Biology 53: 1055–1068, https://doi.org/10.1111/j.1365-2427.2008.01956.x 

Marcos-López M, Gale P, Oidtmann BC, Peeler EJ (2010) Assessing the impact of climate 
change on disease emergence in freshwater fish in the United Kingdom. Transboundary and 
Emerging Diseases 57: 293–304, https://doi.org/10.1111/j.1865-1682.2010.01150.x 

McKindsey CW, Landry T, O’Beirn FX, Davies IM (2007) Bivalve aquaculture and exotic 
species: a review of ecological considerations and management issues. Journal of Shellfish 
Research 26: 281–294,  https://doi.org/10.2983/0730-8000(2007)26[281:BAAESA]2.0.CO;2 

McLaughlin RL, Smyth ERB, Castro-Santos T, Jones ML, Koops MA, Pratt TC, Vélez-Espino 
L-A (2013) Unintended consequences and trade-offs of fish passage. Fish and Fisheries 14: 
580–604, https://doi.org/10.1111/faf.12003 

McVicar AH (1990) Infection as a primary cause of pancreas disease in farmed Atlantic 
salmon. Bulletin of the European Association of Fish Pathologists 10: 84–87 

Meinilä M, Kuusela J, Ziętara MS, Lumme J (2004) Initial steps of speciation by geographic 
isolation and host switch in salmonid pathogen Gyrodactylus salaris (Monogenea: Gyrodactylidae). 
International Journal for Parasitology 34: 515–526, https://doi.org/10.1016/j.ijpara.2003.12.002 

Miller KM, Teffer A, Tucker S, Li S, Schulze AD, Trudel M, Juanes F, Tabata A, Kaukinen KH, 
Ginther NG, Ming TJ, Cooke SJ, Hipfner JM, Patterson DA, Hinch SG (2014) Infectious 
disease, shifting climates, and opportunistic predators: cumulative factors potentially impacting 
wild salmon declines. Evolutionary Applications 7: 812–855, https://doi.org/10.1111/eva.12164 

Mjelde M, Lombardo P, Berge D, Johansen S (2012) Mass invasion of non-native Elodea 
canadensis Michx. in a large, clear-water, species-rich Norwegian lake – impact on 
macrophyte biodiversity. Annales de Limnologie - International Journal of Limnology 48: 
225–240, https://doi.org/10.1051/limn/2012016 

Mjaaland S, Hungnes O, Teig A, Dannevig BH, Thorud K, Rimstad E (2002) Polymorphism in 
the infectious salmon anemia virus hemagglutinin gene: importance and possible implications for 
evolution and ecology of infectious salmon anemia disease. Virology 304: 379–391, 
https://doi.org/10.1006/viro.2002.1658 

Mo TA (2009) Dødelig asiatisk åleparasitt spres i norsk fauna. Norsk Veterinærtidsskrift 121: 
350–353 

Mo TA (2024) The battle against the introduced pathogenic monogenean Gyrodactylus salaris 
in Norwegian Atlantic salmon rivers and fish farms. Journal of Fish Diseases 47: e13981, 
https://doi.org/10.1111/jfd.13981 

Mo T, Steien SH (1994) First observation of the eel swimbladder nematode Anguillicola 
crassus in Norway. Bulletin- European Association of Fish Pathologists 14: 163–164 

Mo TA, Jørgensen A (2017) A survey of the distribution of the PKD-parasite Tetracapsuloides 
bryosalmonae (Cnidaria: Myxozoa: Malacosporea) in salmonids in Norwegian rivers - 
additional information gleaned from formerly collected fish. Journal of Fish Diseases 40: 
621–627, https://doi.org/10.1111/jfd.12542 

Mo T, Appleby C, Sterud E (1998) Parasites of grayling (Thymallus thymallus) from the 
Glomma river system, south-eastern Norway. Bulletin of the Scandinavian Society for 
Parasitology 8: 6–11 

Nicolas P, Mondot S, Achaz G, Bouchenot C, Bernardet JF, Duchaud E (2008) Population 
structure of the fish-pathogenic bacterium Flavobacterium psychrophilum. Applied and 
Environmental Microbiology 74: 3702–3709, https://doi.org/10.1128/aem.00244-08 

Nilsen H, Sundell K, Duchaud E, Nicolas P, Dalsgaard I, Madsen L, Aspán A, Jansson E, 
Colquhoun DJ, Wiklund T (2014) Multilocus sequence typing identifies epidemic clones of 
Flavobacterium psychrophilum in Nordic countries. Applied and Environmental Microbiology 80: 
2728–2736, https://doi.org/10.1128/aem.04233-13 

Nilsson J, Gross R, Asplund T, Dove O, Jansson H, Kelloniemi J, Kohlmann K, LÖytynoja A, 
Nielsen EE, Paaver T, Primmer CR, Titov S, VasemÄgi A, Veselov A, Öst T, Lumme J (2001) 
Matrilinear phylogeography of Atlantic salmon (Salmo salar L.) in Europe and postglacial 
colonization of the Baltic Sea area. Molecular Ecology 10: 89–102, https://doi.org/10.1046/ 
j.1365-294X.2001.01168.x 

O’Connor JE, Duda JJ, Grant GE (2015) 1000 dams down and counting. Science 348: 496–497, 
https://doi.org/10.1126/science.aaa9204 

OIE (2019) Aquatic animal health code (22 edn). Paris, World organisation for animal 
health, 324 pp 

https://doi.org/10.3391/mbi.2025.16.1.15
https://www.invasivesnet.org
https://doi.org/10.1111/jfd.12785
https://doi.org/10.1016/0165-7836(93)90007-T
https://doi.org/10.1111/j.1365-2427.2008.01956.x
https://doi.org/10.1111/j.1865-1682.2010.01150.x
http://dx.doi.org/10.2983/0730-8000(2007)26%5b281:BAAESA%5d2.0.CO;2
https://doi.org/10.1111/faf.12003
https://doi.org/10.1016/j.ijpara.2003.12.002
https://doi.org/10.1111/eva.12164
https://doi.org/10.1006/viro.2002.1658
https://doi.org/10.1111/jfd.12542
https://doi.org/10.1128/aem.00244-08
https://doi.org/10.1128/aem.04233-13
https://doi.org/10.1046/j.1365-294X.2001.01168.x
https://doi.org/10.1046/j.1365-294X.2001.01168.x
https://doi.org/10.1126/science.aaa9204


Balancing the restoration of a native fish and the risks of hitchhiking invasive species 

 Velle et al. (2025), Management of Biological Invasions 16(1): 247–276, https://doi.org/10.3391/mbi.2025.16.1.15 273 

Okamura B, Hartikainen H, Schmidt-Posthaus H, Wahli T (2011) Life cycle complexity, 
environmental change and the emerging status of salmonid proliferative kidney disease. 
Freshwater Biology 56: 735–753, https://doi.org/10.1111/j.1365-2427.2010.02465.x 

Olsen AB, Hjortaas M, Tengs T, Hellberg H, Johansen R (2015) First description of a new 
disease in rainbow trout (Oncorhynchus mykiss (Walbaum)) similar to heart and skeletal 
muscle inflammation (HSMI) and detection of a gene sequence related to piscine orthoreovirus 
(PRV). PLoS ONE 10: e0131638, https://doi.org/10.1371/journal.pone.0131638 

Olstad K, Hytterød S, Hansen H (2013) Risiko for spredning av Gyrodactylus salaris fra 
Vänern og Klarälven til norske vassdrag ved reetablering av laks i Trysil- / Femundselva. 
Norsk institutt for naturforskning. Report No 991, 46 pp 

Olstad K, Karlsson S, Lo H, Palm S (2020) Bevarings- og reetableringsplan for Klarälvslaks i 
Trysil- / Femundvassdraget. Norsk institutt for naturforskning. Report No 1789, 38 pp 

Oredalen TJ, Sæbø M, Mo TA (2022) Patterns of Tetracapsuloides bryosalmonae infection of 
three salmonid species in large, deep Norwegian lakes. Journal of Fish Diseases 45: 185–202, 
https://doi.org/10.1111/jfd.13548 

Orr CH, Stanley EH (2006) Vegetation development and restoration potential of drained reservoirs 
following dam removal in Wisconsin. River Research and Applications 22: 281–295, 
https://doi.org/10.1002/rra.891 

Ozerov M, Veselov A, Lumme J, Primmer C (2010) Genetic structure of freshwater Atlantic 
salmon (Salmo salar L.) populations from the lakes Onega and Ladoga of northwest Russia 
and implications for conservation. Conservation Genetics 11: 1711–1724, https://doi.org/10.1007/ 
s10592-010-0064-1 

Palacios G, Lovoll M, Tengs T, Hornig M, Hutchison S, Hui J, Kongtorp R-T, Savji N, Bussetti AV, 
Solovyov A, Kristoffersen AB, Celone C, Street C, Trifonov V, Hirschberg DL, Rabadan R, 
Egholm M, Rimstad E, Lipkin WI (2010) Heart and skeletal muscle inflammation of farmed 
salmon is associated with infection with a novel reovirus. PLoS ONE 5: e11487, https://doi.org/10. 
1371/journal.pone.0011487 

Pallandre L, Lautraite A, Feuvrier C, Pozet F, Dacheux L, Bigarré L (2021) A new lineage of 
perch rhabdovirus associated with mortalities of farmed perch. Pathogens 10: 1256, 
https://doi.org/10.3390/pathogens10101256 

Palmgren M (2005) Inventering av undervattensväxter i Vänern 2003. Vänerns vattenvårdsförbund. 
Report No 35, 27 pp 

Poos M, Dextrase AJ, Schwalb AN, Ackerman JD (2010) Secondary invasion of the round 
goby into high diversity Great Lakes tributaries and species at risk hotspots: potential new 
concerns for endangered freshwater species. Biological Invasions 12: 1269–1284, 
https://doi.org/10.1007/s10530-009-9545-x 

Puntila R, Strake S, Florin A-B, Naddafi R, Lehtiniemi M, Behrens JW, Kotta J, Oesterwind D, 
Putnis I, Ojaveer H (2018) Abundance and distribution of round goby (Neogobius melanostomus). 
HELCOM Baltic Sea Environment. Fact Sheet 2018, 10 pp 

Purcell MK, Powers RL, Taksdal T, McKenney D, Conway CM, Elliott DG, Polinski M, 
Garver K, Winton J (2020) Consequences of piscine orthoreovirus genotype 1 (PRV-1) 
infections in Chinook salmon (Oncorhynchus tshawytscha), coho salmon (O. kisutch) and 
rainbow trout (O. mykiss). Journal of Fish Diseases 43: 719–728, https://doi.org/10.1111/jfd.13182 

Redekop P, Hofstra D, Hussner A (2016) Elodea canadensis shows a higher dispersal capacity 
via fragmentation than Egeria densa and Lagarosiphon major. Aquatic Botany 130: 45–49, 
https://doi.org/10.1016/j.aquabot.2016.01.004 

Riborg A, Gulla S, Strand D, Wiik-Nielsen J, Rønneseth A, Welch TJ, Spilsberg B, Colquhoun 
DJ (2022) qPCR screening for Yersinia ruckeri clonal complex 1 against a background of 
putatively avirulent strains in Norwegian aquaculture. Journal of Fish Diseases 45: 1211–1224, 
https://doi.org/10.1111/jfd.13656 

Ricciardi A, Neves RJ, Rasmussen JB (1998) Impending extinctions of North American 
freshwater mussels (Unionoida) following the zebra mussel (Dreissena polymorpha) invasion. 
Journal of Animal Ecology 67: 613-619, https://doi.org/10.1046/j.1365-2656.1998.00220.x 

Ripple WJ, Beschta RL (2012) Trophic cascades in Yellowstone: The first 15 years after wolf 
reintroduction. Biological Conservation 145: 205–213, https://doi.org/10.1016/j.biocon.2011.11.005 

Rodriguez Saint-Jean S, Borrego JJ, Perez-Prieto SI (2003) Infectious pancreatic necrosis virus: 
biology, pathogenesis, and diagnostic methods. Advances in Virus Research 62: 113–165, 
https://doi.org/10.1016/s0065-3527(03)62003-8 

Schiermeier Q (2018) Europe is demolishing its dams to restore ecosystems. Nature 557: 290–291, 
https://doi.org/10.1038/d41586-018-05182-1 

Seddon PJ, Armstrong DP, Maloney RF (2007) Developing the science of reintroduction 
biology. Conservation Biology 21: 303–312, https://doi.org/10.1111/j.1523-1739.2006.00627.x 

Silva AT, Lucas MC, Castro-Santos T, Katopodis C, Baumgartner LJ, Thiem JD, Aarestrup K, 
Pompeu PS, O’Brien GC, Braun DC, Burnett NJ, Zhu DZ, Fjeldstad H-P, Forseth T, 
Rajaratnam N, Williams JG, Cooke SJ (2018) The future of fish passage science, 
engineering, and practice. Fish and Fisheries 19: 340–362, https://doi.org/10.1111/faf.12258 

https://doi.org/10.3391/mbi.2025.16.1.15
https://www.invasivesnet.org
https://doi.org/10.1111/j.1365-2427.2010.02465.x
https://doi.org/10.1371/journal.pone.0131638
https://doi.org/10.1111/jfd.13548
https://doi.org/10.1002/rra.891
https://doi.org/10.1007/s10592-010-0064-1
https://doi.org/10.1007/s10592-010-0064-1
https://doi.org/10.1371/journal.pone.0011487
https://doi.org/10.1371/journal.pone.0011487
https://doi.org/10.3390/pathogens10101256
https://doi.org/10.1007/s10530-009-9545-x
https://doi.org/10.1111/jfd.13182
https://doi.org/10.1016/j.aquabot.2016.01.004
https://doi.org/10.1111/jfd.13656
https://doi.org/10.1046/j.1365-2656.1998.00220.x
https://doi.org/10.1016/j.biocon.2011.11.005
https://doi.org/10.1016/s0065-3527(03)62003-8
https://doi.org/10.1038/d41586-018-05182-1
https://doi.org/10.1111/j.1523-1739.2006.00627.x
https://doi.org/10.1111/faf.12258


Balancing the restoration of a native fish and the risks of hitchhiking invasive species 

 Velle et al. (2025), Management of Biological Invasions 16(1): 247–276, https://doi.org/10.3391/mbi.2025.16.1.15 274 

Simberloff D, Farr JA, Cox J, Mehlman DW (1992) Movement corridors: conservation bargains 
or poor investments? Conservation Biology 6: 493–504, https://doi.org/10.1046/j.1523-1739.1992. 
06040493.x 

Simpson DA (1984) A short history of the introduction and spread of Elodea Michx in the 
British Isles. Watsonia 15: 1–9 

Sinclair JS, Welti EAR, Altermatt F, Álvarez-Cabria M, Aroviita J, Baker NJ, Barešová L, 
Barquín J, Bonacina L, Bonada N, Cañedo-Argüelles M, Csabai Z, de Eyto E, Dohet A, 
Dörflinger G, Eriksen TE, Evtimova V, Feio MJ, Ferréol M, Floury M, Forio MAE, 
Fornaroli R, Goethals PLM, Heino J, Hering D, Huttunen K-L, Jähnig SC, Johnson RK, 
Kuglerová L, Kupilas B, L’Hoste L, Larrañaga A, Leitner P, Lorenz AW, McKie BG, 
Muotka T, Osadčaja D, Paavola R, Palinauskas V, Pařil P, Pilotto F, Polášek M, Rasmussen JJ, 
Schäfer RB, Schmidt-Kloiber A, Scotti A, Skuja A, Straka M, Stubbington R, Timm H, 
Tyufekchieva V, Tziortzis I, Vannevel R, Várbíró G, Velle G, Verdonschot RCM, Vray S, 
Haase P (2024) Multi-decadal improvements in the ecological quality of European rivers 
are not consistently reflected in biodiversity metrics. Nature Ecology & Evolution 8: 430–441, 
https://doi.org/10.1038/s41559-023-02305-4 

Sjöberg NB, Petersson E, Wickström H, Hansson S (2009) Effects of the swimbladder parasite 
Anguillicola crassus on the migration of European silver eels Anguilla anguilla in the Baltic 
Sea. Journal of Fish Biology 74: 2158–2170, https://doi.org/10.1111/j.1095-8649.2009.02296.x 

Skurdal J, Taugbøl T, Burba A, Edsman L, Söderbäck B, Styrishave B, Tuusti J, Westman K 
(2017) Crayfish introductions in the Nordic and Baltic countries. In: Gherardi F, Holdich 
DM (eds), Crayfish in Europe as alien species, Routledge, pp 193–219 

Soliman H, Kumar G, El-Matbouli M (2018) Tetracapsuloides bryosalmonae persists in brown 
trout Salmo trutta for five years post exposure. Diseases of Aquatic Organisms 127: 151–156, 
https://doi.org/10.3354/dao03200 

Sommerset I, Walde CS, Bang Jensen B, Wiik-Nielsen J, Bornø G, Oliveira VHS, Haukaas A, 
Brun E (2022) Norwegian fish health report 2021. Norwegian Veterinary Institute. Report 
No 2a/2022, 209 pp 

Sommerset I, Wiik-Nielsen J, Oliveira VHS, Moldal T, Bornø G, Haukaas A, Brun E (2023) 
Norwegian fish health report 2022. Norwegian Veterinary Institute. Report No 5a/2023, 218 pp 

Spicer KW, Catling PM (1988) The biology of the Canadian weeds. 88. Elodea canadensis 
Michx. Canadian Journal of Plant Science 68: 1035–1051, https://doi.org/10.4141/cjps88-125 

St-Hilaire S, Ribble CS, Stephen C, Anderson E, Kurath G, Kent ML (2002) Epidemiological 
investigation of infectious hematopoietic necrosis virus in salt water net-pen reared Atlantic 
salmon in British Columbia, Canada. Aquaculture 212: 49–67, https://doi.org/10.1016/S0044-
8486(02)00201-6 

Sterud E, Forseth T, Ugedal O, Poppe TT, Jørgensen A, Bruheim T, Fjeldstad H, Mo TA (2007) 
Severe mortality in wild Atlantic salmon Salmo salar due to proliferative kidney disease (PKD) 
caused by Tetracapsuloides bryosalmonae (Myxozoa). Diseases of Aquatic Organisms 77: 
191–198, https://doi.org/10.3354/dao01846 

Stone DM, Kerr RC, Hughes M, Radford AD, Darby AC (2013) Characterisation of the 
genomes of four putative vesiculoviruses: tench rhabdovirus, grass carp rhabdovirus, perch 
rhabdovirus and eel rhabdovirus European X. Archives of Virology 158: 2371–2377, 
https://doi.org/10.1007/s00705-013-1711-x 

Strayer DL (2009) Twenty years of zebra mussels: lessons from the mollusk that made headlines. 
Frontiers in Ecology and the Environment 7: 135–141, https://doi.org/10.1890/080020 

Suzuki K, Misaka N, Mizuno S, Sasaki Y (2017) Subclinical infection of Renibacterium 
salmoninarum in fry and juveniles Chum salmon Oncorhynchus keta in Hokkaido, Japan. 
Fish Pathology 52: 89–95, https://doi.org/10.3147/jsfp.52.89 

Svoboda J, Mrugała A, Kozubíková-Balcarová E, Petrusek A (2017) Hosts and transmission of 
the crayfish plague pathogen Aphanomyces astaci: a review. Journal of Fish Diseases 40: 
127–140, https://doi.org/10.1111/jfd.12472 

Sørensen J, Vendramin N, Priess C, Kannimuthu D, Henriksen NH, Iburg TM, Olesen NJ, 
Cuenca A (2020) Emergence and spread of piscine orthoreovirus genotype 3. Pathogens 9: 
823, https://doi.org/10.3390/pathogens9100823 

Takano T, Nawata A, Sakai T, Matsuyama T, Ito T, Kurita J, Terashima S, Yasuike M, 
Nakamura Y, Fujiwara A, Kumagai A, Nakayasu C (2016) Full-genome sequencing and 
confirmation of the causative agent of erythrocytic inclusion body syndrome in coho salmon 
identifies a new type of piscine orthoreovirus. PLoS ONE 11: e0165424, https://doi.org/10. 
1371/journal.pone.0165424 

Tamburello N, Litt M (2023) Multiple impacts of invasive species on species at risk: a case 
study in British Columbia, Canada. FACETS 8: 1–13, https://doi.org/10.1139/facets-2022-0234 

Teffer AK, Miller KM (2019) A comparison of nonlethal and destructive methods for broad-
based infectious agent screening of Chinook salmon using high-throughput qPCR. Journal 
of Aquatic Animal Health 31: 274–289, https://doi.org/10.1002/aah.10079 

Teffer AK, Carr J, Tabata A, Schulze A, Bradbury I, Deschamps D, Gillis C-A, Brunsdon EB, 
Mordecai G, Miller KM (2020) A molecular assessment of infectious agents carried by 
Atlantic salmon at sea and in three eastern Canadian rivers, including aquaculture escapees 

https://doi.org/10.3391/mbi.2025.16.1.15
https://www.invasivesnet.org
https://doi.org/10.1046/j.1523-1739.1992.06040493.x
https://doi.org/10.1046/j.1523-1739.1992.06040493.x
https://doi.org/10.1038/s41559-023-02305-4
https://doi.org/10.1111/j.1095-8649.2009.02296.x
https://doi.org/10.3354/dao03200
https://doi.org/10.4141/cjps88-125
https://doi.org/10.1016/S0044-8486(02)00201-6
https://doi.org/10.1016/S0044-8486(02)00201-6
https://doi.org/10.3354/dao01846
https://doi.org/10.1007/s00705-013-1711-x
https://doi.org/10.1890/080020
https://doi.org/10.3147/jsfp.52.89
https://doi.org/10.1111/jfd.12472
https://doi.org/10.3390/pathogens9100823
https://doi.org/10.1371/journal.pone.0165424
https://doi.org/10.1371/journal.pone.0165424
https://doi.org/10.1139/facets-2022-0234
https://doi.org/10.1002/aah.10079


Balancing the restoration of a native fish and the risks of hitchhiking invasive species 

 Velle et al. (2025), Management of Biological Invasions 16(1): 247–276, https://doi.org/10.3391/mbi.2025.16.1.15 275 

and North American and European origin wild stocks. FACETS 5: 234–263, https://doi.org/10. 
1139/facets-2019-0048 

Thorstad EB, Whoriskey F, Rikardsen AH, Aarestrup K (2010) Aquatic nomads: the life and 
migrations of the Atlantic salmon. In: Aas Ø, Einum S, Klemetsen A, Skurdal J (eds), 
Atlantic Salmon Ecology, Blackwell Publishing Professional, pp 1–32 

Thorstad EB, Garseth ÅH, Gjøen T, Gulla S, Lo H, Malmstrøm M, Mo TA, Velle G, de Boer H, 
Eldegard K, Hindar K, Hole LR, Järnegren J, Kausrud K, Kirkendall LR, Måren IE, Nilsen 
EB, Olsen RE, Rimstad E, Rueness EK, Øverli Ø, Nielsen A (2021) Assessment of the risk 
of negative impact on biodiversity from import and release of eggs or live fish from 
landlocked Atlantic salmon from Klarälven in Sweden to Trysilelva in Norway. VKM. 
Report No 2021: 04, 149 pp 

Tops S, Hartikainen H-L, Okamura B (2009) The effects of infection by Tetracapsuloides 
bryosalmonae (Myxozoa) and temperature on Fredericella sultana (Bryozoa). International 
Journal for Parasitology 39: 1003–1010, https://doi.org/10.1016/j.ijpara.2009.01.007 

Traxler GS, Richard J, McDonald TE (1998) Ichthyophthirius multifiliis (Ich) epizootics in 
spawning sockeye salmon in British Columbia, Canada. Journal of Aquatic Animal Health 10: 
143–151, https://doi.org/10.1577/1548-8667(1998)010%3C0143:IMIEIS%3E2.0.CO;2 

Trisos CH, Merow C, Pigot AL (2020) The projected timing of abrupt ecological disruption 
from climate change. Nature 580: 496–501, https://doi.org/10.1038/s41586-020-2189-9 

Tullos DD, Collins MJ, Bellmore JR, Bountry JA, Connolly PJ, Shafroth PB, Wilcox AC 
(2016) Synthesis of Common Management Concerns Associated with Dam Removal. 
JAWRA Journal of the American Water Resources Association 52: 1179–1206, https://doi.org/10. 
1111/1752-1688.12450 

Vaughan GE, Coble DW (1975) Sublethal effects of three ectoparasites on fish. Journal of Fish 
Biology 7: 283–294, https://doi.org/10.1111/j.1095-8649.1975.tb04601.x 

Veilleux É, Lafontaine Yd (2007) Biological synopsis of the Chinese mitten crab (Eriocheir 
sinensis). Fisheries and Oceans Canada Science Branch. Report No 2812, 54 pp 

Velle G, Edsman L, Evangelista C, Johnsen SI, Malmstrøm M, Vrålstad T, Boer Hd, Eldegard 
K, Hindar K, Hole LR, Järnegren J, Kausrud K, Måren I, Nilsen EB, Rueness E, Thorstad 
EB, Nielsen A (2021) Assessment of the risk to Norwegian biodiversity from import and 
keeping of crustaceans in freshwater aquaria. Norwegian Scientific Committee for Food and 
Environment (VKM). Report No 2021: 02, 377 pp 

Velle G, Skoglund H, Barlaup BT (2022) Effects of nuisance submerged vegetation on the 
fauna in Norwegian rivers. Hydrobiologia 849: 539–556, https://doi.org/10.1007/s10750-020-04465-x 

Vendramin N, Cuenca A, Sørensen J, Alencar ALF, Christiansen DH, Jacobsen JA, Axen C, 
Lieffrig F, Ruane NM, Martin P, Sheehan T, Iburg TM, Rimstad E, Olesen NJ (2019) 
Presence and genetic variability of Piscine orthoreovirus genotype 1 (PRV-1) in wild 
salmonids in northern Europe and North Atlantic Ocean. Journal of Fish Diseases 42: 
1107–1118, https://doi.org/10.1111/jfd.13025 

Vendramin N, Cuenca A, Iburg T, Madsen L, Olesen NJ (2021) Laboratory investigation of two 
IHNV infected farms in Denmark. DTU, National Institute of Aquatic Resources. Report 
No September 2021, 15 pp 

Vilizzi L, Copp GH, Hill JE, Adamovich B, Aislabie L, Akin D, Al-Faisal AJ, Almeida D, 
Azmai MNA, Bakiu R, Bellati A, Bernier R, Bies JM, Bilge G, Branco P, Bui TD, 
Canning-Clode J, Cardoso Ramos HA, Castellanos-Galindo GA, Castro N, Chaichana R, 
Chainho P, Chan J, Cunico AM, Curd A, Dangchana P, Dashinov D, Davison PI, de 
Camargo MP, Dodd JA, Durland Donahou AL, Edsman L, Ekmekçi FG, Elphinstone-Davis J, 
Erős T, Evangelista C, Fenwick G, Ferincz Á, Ferreira T, Feunteun E, Filiz H, Forneck SC, 
Gajduchenko HS, Gama Monteiro J, Gestoso I, Giannetto D, Gilles AS, Jr., Gizzi F, 
Glamuzina B, Glamuzina L, Goldsmit J, Gollasch S, Goulletquer P, Grabowska J, Harmer R, 
Haubrock PJ, He D, Hean JW, Herczeg G, Howland KL, İlhan A, Interesova E, 
Jakubčinová K, Jelmert A, Johnsen SI, Kakareko T, Kanongdate K, Killi N, Kim JE, 
Kırankaya Ş G, Kňazovická D, Kopecký O, Kostov V, Koutsikos N, Kozic S, Kuljanishvili T, 
Kumar B, Kumar L, Kurita Y, Kurtul I, Lazzaro L, Lee L, Lehtiniemi M, Leonardi G, 
Leuven R, Li S, Lipinskaya T, Liu F, Lloyd L, Lorenzoni M, Luna SA, Lyons TJ, Magellan K, 
Malmstrøm M, Marchini A, Marr SM, Masson G, Masson L, McKenzie CH, Memedemin D, 
Mendoza R, Minchin D, Miossec L, Moghaddas SD, Moshobane MC, Mumladze L, 
Naddafi R, Najafi-Majd E, Năstase A, Năvodaru I, Neal JW, Nienhuis S, Nimtim M, Nolan ET, 
Occhipinti-Ambrogi A, Ojaveer H, Olenin S, Olsson K, Onikura N, O’Shaughnessy K, 
Paganelli D, Parretti P, Patoka J, Pavia RTB, Jr., Pellitteri-Rosa D, Pelletier-Rousseau M, 
Peralta EM, Perdikaris C, Pietraszewski D, Piria M, Pitois S, Pompei L, Poulet N, Preda C, 
Puntila-Dodd R, Qashqaei AT, Radočaj T, Rahmani H, Raj S, Reeves D, Ristovska M, 
Rizevsky V, Robertson DR, Robertson P, Ruykys L, Saba AO, Santos JM, Sarı HM, 
Segurado P, Semenchenko V, Senanan W, Simard N, Simonović P, Skóra ME, Slovák 
Švolíková K, Smeti E, Šmídová T, Špelić I, Srėbalienė G, Stasolla G, Stebbing P, Števove B, 
Suresh VR, Szajbert B, Ta KAT, Tarkan AS, Tempesti J, Therriault TW, Tidbury HJ, 
Top-Karakuş N, Tricarico E, Troca DFA, Tsiamis K, Tuckett QM, Tutman P, Uyan U, 

https://doi.org/10.3391/mbi.2025.16.1.15
https://www.invasivesnet.org
https://doi.org/10.1139/facets-2019-0048
https://doi.org/10.1139/facets-2019-0048
https://doi.org/10.1016/j.ijpara.2009.01.007
https://doi.org/10.1577/1548-8667(1998)010%3C0143:IMIEIS%3E2.0.CO;2
https://doi.org/10.1038/s41586-020-2189-9
https://doi.org/10.1111/1752-1688.12450
https://doi.org/10.1111/1752-1688.12450
https://doi.org/10.1111/j.1095-8649.1975.tb04601.x
https://doi.org/10.1007/s10750-020-04465-x
https://doi.org/10.1111/jfd.13025


Balancing the restoration of a native fish and the risks of hitchhiking invasive species 

 Velle et al. (2025), Management of Biological Invasions 16(1): 247–276, https://doi.org/10.3391/mbi.2025.16.1.15 276 

Uzunova E, Vardakas L, Velle G, Verreycken H, Vintsek L, Wei H, Weiperth A, Weyl OLF, 
Winter ER, Włodarczyk R, Wood LE, Yang R, Yapıcı S, Yeo SSB, Yoğurtçuoğlu B, 
Yunnie ALE, Zhu Y, Zięba G, Žitňanová K, Clarke S (2021) A global-scale screening of 
non-native aquatic organisms to identify potentially invasive species under current and 
future climate conditions. Science of the Total Environment 788: 147868, https://doi.org/10. 
1016/j.scitotenv.2021.147868 

von Proschwitz T, Wengström N (2021) Zoogeography, ecology, and conservation status of the 
large freshwater mussels in Sweden. Hydrobiologia 848: 2869–2890, https://doi.org/10.1007/ 
s10750-020-04351-6 

Vrålstad T, Strand DA, Grandjean F, Kvellestad A, Håstein T, Knutsen AK, Taugbøl T, Skaar I 
(2014) Molecular detection and genotyping of Aphanomyces astaci directly from preserved 
crayfish samples uncovers the Norwegian crayfish plague disease history. Veterinary 
Microbiology 173: 66–75, https://doi.org/10.1016/j.vetmic.2014.07.008 

Vörösmarty C, McIntyre P, Gessner M, Dudgeon D, Proussevitch A, Green P, Glidden S, Bunn S, 
Sullivan C, Reidy Liermann C, Davies P (2010) Global threats to human water security and 
river biodiversity. Nature 467: 555–561, https://doi.org/10.1038/nature09440 

Wessel Ø, Braaen S, Alarcon M, Haatveit H, Roos N, Markussen T, Tengs T, Dahle MK, 
Rimstad E (2017) Infection with purified piscine orthoreovirus demonstrates a causal 
relationship with heart and skeletal muscle inflammation in Atlantic salmon. PLoS ONE 12: 
e0183781, https://doi.org/10.1371/journal.pone.0183781 

Westby K, Sweetman B, Horn T, Biro E, Medley K (2019) Invasive species reduces parasite 
prevalence and neutralizes negative environmental effects on parasitism in a native 
mosquito. Journal of Animal Ecology 88: 1215–1225, https://doi.org/10.1111/1365-2656.13004 

Wickström H, Clevestam P, Höglund J (1998) The spreading of Anguillicola crassus in 
freshwater lakes in Sweden. Bulletin Francais de la Peche et de la Pisciculture 349: 215–
221, https://doi.org/10.1051/kmae:1998046 

Wilkins H (2003) The need for subjectivity in EIA: discourse as a tool for sustainable development. 
Environmental Impact Assessment Review 23: 401–414, https://doi.org/10.1016/S0195-9255(03)00044-1 

Wlasow T, Gomułka P, Martyniak A, Boron S, Hliwa P, Terlecki J, Szymanska U (1998) 
Anguillicola crassus larvae in cormorant’s prey fish in Vistula Lagoon, Poland. Bulletin 
Francais de la Peche et de la Pisciculture 71: 223–227, https://doi.org/10.1051/kmae:1998047 

Wooster D (1994) Predator impacts on stream benthic prey. Oecologia 99: 7–15, 
https://doi.org/10.1007/BF00317077 

Zielinski DP, McLaughlin RL, Pratt TC, Goodwin RA, Muir AM (2020) Single-stream 
recycling inspires selective fish passage solutions for the connectivity conundrum in aquatic 
ecosystems. Bioscience 70: 871–886, https://doi.org/10.1093/biosci/biaa090 

Websites, online databases and software 
GBIF (2023) GBIF Backbone Taxonomy. Checklist dataset, https://doi.org/10.15468/39omei 

(accessed 10 October 2023) 
Josefsson M (2011) Invasive species fact sheet – Elodea canadensis, Elodea nuttallii and 

Elodea callitrichoides. https://www.nobanis.org/globalassets/speciesinfo/e/elodea-canadensis/elodea.pdf 
(accessed 15 October 2023) 

   
   

https://doi.org/10.3391/mbi.2025.16.1.15
https://www.invasivesnet.org
https://doi.org/10.1016/j.scitotenv.2021.147868
https://doi.org/10.1016/j.scitotenv.2021.147868
https://doi.org/10.1007/s10750-020-04351-6
https://doi.org/10.1007/s10750-020-04351-6
https://doi.org/10.1016/j.vetmic.2014.07.008
https://doi.org/10.1038/nature09440
https://doi.org/10.1371/journal.pone.0183781
https://doi.org/10.1111/1365-2656.13004
https://doi.org/10.1051/kmae:1998046
https://doi.org/10.1016/S0195-9255(03)00044-1
https://doi.org/10.1051/kmae:1998047
https://doi.org/10.1007/BF00317077
https://doi.org/10.1093/biosci/biaa090
https://doi.org/10.15468/39omei
https://www.nobanis.org/globalassets/speciesinfo/e/elodea-canadensis/elodea.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




