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Atlantic salmon and non-native species: is there an issue?

Colin Bean, University of Glasgow, Scotland, U.K.

Introduction

The International Union for the Conservation of Nature (IUCN) assert that the spread of Invasive Alien Species
(IAS) is, after habitats loss, the second most significant threat to global biodiversity. The most recent global
assessment report on biodiversity and ecosystem services carried out by the Intergovernmental Science-
Policy Platform on Biodiversity and Ecosystem Services (IPBES) (Diaz et al. 2019) concluded that nearly

one fifth of the Earth’s surface is at risk of plant and animal invasions, impacting native species, ecosystem
functions and nature’s contributions to people, as well as economies and human health.

Technically, any species which has been transplanted or introduced to an area outwith its native range (even
within the same country), can be regarded as being an ‘alien species’. However, the terms ‘invasive nan-native
species’ (INNS) or ‘invasive alien species’ (IAS) are used interchangeably within the scientific literature to
describe non-native (or alien) species which have become established and have negatively impacted native
biodiversity, as well as ecosystem services on which humans depend. For clarity, the term IAS is used
throughout to describe such species.

A number of international IAS databases are available to provide detail on the distribution, ecology and impact
of many invasive species. Details of the best known, and most widely accessed, of these are provided in Table
1. Despite the volume of information available, it remains a difficult task to consolidate these data into a single,
global, assessment of the number of IAS. Turbelin et al. (2017) attempted to map the global state of IAS using
existing databases and concluded that, whilst evaluating the extent of such movements at a global level is
problematic, it was clear that significant variation exists in the spatial patterns of invasion. This review also
indicated that areas contained within the Global North (e.g. more developed countries), along with tropical
islands, are the main recipients of IAS. The rise in establishment of IAS both internationally (Turbelin et al.
2017) and within Europe (Keller et al. 2011) is largely due to increased globalisation, which has led to the
increased movement of people and goods to new areas.

Table 1. Key IAS databases in use within Europe.

IAS Database name Access

Global Invasive Species Database (GISD) http://www.invasivespecies.net/database/
Global Invasive Species Information Network http://www.gisin.org/

(GISIN)

CABI Invasive Species Compendium https://www.cabi.org/isc/
European Alien Species Information Network https://easin.jrc.ec.europa.eu/easin
(EASIN)

The Regional Euro-Asian Biological Invasions https://www.reabic.net/

Centre (REABIC)

Delivering Alien Invasive Species Inventories for http://www.europe-aliens.org/
Europe (DAISIE)

The European Network on Invasive Alien Species https://www.nobanis.org/
(NOBANIS)
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The role of globalisation in IAS spread

In a recent analysis of global introductions Seebens et al. (2017) and found that over one third of all
introductions in the past 200 years occurred after 1970 and suggests that the rate of introductions is showing
no sign of slowing down. Within Europe, Hulme (2009) showed that the highest rates of introductions have
occurred over the last 25 years.

The expansion of new species into new areas can happen through natural means, however most invasions are
associated with human activity. The pathways for aquatic organisms to enter new waterbodies either within,
or into, Europe are many but Keller et al. (2017) break these down into three general themes: 1) transportation
as a commodity; 2) arrival with a transport vector; and 3) self-dispersal by the species along infrastructure
corridors. Transportation as a commodity is perhaps the most obvious of the three pathways described in that
it includes the movement of fish or other taxa for sport (e.g. stocking and release of bait fish), aquaculture,
biological control or aguarium (including pond) use. This also includes the transport of parasites (e.g
Gyrodactylus salaris) and diseases which are not native to host species.

Arrival with a transport vector includes those species that may arrive as a passenger on transport (such as
ships), but are not themselves a commodity. Some of the best examples of this include the transport of species
in the ballast water of large transport ships, and include the introduction of Eurasian ruffe (Gymnocephalus
cernuus), zebra mussel (Dreissena polymorpha) and round goby (Neogobius melanostomus) to the Great Lakes in
1986, 1988 and 1990 respectively (Pratt, 1988; Hebert et al. 1989; Corkum et al. 2004).

Self-dispersal of IAS along infrastructure corridors, such as roads and canals or via the movement of water
between catchments for hydropower or drinking water is less commonly documented for aquatic species, and
fish in particular (but see Panov et al. 2009). Perhaps the best known example of fish utilising waterways

as an invasion route are the Asian carps (Hypophthalmichthys nobilis and H. molitrix) which have, since their
release from aquaculture ponds in the 1970's, migrated northwards through the navigable waterways within
the Mississippi River towards the North American Great Lakes (Ridgway and Bettoli 2017). Within Europe,
examples include the movement of invasive fish species through the network of inland waterways within the
River Rhine catchment (Leuven et al. 2009), and the transport of Arctic charr (Salvelinus alpinus) through a
1400m long tunnel used to transport water from Loch Awe to Cruachan Reservoir (Maitland and Adams 2019).

Other routes of invasion exist such as the deliberate release of unwanted plants, fish or invertebrates (such
as crayfish), by aquarists and pond keepers who can obtain material from both retailers (West et al. 2019) and
from a growing number of online suppliers (Lenda et al. 2014). Some pathways are less obvious, such as the
deliberate release of animals for religious purposes (Liu et al. 2012).

Interactions with other stressors

Whilst invasive alien species (IAS) are considered one of the greatest threats to biodiversity, the magnitude

of these impacts may be modified through their interactions with other drivers of change (Bellard et al. 2016;
Didham et al. 2005; Early et al. 2016; Seebens et al. 2017). Other pressures, such as climate change and
resource exploitation, may magnify the impact of IAS on native biota, meaning that when considering the
impact of IAS one must also consider the role of other environmental stressors which may affect the fitness of
native species.

Extreme climatic events resulting from climate change, such as floods can either transport IAS to new areas
or allow fish to escape impoundments. This includes put-and-take fisheries or fish farms located in vulnerable
floodplain areas. The increased frequency of storm events may also facilitate the escape of farmed fish into the
wild, where they may establish new populations or interbreed with wild conspecifics (e.g. Jensen et al. 2010).

Climate change can also result in the opening up new pathways of introduction of IAS. For example, reduced
shipping times facilitated by new or emerging Arctic shipping passages caused by melting ice caps may
increase the risk of IAS surviving the journey, as well as increasing the potential for some species to greatly
increase their global range naturally in response to these changing environmental conditions (Nong et al.
2018). Aquatic species at high latitudes may experience greater temperature-mediated pressure which may
impact their ability to compete with new species, whether or not they have arrived there as a function of range
expansion and natural colonisation. Greater environmental tolerances, a key feature of many successful IAS,
may also mean that such animals may have the ability to expand more rapidly than native species to higher
latitudes and be better adapted to future changes in climate than native species, thereby allowing them to
dominate thermally modified habitats.
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At a global scale, Arctic warming may also promote the interchange of fish, and other species, between the
Pacific and Atlantic oceans (Wisz et al. 2015) and this may present new challenges for Atlantic salmon if such
species present a predation risk for either themselves or other species on which they depend for food. Within
the Atlantic and other marine regions, climate change is also promoting the shifting of marine species in a
northerly direction (Perry et al. 2005; Lenoir et al. 2011), and this may already be affecting the production of
Atlantic salmon at sea.

Changes to thermal and hydrological regimes of freshwaters due to climate change are already predicted

to affect the distributions and prevalence of salmonids including Atlantic salmon (Salmo salar), brown trout
(Salmo trutta), and Arctic charr (Salvelinus alpinus) (Elliott and Elliott 2010; Jonsson and Jonsson 2010;
Finstad and Hein 2012; Svenning et al. 2016), suggesting that current habitats may be becoming less suitable
than previously, and freshwater systems that currently have thermal barriers limiting the establishment of IAS
may become more suitable for IAS as the climate changes (Ellender et al. 2016).

Impacts on species and ecosystems

Once introduced IAS can have significant direct and indirect impacts on individual species and aquatic
ecosystems. In a review of the published literature Gallardo et al. (2016) concluded that IAS can reduce the
overall abundance of species and, over time, alter the diversity of aquatic communities across a range of
functional groups. However, the scale of any impact is likely to be context-dependent and may differ between
species and habitats (Ricciardi et al. 2013). Invaders can impact individual species through competition for
food and space, predation, disease and parasite transfer and genetic introgression. They can also impact
ecosystem functioning, by disrupting foodwebs, modifying the physical environment (Ricciardi and Maclsaac
2011; Ricciardi et al. 2013; Gallardo et al. 2016). Along with the upward trend in the establishment of new
species, the projected impacts on biodiversity are also expected to increase because of the growing number
of species involved and the increasing vulnerability of ecosystems to invasions resulting from other pressures
such as habitat loss, degradation, fragmentation, over-exploitation and climate change (Clavero and Garcia-
Berthou 2005; Didham et al. 2005; Bellard et al. 2016).

Examples of IAS impacts on Atlantic salmon

Little exists within the scientific literature with regard to the direct impact of exotic IAS on Atlantic salmon,
however more information is available on the potential impact on ‘Locally Absent Species’ (LAS) (i.e. species
which may be native to a nation state, but are not locally native to that waterbody). Short, non-exhaustive,
examples of potential relationships between Atlantic salmon and predators, competitors, invertebrates and
plants are provided to illustrate a range of interactions which may occur.

Introduced fish - predators

Whilst juvenile Atlantic salmon may have many natural predators, such as piscivorous birds, mammals and

fish (Thorstad et al. 2012), there is little in the published scientific literature relating to the introduction of new
piscivorous predators from outwith Europe. That is not to say, however, that native species, inappropriately
introduced, do not present a potential threat. The introduction of pike (Esox lucius) to a waterbody from which
it is naturally absent may constitute a significant risk to native fish species - including Atlantic salmon. Several
studies (e.g. Kennedy et al. 2018) have demonstrated the impact that pike may have on Atlantic salmon smolts
which migrate through natural lakes. It is logical to assume, therefore, that the introduction of this, or other
locally non-native piscivorous fish species (including large trout), to new waterbodies where they may come
into contact with Atlantic salmon will result in increased predation pressure.

Introduced fish - competitors

Whilst the introduction of a piscivorous predator may seem an obvious risk to Atlantic salmon (and other
native fish species), the introduction and spread of species such as the Eurasian minnow (Phoxinus phoxinus)
can also pose an unrealised risk. Museth et al. (2007), in a study of the impact of the expanding range of
Eurasian minnow populations in Norway concluded that this species has the potential to impact brown trout
(Salmo trutta) populations through increased competition for food resources. Whether this species has an
impact on juvenile Atlantic salmon is not known, but given the nature of the competitive interaction with brown
trout, potential for some ecological overlap exists. A similar situation exists in Scotland, were this species has
been widely, and deliberately, spread by anglers by way of discarded live bait, and as a potential prey source
for local trout.
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Bullhead Cottus gobio are included in Annex Il of the EU Habitats Directive and within the UK and they are a
conservation feature in 17 Special Areas of Conservation. However, within the UK this species has a restricted,
southerly distribution, and it is naturally absent from Scotland. Introduced populations exist in the Clyde, Forth
and Tweed catchments and there is concern that competition, both for food and space, between bullheads

and juvenile Atlantic salmon may result in an overall negative impact on Atlantic salmon production. Empirical
evidence to support this is limited to basic inference, however Gabler et al. (2001) in one of the few studies

to explore the interaction between Atlantic salmon parr and bullhead reported selective segregation in prey
choice between species. It remains possible, however, that higher levels of dietary and spatial overlap exist
between Atlantic salmon fry and bullhead at varying stages in their life history.

Introduced invertebrates

Introduced crayfish species can negatively impact salmonid fish (Holm et al. 1989; Savino and Miller 1991; Rubin
et al. 1993; Griffiths et al. 2004; Fitzsimons et al. 2007; Peay et al. 2010). In Europe, most attention has in recent
decades focussed on the impact of the signal crayfish Pacifastacus leniusculus, a North American species which
has been widely introduced and has had significant adverse impacts on freshwater ecosystems and individual
species (Holdich et al. 2009). Where introduced, crayfish can predate on fish and their eggs, compete for food
and shelter and modify instream and bankside habitats (Everard et al. 2009; Reynolds 2014; Mathers et al.
2016; Turley et al. 2017). Whilst there is significant concern over the impact of introduced signal crayfish on
native salmonid species, evidence of a significant impact through direct predation of juvenile Atlantic salmon is
sparse. Fluvarium-based trials which have investigated whether signal crayfish have the potential to excavate
and consume Atlantic salmon redds have been equivocal. One study demonstrated active excavation and
predatory loss of eggs and fry (Edmonds et al. 2011), one showed no impact (Gladman et al. 2012) and another
demonstrated that egg predation may only be carried out by larger animals (Findlay et al. 2014).

Introduced plants

Invasive riparian plants are now considered to be a significant issue for aquatic ecosystems, and species
such as Japanese knotweed Fallopia japonica and Himalayan balsam Impatiens glandulifera are now widely
established on river banks across the northern hemisphere (Seeney et al. 2019). Rapidly invading plant
species such as these can negatively impact aquatic habitats through increased shading, reduced surface
water temperatures and, as a consequence, may result in a reduced potential for autochthonous production.
By outcompeting native riparian plant communities, winter dieback of large invasive monocultures can also
result in increased flood risk and erosion. Changes to the composition and quantity of allochthonous leaf
litter may also affect both the diversity and abundance of aquatic invertebrates (Claeson et al. 2013). Clear
potential exists for riparian plant IAS to affect the distribution and abundance of Atlantic salmon in affected
watercourses, although the scale of any impact will be site-specific and may be dependent on a range of other
factors, such as the extent of plant growth, location within individual catchments and stream width.

Interactions between non-native in-stream plants and Atlantic salmon are absent from the peer-reviewed
scientific literature, suggesting that this is a low risk. However, where the luxurious growth of riverine plants
do become established, they can, in association with low flows, impact adult salmonids (House et al. 2016).
In Scotland, the establishment of the River water-crowfoot Ranunculus fluitans, in the River Spey in 1979 is
considered to be a problem for fishery managers. This species, which is native to other parts of the UK but
not to the Spey catchment creates problems for anglers by choking pools and making it difficult for anglers
to catch and land Atlantic salmon and other salmonids (Laughton et al. 2008). The ecological impact of this
species on Atlantic salmon, particularly juvenile fish, is unquantified. Elsewhere in Scotland another water
crowfoot species (R. aquatilis) has been present in the River Dee (Aberdeenshire) for almost 100 years, having
first been recorded there in 1916. Where present, similar concerns in relation to plant abundance and impact
on angling success exist.

Salmonids as invaders

Salmonids are successful invaders and new populations have been established across the globe over the
course of the last century. Brown trout, for instance, is included in the list of the 100 worst invasive alien
species’ compiled by the IUCN Invasive Species Specialist Group (Lowe et al. 2000). Atlantic salmon are
themselves, listed as IAS in several of the global IAS databases (IUCN Global Invasive Species database,
CABI Invasive Species Compendium, and the NOBANIS European Network on Invasive Alien Species), but
these listings relate specifically to the release of domestically reared fish into the wider environment. Farmed
Atlantic salmon pose a particular risk to wild individuals because, despite domestication, likely to have similar
physiological tolerances, can compete for food and space within rivers, may arrive in large numbers and can
spawn with wild conspecifics. The importance of inherited adaptive variation in maintaining Atlantic salmon
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and other salmonid populations is well understood (Garcia de Leaniz et al. 2007; Fraser et al. 2011) and a
substantial scientific literature exists to demonstrate that the stocking and transfer of Atlantic salmon (and
other salmonids) could threaten the maintenance of wild populations (e.g. Karlsson ef al. 2017). Over time,
Bolstad et al. (2017) argues that the continued ingress of domesticated genes and the loss of locally adapted
traits can alter the life history of wild Atlantic salmon populations. The same process may also affect Atlantic
salmon populations which have been supplemented with wild fish from other catchments. Despite these
impacts, stocking continues to be utilised as a tool to support declining numbers of returning fish (Aas et al.
2018). Instead of the term IAS to describe farmed Atlantic salmon in areas where they can cause damage

to wild populations, a new term, Invasive Alien Conspecifics (IAC) could be used to differentiate between the
impacts of other species to those caused by the same, but farmed or stocked, individuals. The term IAC could
be used to describe the escape or deliberate release of any species into waters where wild conspecifics occur.

Beyond genetic impacts, the transfer of Atlantic salmon, and other salmonids, beyond national boundaries
carries the risk of disease and parasite transfer. The introduction of the ectoparasite G. salaris to Norwegian
rivers from infected Atlantic salmon from Sweden in 1975 (Sandodden et al. 2018) remains one of the greatest
threats to Atlantic salmon in that country. It remains the best known example of how parasite transfer can
have a catastrophic impact on individual Atlantic salmon populations. Whilst the parasite has been successfully
removed from several river systems in Norway, the economic costs of this have been high, both in terms of the
biological resource lost and the financial cost of eradication and post-treatment monitoring.

Salmonid introductions are often used to demonstrate the impact of biological invasions in aquatic ecosystems
because they are among the most widely introduced fish taxa around the globe (Crawford and Muir 2008;
Buoro et al. 2016). Within their native range salmonid introductions have been primarily driven by the desire to
establish or maintain recreational fisheries, although introductions have also been carried out as conservation
or compensatory/restoration measures. However the underlying policy instruments used to guide this activity
vary between Nation States (Aas et al. 2018).

Pacific salmonids, and Rainbow trout Oncorhynchus mykiss in particular, have established self-sustaining
populations around the globe, and proved to be a highly successful invaders in many cases (Crawford and Muir
2008). In terms of establishing self-sustaining populations in western Europe, the success of Rainbow trout
has been limited, with only 130 confirmed or potential self-sustaining populations being recorded across 16
European countries (Stankovi¢ et al. 2015). Where present the potential for competition with, or predation of,
juvenile Atlantic salmon cannot be discounted.

Despite being present in the White Sea and northern Scandinavia since the late 1950’s the sudden expansion
of odd-year Pink salmon O. gorbuscha into rivers in Finland, Norway, Iceland, Scotland, England, Ireland,
Denmark, France and Germany in 2017 was unexpected (Armstrong et al. 2018; Mo et al. 2018; Sandlund et al.
2019). Time will tell whether this explosion of Pink salmon records around northwestern Europe was a single
event, or whether this will become a more regular occurrence. The large numbers associated with returning
Pacific salmonids within their native and introduced range suggest that propagule pressure may be high, but
differences in run timing and overall life history may mean that their actual impact on Atlantic salmon is low.
However, data to support this is currently lacking.

The Ponto-Caspian problem

IAS originating from the Ponto-Caspian region are considered to be a particular threat to freshwater habitats
to which they are not native. The potential impact of species such as Killer shrimp (Dikerogammarus villosus),
Demon shrimp (D. haemobaphes), Zebra mussel, Quagga mussel (Dreissena r. bugensis) and round goby on
freshwater ecosystems is well documented (e.g. Gallardo and Aldridge 2015). Currently, over 100 species are
known to be spreading outwards from the Ponto-Caspian region via a number of invasion pathways (Ketelaars
2004). The impact of Ponto-Caspian species on Atlantic salmon, their habitats and the ecological processes
which support them is unquantified, and the potential for introduction remains a significant risk.

The cost of IAS

Approximately 12,000 non-native species have been registered in Europe (Keller et al. 2011; European
Commission 2014) and many of the 10-15% of those species which have become IAS (Lockwood et al. 2013)
were introduced intentionally because they have a high value to humans (Ehrenfeld 2010).

Where established, particularly within aquatic habitats, IAS are often difficult or contain, and in many cases,
impossible to eradicate. Regardless as to whether an IAS can be controlled or eradicated, the economic cost of
dealing with such species can be significant and long-term (Jardine and Sanchirico 2018). Direct management
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costs, such as those required to implement control measures or, where possible, eradicate can be expensive
to implement and may require the allocation of research costs, as well as those required for equipment,
monitoring and manpower. Lost benefits through a reduction in production, environmental damage (such as
erosion, siltation) and impacts on environmental services (such as water supply or recreational fisheries)
can escalate the cost of opportunity losses. The estimated annual costs attributable to the impact of IAS are
as high as £1.7 billion in the UK, $1.4 trillion in the USA and $33.5 billion in SE Asia (Pimentel et al. 2005;
Williams et al. 2010). Such evaluations are likely to be under-estimates of the true cost. In fact, Pimentel et al.
(2001) suggests that losses in global production due to the impact of IAS could be as high as 5%.

Notwithstanding the fact that IAS can carry significant economic costs, biological invasions represent one of
the greatest threats to freshwater ecosystems (Ehrenfeld 2010), and the ecosystem services that they provide
(Pejchar and Mooney 2009).

Legislation and policy
International agreements

The IPBES Global Assessment Report on Biodiversity and Ecosystem Services published in May 2019 (Diaz

et al. 2019) reaffirmed the role that IAS play in species extinctions worldwide. Whilst the scale of impact is of
growing concern, the dangers posed by IAS at a global level have been recognised for some time. Article 8(h)
of the Convention on Biological Diversity (CBD) states that, Each contracting Party shall, as far as possible and as
appropriate, prevent the introduction of, control or eradicate those alien species which threaten ecosystems, habitats
or species’, and as long ago as 1992, the CBD put forward a three-stage hierarchical approach to deal with the
issue (Prevention, Early detection and rapid eradication; and Control and/or containment). In 2010 the majority
of the world’s governments adopted the CBD Strategic Plan for Biodiversity. This included the 20 headline
objectives which now commonly referred to as the referred the ‘Aichi Targets'. One of these, Aichi Target

9, is specifically related to the control of IAS and states that: By 2020, invasive alien species and pathways

are identified and prioritized, priority species are controlled or eradicated and measures are in place to manage
pathways to prevent their introduction and establishment’. This international commitment to addressing IAS was
re-asserted in 2015 through the CBD's 2030 Agenda for Sustainable Development, which states that: By 2020,
introduce measures to prevent the introduction and significantly reduce the impact of invasive alien species on land
and water ecosystems and control or eradicate the priority species’

In response to global concerns, and driven by the fact that the number and extent of IAS were increasing
within Europe, the European Union published two regulations of relevance to the issue of IAS and Atlantic
salmon. The first of these was the Council Regulation (EC) No 708/2007 concerning use of alien and

locally absent species in aquaculture. This regulation is intended to provide a framework to ensure adequate
protection of aquatic habitats from the risks associated with the use of non-native species in aquaculture. The
second is EU Regulation 1143/2014 on invasive alien (non-native) species, this is a commitment contained in
Target 5 of the EU’s Biodiversity Strategy to 2020 (European Commission, 2011). The Regulation establishes
a coordinated EU-wide framework for action to prevent, minimise and mitigate the adverse impacts of IAS on
biodiversity and ecosystem services, and limit their damage to the economy and human health. The Regulation
also lists 49 species of Union Concern, many of which are aquatic. Examples include Chinese mittencrab
Eriocheir sinensis, Spiny-cheek crayfish Orconectes limosus, Virile crayfish O. virilis, Signal crayfish, Red swamp
crayfish Procambarus clarkii, Marbled crayfish P. fallax f. virginalis and Amur sleeper Percottus glenii. Riparian
plant species, such as Himalayan balsam Impatiens glandulifera and Giant hogweed Heracleum mantegazzianum
as well as a number of species which are commonly associated with large river and standing water habitats.

These new regulations augment existing commitments to control IAS within other international agreements
(e.g. Bonn Convention on the Conservation of Migratory Species of Wild Animals and Bern Convention on the
Conservation of European Wildlife and Natural Habitats), as well as existing European instruments for nature
conservation (Article 22 of the EC Habitats Directive and Article 11 of the Birds Directive 79/409/EC). Whilst
not explicitly mentioned in legislation, the EC Water Framework Directive requires member States to put in
place national measures to achieve or maintain a good ecological status for European inland, transitional and
coastal waters by 2015 and prevent their further deterioration. The control or eradication of IAS forms part of
this work.

National measures

National controls on the spread on IAS at a national level vary significantly throughout Europe and, in the case
of the UK, measures vary between national administrations. McGeoch et al. (2010) calculated that 55% of CBD
signatories had domestic legislative measures in place to deal with IAS and many European countries have
national regulations in place to regulate the import of species (e.g. McGeogh et al. 2016). However, the EU
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IAS Regulation presents a new framework for coordinated action across all Member States, with prevention,
eradication and control measures being applied at the national level, along with a commitment to identify
invasion pathways and deal with new invaders rapidly. Information sharing between Member States and new
reporting obligations should lead to greater consistency of approach when dealing with IAS in future.

An important, but less well appreciated, aspect of IAS introductions is the ‘translocation’ (including stocking)

of species within a nation state, i.e. from waters in which a species occurs naturally to waters where it does

not occur naturally (Bean and Copp 2016; Dodd et al. 2019). A long history of unregulated and unrecorded fish
movements over past centuries makes it difficult to identify the true native range of some species. The deliberate
introduction of ‘locally absent’ species may pose an equally high risk to native species and ecosystems as the
introduction of alien species from other countries, and this is recognised internationally (ICES 2004; EIFAAC
2007). Three examples are provided in Section 5, namely pike, Eurasian minnow and bullhead.

Conclusion

Species which live in northerly latitudes are under significant threat from both climate change and IAS
(Walther et al. 2009). The climate is warming faster at northern latitudes than elsewhere suggesting that
the added pressure of IAS may be particularly significant in the temperate and Arctic waters which support
vulnerable populations of Atlantic salmon.

The success or failure of IAS establishment depends on a number of factors, including the ecological tolerance
of the invader and the environmental resistance of invaded systems (Ricciardi and Atkinson 2004), the
frequency and intensity of propagule pressure (Lockwood et al. 2005), and the plasticity of invaders (Westley
201D). Although much more is known about the ecological consequences or impacts of biological invasions
than in the past, such knowledge is only gained after AIS have become well established (Dunham et al. 2002).
This points towards a need for greater surveillance, by Government, fishery managers and the general public
to identify new arrivals as soon as possible. Once established, the ecological impacts of IAS are difficult to
reverse (Vitule et al. 2009), particularly in freshwater habitats where eradication and control measures which
do not, in themselves, cause significant environmental damage, are relatively few.

Introduced Atlantic salmon, either from fish farm escapes or planned stocking can have significant impacts
of wild populations. These AIC (Aquatic Invasive Conspecifics), can pose a particular risk, and if the Atlantic
salmon aquaculture industry moves northward in response to climate change, there is potential to affect
populations which are currently not exposed to significant pressure.

Looking forward - horizon scanning and Risk Assessment

Horizon scanning is an approach used to prioritise the threat posed by potentially new IAS not yet established
within a region, and has been seen as an essential component of IAS management with demonstrated net
economic and ecological benefits (Roy ef al. 2019). When used alongside risk analysis (Roy et al. 2017; Dodd et
al. 2018), the impact of potential IAS on Atlantic salmon can be evaluated in a systematic and consistent way
between nation states. The scientific literature suggests that risk analysis for Atlantic salmon across its native
range would be a significant step forward in predicting the future impact of IAS on this species. National risk
assessments exist for many of the most damaging and widely distributed IAS, as well as contingency plans to
deal with parasites and notifiable diseases which may affect Atlantic salmon rivers. It is important that horizon
scanning does not limit its focus to species which are ‘exotic’ to a locality, but also includes an assessment of
the potential for Locally Absent Species (LAS) to impact Atlantic salmon directly, or the habitats and ecological
processed that support them. Experience has shown, in the case of G. salaris, that ‘local species’ can act as
reservoirs of disease and parasites and that their movement between catchments can pose a significant risk.

Monitoring and surveillance

A number of international agreements at both a global and European level provide clear direction with regard
to the importance of the IAS issue and our collective responsibility to act. The EU Regulation 1143/2014 on
invasive alien (non-native) species, requires greater surveillance for IAS and the identification of pathways of
invasion. Whilst the cost of surveillance can be high, the adoption of new tools, such as eDNA for monitoring
invasive fish (e.g. Gustavson et al. 2015), invertebrates (e.g. Harper et al. 2018) and even G. salaris (Rusch et
al. 2018) can both reduce the costs and ease of sampling.

In summary, IAS, along with other stressors can have the potential to have a negative impact on Atlantic
salmon, although direct empirical evidence is lacking in many areas. Whilst legislation to control the further
movement and surveillance on |AS has improved significantly within Europe, promising better coordination
between Member States, there remains a need to develop a strategy for Atlantic salmon, which sets out the
risks posed by IAS, AIC and Locally Absent Species against a range of climate change scenarios and known
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pathways for invasion. The lack of published empirical evidence on the actual impact of AIS on Atlantic salmon
remains a cause of concern, and any strategy should consider how this may be addressed in future years.
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