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Abstract :

Biological invasions are the second cause of biodiversity loss on a global scale. The InvaCost
project aims to quantify the costs of invasive alien species (IAS) and found a total amount of 1.288
trillion USD (1970-2017). The polar regions, due to their harsh climate have been relatively protected
against IAS. With the increasing human activities and warming climate, risks of introducing IAS are
increasing.  Thus,  we aimed  to  clarify  the  past  and ongoing  biological  invasions  in  polar  regions.
Commensal mammals (cats, rats, mice, sheep...) were introduced on many islands of the subAntarctic
and Aleutian islands in the past and have considerably damaged native ecosystems.  The Canadian
beaver (Castor canadensis) in Tierra del Fuego changes the geology and destroys native forests. Large
eradication  projects  have  been  done  or  are  in  trial  and  are  mostly  done  by  hunting,  trapping  or
dispersing of rodenticide. The associated costs are high and vary depending on the species and location.
One species is considered economically beneficial, the red king crab (Paralithodes camtschaticus) in
the Barents Sea but it negatively affects benthic diversity. More recently, introductions of Elodea and
northern pike (Esox lucius) in  the southcentral lakes of Alaska,  both act in a process described as an
invasive meltdown  and both dramatically decrease pacific salmonid populations, who have a strong
value in fisheries. Rapid eradication response in infested lakes has been deemed effective. All of the
IAS have strong impacts on the functioning of ecosystems and thus management is needed to conserve
biodiversity and limit expansion of IAS in polar regions. Management of these species by authorities
are costly notably for research, monitoring and eradication. Total polar costs of InvaCost amounted for
286 million (2017 USD). Preventive and rapid response measures against IAS should be promoted in
polar regions, as they are far less expensive than eradication of a fully invaded area.
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Introduction

Biological invasions are the second cause of biodiversity loss on a global scale (Vitosek et al.,
1997). Their negative ecological impact is more severe in disrupted ecosystems (Gallardo et al., 2017)
and islands (Courchamp et al., 2002). Valéry et al., (2008) defines invasive alien species (IAS) as : “A
biological  invasion  consists  of  a  species  acquiring  a  competitive  advantage  following  the
disappearance  of  natural  obstacles  to  its  proliferation,  which  allows  it  to  spread  rapidly  and  to
conquer novel areas within recipient ecosystems in which it becomes a dominant population.”. The
InvaCost project is the first global database compiling information and economic costs of all the IAS in
the world (Diagne et al., 2020a; Diagne et al., 2020b). The global cost estimates given by the InvaCost
database reached a minimum of 1.288 trillion USD -2017 US dollars,  from  1970 to 2017- and the
annual costs may reach up to US$162.7 billion in 2017, and these costs are rising (Diagne et al., 2021).
However there is a gap of information on economic costs for the polar regions.

The polar regions are characterized by harsh conditions that isolate them well  against  IAS,
compared to other regions. These regions may lack in certain cases a top down control on IAS as is the
case on most introduced mammals on islands. (Tadich et al., 2018). Mammals are the most spread out
invasive class in polar regions, as they are homeotherms they can still thrive if they have enough food
at their disposition. On the isolated islands of subAntarctica since the beginning of global exploration
in the late 18th century, a number of alien species, most notably common ship mammals -cats, rats and
mice-, have been purposely or accidentally introduced. The subAntarctic islands were greatly affected
by these invasions due to the ecosystems being isolated from any vertebrates that feed off the native
vegetation and seabirds finding a safe niching spot on these islands (Wanless et al., 2007). The Aleutian
Islands of Alaska have similar problems with invasive rats (Kurle et al., 2008). Alien plants were also
introduced and these may have a synergic negative effect on the native species, as plants adapted to
grazing -e.g.  Poa annua- outcompetes native plants and benefit invasive herbivores (Williams et  al.,
2018). In the continental areas, aquatic species such as Elodea spp (Carey et al., 2016) and the northern
pike (Esox lucius) in southcentral lakes of Alaska (Sepulveda et al., 2012) or the Canadian beaver are
causing damage to the ecosystems. In marine Arctic ecosystems in the Barents Sea, introduced red king
crab (Paralithodes camtschaticus) needs fishing management and may cause ecological damage as it
could spread north with climate change (Sundet  & Hoel,  2016). However the research on IAS has
mainly been focused on vertebrates or large invertebrates, as much research has been focused on IAS
who have a strong negative impact (Florencio et al., 2019).

Recent  research  has  shown that  these  biological  invasions  also  have  complex  interspecific
impacts. Some parasites and illnesses may benefit from the increasing presence of certain IAS -e.g. the
red king crab increases occurrence of trypanosome in cod- (Hemmingsen et  al.,  2005). IAS can also
have cascading trophic impacts, changing the whole functioning of ecosystems (Kurle et  al.,  2008;
Westbrook et  al.,  2017). Synergistic interactions between IAS can occur and can be considered as an
invasive meltdown by Simberloff & Von Holle (1999). For the moment, the polar regions have been
relatively protected against introductions of IAS compared to temperate regions.

However,  human  activities  in  the  Arctic  are  booming.  Tourist  numbers  have  doubled  in
Longyearbyen, Svalbard from 2008 to 2018¹. Free ice is allowing new Arctic shipping routes, with
goods shipment multiplied by 4 between 2000 and 2015². Tourism is rising in Antarctica as well, with
landed visits  rising  by almost  5  from 2002 to  2020³.  These  increasing  activities  will  increase  the
probabilities of alien species to be introduced. The polar regions are at the same time warming at a
faster rate than global average (IPCC, 2018). This has a synergistic effect on biological invasions in
polar regions, with better living conditions for alien species and more introduction possibilities (Chan
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et  al.,  2019; Duffy et  al.,  2017).  If  an alien species has settled,  rapid containment and eradication
response is key to limit costs (Alvarez & Solís, 2018) and limit its chances to become persistent.

 The Invacost database, which summaries economic costs of invasive species, reflects the lack
of cost information on polar regions. By quantifying these costs, it would push for more preventive -
cheaper than post invasion management- measures to be taken by global institutions. Thus, this peer
review aims to  summarize and clarify the knowledge and economic costs of IAS in polar regions,
collecting information from InvaCost, articles and institutional papers. Costs were converted to USD
but not adjusted to inflation.

Invasive mammals

Invasive  mammals  are  by  far  the  most  documented  realm of  invasive  alien  species  (IAS),
because of their widespread and strong impact. These invasions started in the 18th century, and with the
eradication processes have been ongoing from the 60s until today. A number of these species are listed
in the top 100 most IAS -noted with a *-, showing the heavy impact of these species (Lowe et  al.,
2000).

Isolated islands of SubAntarctica

On the isolated islands of subAntarctica (South Georgia (SG), Crozet Islands (CrI), Kerguelen
Islands (KI), Prince Edward Islands (Marion (MI)), Macquarie (MqI), and Campbell Islands (CI), see
Annex 1), mammals have been introduced  since human presence,  by  global exploration in the 19th

century,  followed  by  whale  and  seal  hunting  in  the  20th century.  Common ship  mammals,  house
mouse* (Mus musculus), black rat* (Rattus rattus), brown rat (Rattus norvegicus) and domesticated
cats* (Felis catus) were introduced accidentally. This still can happen today, for example a rat was
brought again by ship on South Georgia 3 years after the rat eradications (Martin & Richardson, 2019).
Some species were purposely introduced for cultural and economic reasons. The Norwegian reindeer
(Rangifer tarandus)  was brought by Norwegian whale and seal hunters, to feel more at  home, for
recreational  hunting  and  fresh  meat.  The  domesticated  cow  (Bos  taurus),  rabbit*  (Oryctolagus
cuniculus), sheep (Ovis aries), mouflon (Ovis gmelini) and goat (Capra aegagrus) were also introduced
for similar reasons, to support local hunters. But also in some cases the population dynamics of large
herbivores, were studied after their introduction -from the 60s to the 90s-. This was allowed by the
simple ecosystems and predator free characteristics of these islands  (Kaeuffer et  al.,  2010). Though
these mammals were not introduced to all the islands (see Annex  2). Until recently, these mammals
were left to roam freely on the islands, impacting the local fauna and flora.

As  these  islands  are inhabited by  a very  low number  of  people,  IAS don't  impact  human
activities but seriously damage the native ecosystems. Most of the recent populations on these islands
are scientists that settled there in the 50s and 60s. Herbivores were grazing off the vegetation that has
been isolated from herbivory, and thereby benefiting invasive plants -e.g. Poa annua- that are adapted
to  grazing  and  stomping  (William et  al.,  2018).  This  has  been  termed as  an  invasive  meltdown,
whereby two IAS facilitate  each other’s  invasion  (Simberloff  & Von Holle,  1999).  The effects  of
eradication of sheep and rabbits had a very positive impact on native vegetation regrowth. This has
been well demonstrated on Campbell Island, where a fence was erected and on one side of the island,
all  sheep  were  excluded  and  native  vegetation  grew  back  (Meurk,  1982).  Rodents  have  a  wider
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negative impact on the native ecosystems as they are opportunistic omnivores. Thus, rats eat native and
alien plants, as well as small seabirds, chicks and eggs. It is possible that some islands -e.g. Possession
Island (CrI)-  only  harbor  seabirds  that  are  not  affected  by rats  because  of  their  two century  long
presence (Pisanu et  al.,  2011; Towns et  al.,  2005; Wanless et  al.,  2007). The decreasing presence of
seabirds has more profound effects on soil invertebrates, as seabirds bring loads of nutrients to the
islands,  and thus alter  the trophic cascade,  rendering the invertebrate community less complex and
more fragile (Thoresen et al.,  2017). The only carnivore introduced in the subAntarcitc Islands is the
domesticated cat -that became feral- which was present on Macquarie and Marion Islands. They were
stabilising  rodents  and  rabbit  populations,  but  they  also  dramatically  reduced  seabird  populations
(Robinson & Copson, 2015). These cats fed partly on Antarctic prions (Pachyptila desolata) and white-
headed petrels  (Pterodroma lessonii),  and about  58 000 of  these  seabirds  were  eaten  annually  on
Macquarie Island, for a population of 375 cats (Jones, 1977). On the Kerguelen Islands, Pascal (1980)
estimated that for a population of 3500 cats, 1.2 to 1.3 million  seabirds were predated per year. The
declining number of seabirds due to rodents and carnivores on these islands have a changing effect on
the biogeochemical cycles. The soil loses the nutrients brought by the seabirds, though there still are
nutrients brought by seals. Overgrazing on the other hand, benefits invasive plants.  Had we let the
situation be, these islands maybe would have lost their nutritious soils gradually and thus possibly
transforming them into barren islands. Hopefully, the ecological damages done to these islands and
seabird populations was sufficient for governments and non profit  organizations to take action and
eradicate these species.

In general,  eradicating mammals from the islands has different cost ranges.  The further the
island is isolated -from an airport-, the more rugged terrain, altitude and area it has, higher the costs
will be. Rodent eradication costs are the highest, being 1.7 to 3 times more expensive than ungulates
costs (Martin et  al., 2006). Being that they are small and hunting them is difficult, contrary to larger
ungulates that can be spotted from a far thanks to the absence of trees. These islands are for the most
part  highly  remote,  the costs  for  bringing teams and material  are  higher  than  islands  close to  the
mainland.

Large herbivores are rather easy to eradicate and should -if none are reintroduced purposely-
not  be  invasive  again.  The  principal  techniques  are  hunting  and  trapping.  Cows  and  sheep  were
relocated  to  New Zealand  or  simply  hunted  on  Campbell  Island in  1984 and 1991.  The  costs  of
eradicating and controlling ungulate -cow, sheep and Ovis ammon populations in the French Southern
and Antarctic Lands (TAAF) -Crozet and Kerguelen archipelagos Saint-Paul and Amsterdam Islands-
cumulated to 606 272 (2017 USD) (Diagne et al., 2020b). South Georgia is one of the largest islands,
with a land area of 3500 km², concerned by eradication measures and has different IAS. However the
large glaciers offer natural barriers to these species. This is also why eradication measures must be
taken quickly, as these glaciers are melting with climate change (Martin & Richardson, 2019). For the
eradication of reindeers, Sami herders -indigenous community living in the northeast parts of Europe-
were recruited for the herding and hunting of the Norwegian reindeers. Herding required fences to be
constructed by hand in numerous parts of the island. The herded reindeers were then butchered and
sold for approximately 154 323 USD. The remaining stragglers were hunted down by marksmen in the
second phase. Total cost for this eradication done by the South Georgia Heritage trust was 1.31 million
USD (South Georgia Heritage Trust, 2013; South Georgia Heritage Trust,, 2014). 

Rodents and rabbits are more difficult to eradicate, their small size allows them to hide easily.
But  with  technological  advances,  new techniques  such  as  toxic  bait  were  used  to  eradicate  them
efficiently. A second generation anticoagulant, brodifacoum is the main rodenticide used in bait, which
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is dispersed by hand or by helicopter. It was successfully used to eradicate rabbits, black and brown rats
from some islands of the  CrI, KI, MrI, MqI and SG Islands. Eradication of brown rats -successfully
achieved  in  2001-  on  CaI cost  1.67  million (2017  USD) (Diagne  et  al.,  2020b),  and  pushed  the
Australian authorities to do more ambitious eradication programs on Macquarie  Island. Eradicating
IAS off Macquarie Island was certainly one of the most complex and expensive eradication programs,
being the largest island -with an surface area of 129km²- and having 4 different IAS -cats, mice, black
rats and wekas (Gallirallus australis scotti)-. Rabbit populations were under control for 20 years until
the populations showed resistance to the myxoma virus used on them, but during the eradication phases
in 2011 Rabbit Haemorrhagic Disease Virus was used and was effective. Planning for the eradication
started in 2004 and lasted 5 years. Aerial baiting was done from 2010 to 2011, dispersing 305 tonnes of
brodifacoum bait.  A total  of  1464  carcasses  were  removed  and  buried  so  that  scavenger  seabirds
wouldn't feed off them. From 2011 to 2014 rabbit monitoring was done by hunting and trapping to
remove the surviving rabbits. The total budget was 20,5 million (2017 USD) but the project was done
below this budget with a cost of 15.6 million (2017 USD) (Springer, 2016).

Eradication of brown rats and house mice off South Georgia was done in three phases of areal
baiting during 2013 to 2015. The invaded areas made for about 30% of the island -1080 km²-, but since
it is naturally divided by glaciers, it consists of several isolated areas, the largest zones had an area of
49km² . The overall costs of this operation sum up to 11 million USD or 104 USD per ha (Martin &
Richardson, 2019). For Marion Island, no costs were found for the eradication of mice.

Even though brodifacoum is better tolerated by most bird species -LD50 from 3 to 20 mg/kg-
compared to rats and mice with an LD50 inferior to 1 mg/kg. It can still affect bird populations that eat
pellets or rodent corpses -remains of brodifacoum can stay lethal in dead rats until 10 days- (Eason et
al., 2002), the seabirds that exclusively foraged at sea were not affected. In South Georgia, 7 species of
birds were affected. The most impacted bird was the South Georgia pintail (Anas georgica georgica)
which has an estimated death mortality rate of 59%. But they are all expected to fully recover in less
than 5 years, and will benefit from a rat free island (Martin & Richardson, 2019).

Given  the  lower  population  numbers  of  invasive  carnivores,  methods  consisted  mostly  of
trapping and hunting and thus had to be done in long periods of time to fully remove them off the
islands. On Marion Island, the project started from 1974 to 1993, with different phases consisting of
studies, feline panleukopenia virus release, hunting, bait trapping and finally about 18 thousand chicken
carcacess containing sodium fluoroacetate 1080 – a metabolic poison- were spread out. Given the large
size of the island and the large time span of the project costs must have been high but were not found
(Bester, 2002). Feral cat control on Macquarie Island used the same mix of methods from 1974 to
1996. From 1996 to 2002 efforts were intensified and costs from that period accounted for about 2.6
million USD (Robinson & Copson, 2015).

Most  of  the  economic  information  found  in  literature  and  the  InvaCost  database  give
eradication costs. The economic analysis of Wittmann & Flores-Ferrer, (Diagne et al., 2020b) contains
fully detailed costs of the invasive mammals on the TAAFs. IAS management in the TAAFs cost a total
of 9.5 million (2017 USD) from 2009 to 2013. Knowledge and funding costs were the highest, having
45.76% of the costs, followed by mixed costs (27.14%) -which doesn’t give us any clear information-,
pre-invasion management (11.04%), damages (10.02%) and finally post-invasion management (6.05%)
(see Annex 3). However no recent large scale eradication projects have been done in the TAAFs.

Alaskan archipelago (Aleutian, Shumagin and Pavlof Islands)

On the Alaskan archipelago, two species of foxes were introduced in the middle of the 18th
century to expand the fur industry. The Arctic fox (Vulpes lugoles) was introduced in at least 40 islands
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of  the  Aleutian  islands,  3  islands  of  the  Shumagin  islands  and  Chirikof  island  in  the  Kodiak
archipelago. The red fox (Vulpes vulpes) was introduced to Poperechnoi and Ukolnoi in the Pavlof
islands, and on Big Koniuji in the Shumagin islands (DIISE, 2018; Ebbert, 2000; Maron et al., 2006).
Brown rats were also accidentally - introduced on 17 islands of the Aleutian archipelago (DIISE, 2018).

The  foxes  brought  on  the  Aleutian  Islands  (see  Annex  1) also  brought  seabird  population
dramatically down where it was present. The Chagulak -fox free- island has a comparable land size to
the  Nizki  -fox infested-  island,  but  has  a  number  of  seabirds  230 times higher  than Nizki  island.
Bringing the seabird population down deprives the islands from nutrients brought by them and thus the
vegetation becomes dominated by low shrubs, lichens and mosses (Maron et  al.,  2006). Brown rats
significantly reduced intertidal foraging gulls and oystercatcher populations by feeding on their eggs
and chicks. This has a cascading effect on the trophic web, increasing macroalgae predators -snails and
limpets- and thus decreasing macroalgae biomass, allowing for barnacles and anemones, that have less
foraging pressure to colonize these intertidal coasts (Kurle et al., 2008).

Foxes were eradicated off all Aleutian Islands by hunting and trapping from 1961 to 2017. No
costs were found for these eradications. Rat eradications are still in research and trial (DIISE, 2018;
Ebbert, 2000), except for Hawadax Island -named Rat Island in the past- which is rat free since 2010
(MacLean et al., 2010). The costs for Rat Island were more than 5 million USD, with more than 50%
of the funds used to  eradicate the rats  and 33% for monitoring (Schwörer et  al.,  2014). The high
number  of  rat  infested  islands  -16-  and  the  high  costs  for  Rat  island   suggests  that  the  further
eradications will require a lot of preparation and budget.

Continental regions (Tierra del Fuego, Argentina)

The Canadian beaver (Castor canadensis), was introduced purposely in Tierra del fuego  (see
Annex 1), Argentina in 1946 to expand the fur industry. Tierra del fuego is an island, but it is very close
to the South American mainland, making it  have the most southern forests.  Beavers are known as
engineer species, as they harvest wood to create dams. These dams create flooding but also the beavers
excavate sediments and peat, dramatically changing the landscape. A spatial analysis with images from
Google Earth showed a total estimate of 200 000 beaver dams were built -with pictures from 2002 to
2019- (Herrera et al., 2020). The native Nothofagus trees (N. pumilio, N. antarctica, N.betuloides) are
not adapted to the hydrologic changes and are cut down by beavers for construction and food. Thus the
native trees die off leaving space for invasive plant species -notably  Poa pratensis and  Taraxacum
officinale -, that also benefit from the mineral sediments accumulated by the dams. The flooding also
drowns the native bryophytes allowing invasive plants -Phleum pratensis, Alopecurus pratensis, and
species of Trifolium- to replace them. The establishment of other species on the soil further decreases
the chances for native tree seedlings to grow (Westbrook et al., 2017). Restoration efforts are needed to
regenerate  Nothofagus species,  but  this  would  be  useless  without  the  eradication  of  the  beavers.
Beavers may also benefit alien brown trout (Salmo trutta) fishes by increasing the macroinvertebrate
densities in streams (Arismendi et al., 2020) , and thus generating an invasive meltdown.

Tierra del fuego lacks large predators, with the largest one being the culpeo fox (Pseudalopex
culpaeus lycoides) which is considered an endangered species by the IUCN. Culpeo foxes will feed on
the beavers when given the opportunity, but the beavers are hard to capture when they are close to their
aquatic habitat. However in areas away from streams or in shallow streams, the foxes have a higher
chance of success. Given the low number of culpeo foxes and the efficient evasive strategies of the
beavers, this fox may not be able to control beaver populations and thus human induced eradication is
needed (Tadich et al., 2018). 
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The Canadian beaver has huge damages costs on the Argentinian and Chilean economies. Direct
damages impact livestock, forestry and reduce land value and cumulates to 130 million (2017 USD).
Eradication measures are still in trial and research, and have accumulated to 38.4 million (2017 USD).
Pre-invasion management -early detection and information- cost 1.11 million USD and research cost
196 126 (2017 USD) (Diagne et al., 2020b).

Invasive mammals are certainly the costliest of all polar IAS, given the high management costs.
Species that were introduced purposely should not be reintroduced given our knowledge on their high
ecological impact and very low benefit. The only species introduced accidentally are rodents and strong
preventive measures must be taken to not waste all the efforts made to eradicate them. Of course non-
mammalian IAS do also exist in polar regions, and all have more specific problems linked to them.

Invasive aquatic animal species

Barents Sea

The red king crab (RKC) was introduced purposely in the Barents Sea (see Annex 1) to expand
the fishing industry in the USSR in the 1960s. As the population grew it expanded westward along the
Norwegian coast and in 2002 Norwegian authorities started fishing it as well (Sundet & Hoel, 2016).

The  RKC is  an  active  predator  that  feeds  on  benthic  organisms  most  notably  mollusks,
polychaetes and echinoderms. A comparative study on the benthic fauna of invaded and uninvaded
fjords by Oug et  al.,  (2018), showed that the  presence of the RKC reduces faunal abundances and
diversity. The reduction of sediment burrowing invertebrates reduces the physical mixing of sediments
and thus changes the chemical properties and nutrient cycling in the sediment.  The RKC also has
indirect impacts on cod, as it  increases the prevalence of  Trypanosoma murmanensis  in Atlantic cod
(Gadus morhua) present in the Barents  Sea. The piscine leech  Johanssonia arctica  is a vector for  T.
murmanensis. Its life cycle starts by laying its eggs on hard substrate -with a preference for crab shells-
and then passes on to parasite cod, that can be lethal for juveniles or weaken adults (Hemmingsen et
al.,  2005). Thus, the RKC may have indirect negative effects on the health of cods, which is already
considered vulnerable by the IUCN due to overfishing.

The case for managing the RKC is different from the other IAS reviewed, as it has monetary
value.  Population control  is  done via  fishing quotas in  Russian and Norwegian waters  to  keep an
economically viable population. The most western coastal of Norway areas do not have quotas though,
to increase fishing pressure and limit its further expansion. The Norwegian authorities planned a budget
of 655 085  (2017  USD) per year for communication, research and surveillance of the red king crab
(Diagne et al., 2020b). The export value from the fisheries was about 44 million USD for 2015 (Sundet
& Hoel, 2016).

Total eradication is deemed impossible as  the RKC is too spread out and the Russian fishery
authorities manage the crab as a sustainable resource (Sundet & Hoel, 2016). Given it’s high value, the
RKC  could  be  illegally  introduced  to  other  areas  and  would  be  dramatic  for  Arctic  ecosystems.
Preventive management is key to limit further expansion of the RKC. Intensive fishing must continue
on the western parts of the Barents Sea, as if it spreads too west, the currents may be able to transport
the larvae on Svalbard’s coasts (Sundet & Hoel, 2016).  RKC larvae could also be transported by the
rising number of ships who could exchange ballast water in the Barents Sea area. These ballast waters
could  be treated  by filtration and UV-C radiation  to  limit  the chances  of  survival  (Casas-Monroy,
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2018).  This method would be highly effective to reduce the chances of spreading marine invasive
species throughout the Arctic, but will require new ship infrastructure for which the costs are unknown.

South-central lakes of Alaska

Even though the northern pike fish (Esox lucius) is native to the northern and western regions of
Alaska, it is considered invasive in the south-central lakes of Alaska where it was introduced illegally.
The first introduction is thought to occur in the 1950s by local fishers. It has since been introduced
illegally to other lakes and also spread to more lakes with streams, leading to more than 100 lakes
being invaded in the Cook inlet bay area (Haught & von Hippel, 2011).

Northern pike are sit-and-wait predators that rely on thick vegetation to hide from its prey. The
appearance of thick invasive  Elodea  packs may benefit the cover of the northern pike (Carey et  al.,
2016).  Northern pike feed off  a  wide variety of prey depending on their  size.  Small  pikes have a
preference for juvenile salmonids -Chinook salmon (Oncorhynchus tshawytscha), O. mykiss, O. nerka,
O. kisutch- and are possibly a cause for their decline in the area. Pike have a wide diet range and feed
off more than 20 different other non-salmonid prey, allowing them to be persistent in the lakes they
invade  (Sepulveda  et  al.,  2012).  The  declining  number  of  salmonids  may  also  have  cascading
ecological effects as they provide food for wildlife and release nutrient subsidies when they die in the
streams and lakes (Cederholm et al., 1999).

Recreational  fishing of  pike has  been promoted to  limit  pike populations.  Fishing of  pikes
smaller than 558 mm is unlimited but for larger pikes it is not allowed as large pikes can eat smaller
pikes and thus limit their populations (Sepulveda et al., 2012). Commercial fishing of pacific salmon is
done by hatchery salmon and in 2020, and a total of 34 million fish were harvested being lower than
the forecast that was of 52 million fish. Given the high economical value of this industry, with 69
million USD of ex vessel -flat fish prices- for that year, it is unknown how much monetary value was
lost due to pike predation (Lorna Wilson, 2021). Eradication and population control measures began in
2011 and is  conducted  by  the  Alaskan  authorities. During  the  spawning period  in  May,  pikes  are
captured by netting. For instance, in Alexander creek from 2011 to 2019, 20 446 pike were removed
and  the  Chinook  salmon  population  saw  an  increasing  population  in  2019.  However  mechanical
removal requires a lot of effort and does not assure total eradication. Piscicide treatments of rotenone
have been conducted on 19 lakes from 2008 to 2020. Although rotenone treatments eradicate pike
populations, extensive preparation, research and reintroduction of native fish species is needed (Dunker
et al., 2020). Eradication costs were not found. From 2007 to 2011 management costs for pike was 2.8
million USD, with 67% of it spent on monitoring and 12% for control (Schwörer et al., 2014). The total
economic costs of the pike must be higher given its predation on salmonids but is inestimable.

Invasive plants

Invasive plants are often brought for ornamental gardens or accidentally by simply having a
seed stuck on peoples boots as they travel to polar regions. A high number of alien plants have been
brought  to  polar  regions,  and  some  may  potentially  become  invasive  with  warming  temperatures
(Wasowicz et al., 2020). But the costs for terrestrial plants are limited or unknown for the most part.

South-central lakes of Alaska
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Elodea canadensis and E. nutallii are suspected to be introduced in Alaskan lakes in 1978 from
an aquarium and were detected in Eyak lake in 1982. More recently introductions were done in 4 other
lakes in 2009 and 2011, also by aquariums and has caused an explosion of Elodea presence in lakes.
Alaskan lakes are often used by floatplanes to travel to remote areas, and thus have a high potential to
contaminate many lakes (Carey et al., 2016). Elodea is a widespread aquatic IAS and is well known for
its high removal costs and ecological impacts throughout Europe (Oreska & Aldridge, 2011).

Elodea  infested lakes  are  now  inaccessible  by floatplanes  for  safety  -when dense mats  are
formed- and prevention measures, this has negative impacts on recreational and tourist activities in
Alaska.  Elodea  also  outcompetes  the  native  aquatic  vegetation  by  its  rapid  growth,  lowers  the
macroinvertebrate densities and can cause hypoxia when dense mats are formed (Carey et  al.,  2016;
Schultz & Dibble, 2012). These dense mats of Elodea also slow down the velocity of the streams and
spawning female Chinook salmon avoided these areas. The decrease of velocity also may change the
properties of the substrate, making the rocky-gravel substrate accumulate organic matter (Merz et al.,
2008). Schwoerer & Morton (2018) estimate that if no action is taken to control or eradicate Elodea, a
cumulative loss of 2.6 billion USD will amount in the 100 years to come, with 94% of the losses being
for fisheries and the latter for pilots.

Preventive  measures  are  crucial  as  Alaska  contains  about  2.5  million  lakes.  The  Alaskan
authorities  promotes  extensive cleaning of  floatplanes  and boats  that  were in  contact  with  Elodea
infestations, education and quarantine transport of Elodea. Rapid response measures require extensive
monitoring, for instance 90 lakes in the Kenai peninsula were surveyed and 6 lakes were found to
contain  Elodea  (Bowser & Schake,  2020).  Mechanical removal of  Elodea  required huge efforts  in
Great Britain,  was the costliest of all  invasive aquatic plants (Oreska & Aldridge,  2011) and plant
fragments can disperse Elodea to other streams. Thus, the decision of chemical treatment by fluridone
and optionally diquat herbicides was taken by the authorities. Research on treated lakes showed that
zooplankton  communities  were  not  impacted  and  native  macrophytes  abundance  increased  in  the
following years. Herbicide treatment cost 1000 USD per ha for materials alone (Sethi et al., 2017).

Widespread invasive terrestrial plants

Poa  annua  is  certainly  the  most  widespread  invasive  plant  of  the  polar  regions.  It  was
accidentally  introduced  in  most  islands  of  the  subAntarcitc  and  Antarctic.  Its  high  morphological
plasticity allows it to survive the harsh conditions and in high nutrient or barren soils it outcompetes
native vegetation. It also benefits invasive herbivores by being adapted to grazing (Williams et  al.,
2018). No eradication measures or infrastructure costs were found but the invasive meltdown of this
plant with herbivores might have allowed a better reproduction of herbivores and thus expanded the
cost for their eradication.

Invasive plants in the Arctic are mostly spread out near human infrastructures or through seeds
stuck  on  boots.  In  Alaska,  costs  for  invasive  plants  -Melilotus  albus,  Polygonum  cuspidatum,
Polygonum bohemicum, Polygonum sachalinense and Phalaris arundinacea- accounted for a total of
0.9 million for control and research (Schwörer et al., 2014).

In Iceland  Lupinus nootkatensis  was introduced to prevent soil erosion, soil amelioration and
reforestation. It is perennial in the southern parts of the island but is now spreading north and in the
highlands. As a transformer species it increases the nitrogen amount in the soil, which can be unsuitable
for  certain  native  plants  (Vetter  et  al.,  2018).  Increasing  tourism in  Iceland  further  increases  the
propagation of L. nootkatensis. Sheep grazing on infested areas was deemed successful and can benefit
culturally and economically the local farmers (Magnusson, 2010).
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A  good  example  of  rapid  preventive  eradication  mesure  is  for  Anthriscus  sylvestris in
Barentsburg, Svalbard. It was prior to its eradication in 2017, considered an alien species (Bartlett et
al.,  2021). But it could be considered invasive in Iceland and Faroe Islands (Magnusson, 2011). This
possibly  allows  to  cut  down  possible  ecological  and  economic  costs  as  the  rising  temperature
conditions will favor these alien plant species.

Conclusion

Invasive alien species (IAS) brought to polar regions dramatically impact native ecosystems and
can have  cascading effects  on trophic  webs  and biogeochemical  cycles.  These  cascading complex
effects  can  damage  the  ecological  services  that  have  inestimable  economic  costs  and  ecological
damages. Some species do not directly affect the economy, as it is the case for most invasive mammals
but  impact the  ecology and  biodiversity.  Others  directly  affect  the  economy,  notably  the  negative
effects on pacific salmonids by Elodea and northern pike. Or for the red king crab to be economically
viable though still negatively impacting the native ecosystems. Consequently local authorities have to
take measures to limit further damages, propagation and to restore ecosystems.

Out  of  the  economic  cost  information  found  on  InvaCost,  the  costliest measures  were  for
eradication processes  with  155.3  million USD, that require extensive preparation and research. The
eradication costs and techniques of IAS vary greatly depending on the location and species concerned.
Damage costs account for the lesser half of the costs indicated by InvaCost  (130.62 million USD),
these costs indicate ecosystem restoration costs and direct damage costs. However the damage costs are
highly underrated as most of the cost indicated  99.27% are damage costs done by Canadian beavers
and do not take into account the economic losses of pacific salmonid decline. Research costs have a
total of 3.91 million USD, communication monitoring, prevention, education (2.70 million USD) and
mixed costs accounted for 2.28 million USD. The total economic costs amounted to 286 million (2017
USD)  and are highly underrated due to a lack of information.

IAS are by definition, alien because of human induced introduction. From the 18 IAS reviewed,
13 were  purposely  introduced  (see  Annex  2),  showing  how  short-term  benefits  have  long-term
ecological impacts and consequently high management costs. For the species accidentally introduced
prevention measures such as education and disinfection are relatively cheap compared to post-invasion
measures and would be the best response to prevent further introductions due to tourism or shipping
(Casas-Monroy, 2018;  Rumpf et  al.,  2018).  Rapid response measures when an IAS is  detected by
extensive  monitoring  and  followed  by  eradication  also  greatly  limit  costs.  As  climate  change  is
allowing species to migrate closer to the poles, it may be possible that IAS already present in continents
linked to the Arctic  and oceans  invade polar  regions,  following processes similar  to  atlantification
(Vihtakari et al., 2018).

Bibliography

Alvarez,  S.,  &  Solis,  D.  (2019).  Rapid  Response  Lowers  Eradication  Costs  of  Invasive  Species:
Evidence from Florida. Choices, 33(4), 1–9.

Arismendi, I., Penaluna, B. E., & Jara, C. G. (2020). Introduced beaver improve growth of non-native
trout  in  Tierra  del  Fuego,  South  America.  Ecology  and  Evolution,  10(17),  9454–9465.
https://doi.org/10.1002/ece3.6636

12/22



Bartlett,  J.  C.,  Bakke-westergaard,  K.,  Paulsen,  I.  M.  G.,  Wedegärtner,  R.  E.  M.,  Wilken,  F.,  &
Ravolainen, V. (2021). Moving out of town ? The status of alien plants in high-Arctic Svalbard , and a
method  for  monitoring  of  alien  flora  in  high-risk  ,  polar  environments.  February,  1–14.
https://doi.org/10.1002/2688-8319.12056

Bester, M. N., Bloomer, J. P.,  van Aarde, R. J., Erasmus, B. H., van Rensburg, P. J. J., Skinner J. D.,
Howell P. G., & Naude T. W.  (2002).  A review of the successful eradication of feral cats from sub-
Antarctic Marion Island, Southern Indian Ocean. South African Journal of Wildlife Research, 32(1), 65-
73.

Bowser, M., Schake, K.,. (2020). Supplemental Environmental Assessment . Stormy and Daniels Lake
Elodea  Eradication  Project  (  February  2020  ). Alaskan  Department  of  Natural  Ressources.
http://plants.alaska.gov/invasives/

Carey,  M.  P.,  Sethi,  S.  A.,  Larsen,  S.  J.,  &  Rich,  C.  F.  (2016).  A primer  on  potential  impacts,
management priorities, and future directions for Elodea spp. in high latitude systems: learning from the
Alaskan experience. Hydrobiologia, 777(1), 1–19. https://doi.org/10.1007/s10750-016-2767-x

Casas-Monroy, O., Linley, R. D., Chan, P. S.,  Kydd, J.,  Vanden Byllaardt,  J.,  & Bailey,  S. (2018).
Evaluating efficacy of filtration + UV-C radiation for ballast water treatment at different temperatures.
Journal of Sea Research, 133, 20–28. https://doi.org/10.1016/j.seares.2017.02.001

Cederholm, C. J., Kunze, M. D., Murota, T., & Sibatani, A. (1999). Pacific Salmon Carcasses: Essential
Contributions of Nutrients and Energy for Aquatic and Terrestrial Ecosystems. Fisheries, 24(10), 6–15.
https://doi.org/10.1577/1548-8446(1999)024<0006:psc>2.0.co;2

Chan, F. T., Stanislawczyk, K., Sneekes, A. C., Dvoretsky, A., Gollasch, S., Minchin, D., David, M.,
Jelmert,  A.,  Albretsen,  J.,  & Bailey,  S.  A. (2019).  Climate change opens new frontiers  for marine
species in the Arctic: Current trends and future invasion risks. Global Change Biology,  25(1), 25–38.
https://doi.org/10.1111/gcb.14469

Chapuis, J. L., Boussès, P., & Barnaud, G. (1994). Alien mammals, impact and management in the
French  subantarctic  islands.  Biological  Conservation,  67(2),  97–104.  https://doi.org/10.1016/0006-
3207(94)90353-0

Courchamp, F., Chapuis, J. L., & Pascal, M. (2003). Mammal invaders on islands: Impact, control and
control  impact.  Biological  Reviews  of  the  Cambridge  Philosophical  Society,  78(3),  347–383.
https://doi.org/10.1017/S1464793102006061

Diagne, C., Leroy, B., Gozlan, R. E., Vaissière, A. C., Assailly, C., Nuninger, L., Roiz, D., Jourdain, F.,
Jarić, I., & Courchamp, F. (2020a). InvaCost, a public database of the economic costs of biological
invasions worldwide. Scientific Data, 7(1), 1–12. https://doi.org/10.1038/s41597-020-00586-z

Diagne, Christophe; Leroy, Boris; E. Gozlan, Rodolphe; Vaissière, Anne-Charlotte; Assailly, Claire;
Nuninger,  Lise;  et  al.  (2020b):  InvaCost:  References  and  description  of  economic  cost  estimates

13/22



associated with biological invasions worldwide..  figshare.  Dataset.
https://doi.org/10.6084/m9.figshare.12668570.v3 

Diagne, C, Leroy, B., Vaissière, A.-C., Gozlan, R. E., Roiz, D., Jarić, I., Salles, J.-M., Bradshaw, C. J.
A.,  & Courchamp,  F.  (2021).  High and  rising  economic  costs  of  biological  invasions  worldwide.
Nature, In Press(April 2020). https://doi.org/10.1038/s41586-021-03405-6

DIISE, 2018. The Database of Island Invasive Species Eradications, developed by Island Conservation,
Coastal  Conservation  Action  Laboratory  UCSC,  IUCN  SSC  Invasive  Species  Specialist  Group,
University of Auckland and Landcare Research New Zealand. http://diise.islandconservation.org

Duffy, G. A., Coetzee, B. W. T., Latombe, G., Akerman, A. H., McGeoch, M. A., & Chown, S. L.
(2017).  Barriers  to  globally  invasive  species  are  weakening  across  the  Antarctic.  Diversity  and
Distributions, 23(9), 982–996. https://doi.org/10.1111/ddi.12593

Dunker, K., Massengill, R., Bradley, P., Jacobson, C., Swenson, N., Wizik, A., & Decino, R. (2020). A
decade in review: Alaska’s adaptive management of an invasive apex predator.  Fishes,  5(2), 1–27.
https://doi.org/10.3390/fishes5020012

Eason,  C.  T.,  Murphy,  E.  C.,  Wright,  G.  R.  G.,  &  Spurr,  E.  B.  (2002).  Assessment  of  risks  of
brodifacoum  to  non-target  birds  and  mammals  in  New  Zealand.  Ecotoxicology,  11(1),  35–48.
https://doi.org/10.1023/A:1013793029831

Ebbert, S. (2000). Successful eradication of introduced foxes from large Aleutian islands. Proceedings
of the Vertebrate Pest Conference, 19. https://doi.org/10.5070/v419110046

Ebbert, S., & Burek-Huntington, K. (2010). Anticoagulant Residual Concentration and Poisoning in
Birds Following a Large-Scale Aerial Application of 25 ppm Brodifacoum Bait for Rat Eradication on
Rat  Island,  Alaska.  Proceedings  of  the  Vertebrate  Pest  Conference,  24.
https://doi.org/10.5070/v424110700

Florencio, M., Lobo, J. M., & Bini, L. M. (2019). Biases in global effects of exotic species on local
invertebrates:  a  systematic  review.  Biological  Invasions,  21(10),  3043–3061.
https://doi.org/10.1007/s10530-019-02062-1

Gallardo,  B.,  Aldridge,  D. C.,  González-Moreno,  P.,  Pergl,  J.,  Pizarro,  M.,  Pyšek, P.,  Thuiller,  W.,
Yesson, C., & Vilà,  M. (2017). Protected areas offer refuge from invasive species spreading under
climate change. Global Change Biology, 23(12), 5331–5343. https://doi.org/10.1111/gcb.13798

Haught, S., & von Hippel, F. A. (2011). Invasive pike establishment in Cook Inlet Basin lakes, Alaska:
Diet,  native  fish  abundance  and  lake  environment.  Biological  Invasions,  13(9),  2103–2114.
https://doi.org/10.1007/s10530-011-0029-4

Hemmingsen, W., Jansen, P. A., & MacKenzie, K. (2005). Crabs, leeches and trypanosomes: An unholy
trinity? Marine Pollution Bulletin, 50(3), 336–339. https://doi.org/10.1016/j.marpolbul.2004.11.005

14/22



Herrera, A. H., Lencinas, M. V., Manríquez, M. T., Miller, J. A., & Pastur, G. M. (2020). Mapping the
status of the North American beaver invasion in the Tierra del Fuego archipelago. PLoS ONE, 15(4), 1–
19. https://doi.org/10.1371/journal.pone.0232057

IPCC, 2018: Summary for Policymakers. In: Global Warming of 1.5°C. An IPCC Special Report on the
impacts  of  global  warming of 1.5°C above pre-industrial  levels and related global  greenhouse gas
emission pathways, in the context of strengthening the global response to the threat of climate change,
sustainable development, and efforts to eradicate poverty

Jones, E. (1977). Ecology of the feral cat, felis catus (l.), (carnivora: Felidae) on Macquarie Island.
Wildlife Research, 4(3), 249–262. https://doi.org/10.1071/WR9770249

Kaeuffer,  R.,  Bonenfant,  C.,  Chapuis,  J.  L.,  &  Devillard,  S.  (2010).  Dynamics  of  an  introduced
population of mouflon Ovis aries on the sub-Antarctic archipelago of Kerguelen.  Ecography,  33(3),
435–442. https://doi.org/10.1111/j.1600-0587.2009.05604.x

Kurle, C. M., Croll, D. A., & Tershy, B. R. (2008). Introduced rats indirectly change marine rocky
intertidal communities from algae- to invertebrate-dominated. Proceedings of the National Academy of
Sciences  of  the  United  States  of  America,  105(10),  3800–3804.
https://doi.org/10.1073/pnas.0800570105

Lowe S., Browne M., Boudjelas S., De Poorter M. (2000) 100 of the World’s Worst Invasive Alien
Species A selection from the Global Invasive Species Database. Published by The Invasive Species
Specialist Group (ISSG) a specialist group of the Species Survival Commission (SSC) of the World
Conservation Union (IUCN), 12pp. First published as special lift-out in Aliens 12, December 2000.
Updated and reprinted version: November 2004.

Maclean, S., Howald, G., Delehanty, S., (2020). Rat Island is officially rat-free. 2 PP

Magnusson, B.  (2010): NOBANIS – Invasive Alien Species Fact  Sheet  –  Lupinus nootkatensis.  –
From: Online Database of the  European  Network  on  Invasive  Alien  Species  –  NOBANIS
www.nobanis.org

Magnússon, S.H. (2011): NOBANIS – Invasive Alien Species Fact Sheet – Anthriscus sylvestris. –
From:  Online  Database  of  the  European  Network  on  Invasive  Alien  Species  –  NOBANIS
www.nobanis.org

Maron, John, L., Estes, J. A., Croll, Donald, A., Danner, Eric, M., Elmendorf, Sarah, C., & Buckelew,
Stacey,  L.  (2006).  An  introduced  predator  alters  Aleutian  Island  plant  communities  by  thwarting
nutrient  subsidies.  Ecological  Monographs,  76(1),  3–24.  file:///C:/Documents  and
Settings/scully/Desktop/2006 Maron et  al  Ecological Monographs.pdf%0Ahttp://elibrary.ru/item.asp?
id=14507279

Martin, A. R., & Richardson, M. G. (2019). Rodent eradication scaled up: Clearing rats and mice from
South Georgia. Oryx, 53(1), 27–35. https://doi.org/10.1017/S003060531700028X

15/22

http://www.nobanis.org/
http://www.nobanis.org/


Martins, T. L. F., Brooke, M. de L., Hilton, G. M., Farnsworth, S., Gould, J., & Pain, D. J. (2006).
Costing  eradications  of  alien  mammals  from  islands.  Animal  Conservation,  9(4),  439–444.
https://doi.org/10.1111/j.1469-1795.2006.00058.x

Merz, J. E., Smith, J. R., Workman, M. L., Setka, J. D., & Mulchaey, B. (2008). Aquatic Macrophyte
Encroachment  in  Chinook  Salmon  Spawning  Beds:  Lessons  Learned  from  Gravel  Enhancement
Monitoring  in  the  Lower  Mokelumne  River,  California.  North  American  Journal  of  Fisheries
Management, 28(5), 1568–1577. https://doi.org/10.1577/m07-043.1

Meurk, C. D. (1982). Regeneration of subantarctic plants on Campbell Island following exclusion of
sheep ( feral Ovis aries) . New Zealand Journal of Ecology, 5(ii), 51–58.

Oreska, M. P. J., & Aldridge, D. C. (2011). Estimating the financial costs of freshwater invasive species
in Great Britain: A standardized approach to invasive species costing. Biological Invasions, 13(2), 305–
319. https://doi.org/10.1007/s10530-010-9807-7

Oug, E., Sundet, J. H., & Cochrane, S. K. J. (2018). Structural and functional changes of soft-bottom
ecosystems in northern fjords invaded by the red king crab (Paralithodes camtschaticus).  Journal of
Marine Systems, 180, 255–264. https://doi.org/10.1016/j.jmarsys.2017.07.005

Pisanu, B., Caut, S., Gutjahr, S., Vernon, P., & Chapuis, J. L. (2011). Introduced black rats Rattus rattus
on Ile  de la  Possession  (Iles  Crozet,  subantarctic):  Diet  and trophic  position  in  food webs.  Polar
Biology, 34(2), 169–180. https://doi.org/10.1007/s00300-010-0867-z

Robinson, S. A., & Copson, G. R. (2014). Eradication of cats (Felis catus) from subantarctic Macquarie
Island. Ecological Management and Restoration, 15(1), 34–40. https://doi.org/10.1111/emr.12073

Rumpf, S. B., Alsos, I. G., & Ware, C. (2018). Prevention of microbial species introductions to the
arctic:  The  efficacy  of  footwear  disinfection  measures  on  cruise  ships.  NeoBiota,  49(37),  37–49.
https://doi.org/10.3897/neobiota.37.22088

Schultz,  R.,  &  Dibble,  E.  (2012).  Effects  of  invasive  macrophytes  on  freshwater  fish  and
macroinvertebrate communities : the role of invasive plant traits. 1–14. https://doi.org/10.1007/s10750-
011-0978-8

Schwoerer,  T.,  & Morton,  J.  M. (2018).  Human dimensions  of  aquatic  invasive  species  in  alaska:
Lessons learned while integrating economics, management and biology to incentivize early detection
and rapid response. In Alaska: Economic, Environmental, and Social Issues (Issue June).

Schwörer, T., Federer, R. N., & Ferren, H. J. (2014). Invasive species management programs in Alaska:
A  survey  of  statewide  expenditures,  2007  -  11.  Arctic,  67(1),  20–27.
https://doi.org/10.14430/arctic4359

16/22



Sepulveda, A. J., Rutz, D. S., Ivey, S. S., Dunker, K. J., & Gross, J. A. (2013). Introduced northern pike
predation  on  salmonids  in  southcentral  Alaska.  Ecology  of  Freshwater  Fish,  22(2),  268–279.
https://doi.org/10.1111/eff.12024

Sethi, S. A., Carey, M. P., Morton, J. M., Guerron-Orejuela, E., Decino, R., Willette, M., Boersma, J.,
Jablonski, J., & Anderson, C. (2017). Rapid response for invasive waterweeds at the arctic invasion
front:  Assessment  of  collateral  impacts  from  herbicide  treatments.  Biological  Conservation,
212(March), 300–309. https://doi.org/10.1016/j.biocon.2017.06.015

Simberloff,  D.,  & Von Holle,  B. (1999). Positive interactions of nonindigenous species:  Invasional
meltdown? Biological Invasions, 1(1), 21–32. https://doi.org/10.1023/A:1010086329619

South Georgia Heritage Trust. (2013). Reindeer Eradication Project – Phase 1. PP

South Georgia Heritage Trust. (2014).  Government of South Georgia and the South Sandwich Islands
Reindeer Eradication Project End of Phase 2 report. PP

Springer, K. (2016). Methodology and challenges of a complex multi-species eradication in the sub-
Antarctic and immediate effects of invasive species removal. New Zealand Journal of Ecology, 40(2),
273–278. https://doi.org/10.20417/nzjecol.40.30

Sundet, J. H., & Hoel, A. H. (2016). The Norwegian management of an introduced species: the Arctic
red king crab fishery. Marine Policy, 72, 278–284. https://doi.org/10.1016/j.marpol.2016.04.041

Tadich, T. A., Novaro, A. J., Kunzle, P., Chacón, M., Barrientos, M., & Briceño, C. (2018). Agonistic
behavior  between  introduced  beaver  (Castor  canadensis)  and  endemic  culpeo  fox  (Pseudalopex
culpaeus  lycoides)  in  Tierra  del  Fuego  Island  and  implications.  Acta  Ethologica,  21(1),  29–34.
https://doi.org/10.1007/s10211-017-0278-z

Thoresen,  J.  J.,  Towns, D.,  Leuzinger,  S.,  Durrett,  M.,  Mulder,  C. P.  H.,  & Wardle,  D. A. (2017).
Invasive  rodents  have  multiple  indirect  effects  on  seabird  island  invertebrate  food  web  structure.
Ecological Applications, 27(4), 1190–1198. https://doi.org/10.1002/eap.1513

Towns, D. R., Atkinson, I. A. E., & Daugherty, C. H. (2006). Have the harmful effects of introduced
rats on islands been exaggerated? Biological Invasions, 8(4), 863–891. https://doi.org/10.1007/s10530-
005-0421-z

Valéry, L., Fritz, H., Lefeuvre, J. C., & Simberloff, D. (2008). In search of a real definition of the
biological  invasion  phenomenon  itself.  Biological  Invasions,  10(8),  1345–1351.
https://doi.org/10.1007/s10530-007-9209-7

Vetter, V. M. S., Tjaden, N. B., Jaeschke, A., Buhk, C., Wahl, V., Wasowicz, P., & Jentsch, A. (2018).
Invasion of a legume ecosystem engineer in a cold biome alters plant biodiversity. Frontiers in Plant
Science, 9(June), 1–12. https://doi.org/10.3389/fpls.2018.00715 

17/22



Vihtakari,  M.,  Welcker,  J.,  Moe,  B.,  Chastel,  O.,  Tartu,  S.,  Hop,  H.,  Bech,  C.,  Descamps,  S.,  &
Gabrielsen,  G.  W.  (2018).  Black-legged  kittiwakes  as  messengers  of  Atlantification  in  the  Arctic.
Scientific Reports, 8(1), 1–11. https://doi.org/10.1038/s41598-017-19118-8

Wanless, R. M., Angel, A., Cuthbert, R. J., Hilton, G. M., & Ryan, P. G. (2007). Can predation by
invasive  mice  drive  seabird  extinctions?  Biology  Letters,  3(3),  241–244.
https://doi.org/10.1098/rsbl.2007.0120

Wasowicz, P. (2016). Non-native species in the vascular flora of highlands and mountains of Iceland.
PeerJ, 2016(1). https://doi.org/10.7717/peerj.1559

Wasowicz, P., Sennikov, A. N., Westergaard, K. B., Spellman, K., Carlson, M., Gillespie, L. J., Saarela,
J. M., Seefeldt, S. S., Bennett, B., Bay, C., Ickert-Bond, S., & Väre, H. (2020). Non-native vascular
flora  of  the  Arctic:  Taxonomic  richness,  distribution  and  pathways.  Ambio,  49(3),  693–703.
https://doi.org/10.1007/s13280-019-01296-6

Westbrook, C. J., Cooper, D. J., & Anderson, C. B. (2017). Alteration of hydrogeomorphic processes by
invasive  beavers  in  southern  South  America.  Science  of  the  Total  Environment,  574,  183–190.
https://doi.org/10.1016/j.scitotenv.2016.09.045

Williams, L. K., Shaw, J. D., Sindel, B. M., Wilson, S. C., & Kristiansen, P. (2018). Longevity, growth
and community ecology of invasive Poa annua across  environmental  gradients  in  the subantarctic.
Basic and Applied Ecology, 29, 20–31. https://doi.org/10.1016/j.baae.2018.02.003

Wilson, L. 2021. Alaska salmon fisheries enhancement annual report 2020. Alaska Department of Fish
and Game, Division of Commercial Fisheries, Regional Information Report No. 5J21-01, Juneau. PP

18/22



Annex

Annex 1 : Geographic locations of the studied areas
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Annex 2 : List of IAS in polar and sub polar regions
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Annex 3 : Detailed costs of IAS in TAAFs (Wittmann & Flores-Ferrer, (Diagne et al., 2020b))
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Glossary :

Invasive meltdown :  Situation when 2 or  more invasive species  facilitate each others  invasion

(Simberloff & Von Holle, 1999)

Alien species : A species established outside of its natural habitat

Abbreviations :

AlI : Aleutian Islands (Alaska, Arctic)

AI : Alaskan Islands 

CrI : Crozet Islands (TAAFs, subAntarctic)

CI : Campbell Island (New Zealand, subAntarctic)

e.g. : exempli gratia (for example)

IAS : invasive alien species

KI : Kerguelen Islands (TAAFs, subAntarctic)

MI : Marion Island (Prince Edward Islands, South Africa)

MqI : Macquarie Island (Australia, subAntarctic)

PI : Pavlof Islands (Alaska, Arctic)

RKC : red king crab (Paralithodes camtschaticus)

SG : South Georgia islands (subAntarctic)

SI : Shumagin islands (Alaska, Arctic)

TAAF : French Southern and Antarctic Lands 
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