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ABSTRACT

Extreme abiotic conditions, geographic isolation, and low levels of disturbance have historically pro-
vided alpine, Arctic, and Antarctic regions with low input of and relative resistance to the introduction of
new species. However, the climate is warming rapidly, concomitant with intense and diversified types of
human influence in these cold environments. Consequently, many plant species, both native and
nonnative, are now moving or expanding their ranges to higher elevations and latitudes, creating
new species interactions and assemblages that challenge biodiversity conservation. Based on our
synthesis, many of the same nonnative species invade multiple cold environments, and many more
could move up or over from adjoining warmer areas. Transportation networks and the disturbances
associated with burgeoning development are responsible for many movements. Prevention and
monitoring for nonnative plant species is of paramount importance, and management should be
directed toward species that negatively impact ecosystem function or human well-being.
Management of native range shifters is more complicated; most movements will be desirable, but
some may be locally undesirable. Overall, plant movements into alpine, arctic, and Antarctic areas are
going to increase, and management will need to be adaptive because species movements and
assemblages of the past will not reflect those of the future.
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Introduction has the rate of movements and establishment of species

into new areas (Williams et al. 2015) and this is set to
continue and increase.
The average increase in global temperature has been

Species dispersal and establishment processes under global
warming can ultimately lead to directional changes in
species distributions (Lenoir and Svenning 2013) and

altered species interactions and assemblages (Walther
et al. 2002; Alexander et al. 2018; Steinbauer et al. 2018).
Disturbance can also play an important role in the success
of species movements independent of climate. For
instance, transportation networks enable some species to
overcome biogeographical barriers and establish in new
environments (Hulme 2009; Dainese et al. 2017). As
human domination of the planet has increased, so too

0.85°C since 1880 (Intergovernmental Panel on Climate
Change 2013), but this is much more pronounced at high
latitudes (Post et al. 2009) and elevations (Pepin et al.
2015), with strong evidence for an elevation-dependent
warming (Pepin et al. 2015). Therefore, species are
expected to redistribute to cold environments at high ele-
vations and latitudes. Such movements have been observed
since the beginning of the twentieth century (Chen et al.
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2011; Lenoir and Svenning 2015; Steinbauer et al. 2018),
though more quickly in marine than terrestrial systems
(Antao et al. 2020; Lenoir et al. 2020), with important
consequences for ecosystem functioning, the pattern and
disparity of human well-being (e.g., food security) among
regions, and the feedback on climate itself (Pecl et al. 2017).
Thus, though effective dispersal is vital for the survival of
many species in an era of global change, it can also create
major disruptions to ecosystem services (Pecl et al. 2017).
For instance, plant species movements to the highest habi-
table elevations and latitudes, and the increasing level of
competition for space in these areas, can pose a threat to
endemic, cold-adapted plants that already live at the edge
of their regional niche (Pauli et al. 2007; Le Roux et al.
2019). For species living at the highest elevations or the
highest latitudes on Earth, there is often nowhere else to go.

Dispersal and climatic barriers, particularly, have so far
enabled cold environments of high elevations and latitudes
to largely resist rapid colonization from nonnative species
and climate-tracking native species (Pauchard et al. 2015).
Now, climate warming, increases in transportation, the
overall human footprint, and other factors related to glo-
balization (Figure 1) are challenging the resilience of these
so far relatively pristine ecosystems. However, the response
of most species to global change is slow (Davis 1984).
Species movements lag behind climate change (Bertrand
et al. 2011), suggesting that less mobile species will be left
behind (Alexander et al. 2018). These lagging dynamics for
species moving into high elevation and latitude areas as
conditions become more suitable may give conservation
biologists and managers a short window of time to identify
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a gradient of potential responses for native species and
communities. The responses may include creating refugia
for species conservation, assisting with the colonization of
new robust habitats, and, as a last resort, securing the long-
term protection of plant species with nowhere to go (e.g.,
through seed banking).

Here we highlight plant species movements in
alpine, Arctic, and Antarctic ecosystems (hereafter
referred to as cold environments; Figure 2); the com-
plexities of these movements; the challenges that con-
servation and land managers face in dealing with
them; and the urgency of developing policy and man-
agement responses. We focus primarily on nonnative
movements but also describe movements of climate-
tracking native species (hereafter range shifters). We
accept that range-shifting species share the same evo-
lutionary history as the areas they expand into (Essl
et al. 2019; Urban 2020; Wallingford et al. 2020).
Urban (2020) urges that the response to range shifters
not be considered within the invasion ecology para-
digm (ie., that they should not be beaten back to
preserve existing ecosystem structure), whereas
Wallingford et al. (2020) argue that some range shif-
ters may have negative ecosystem impacts and this
should be evaluated. We make no judgments about
the impacts of range shifters in our synthesis, except
where the authors of cited papers have done so. We
discuss the dilemma of how to respond to range
shifters in cold environments because these areas are
potentially the last place left for many high-alpine and
high-latitude species.
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Figure 1. More species are moving into higher elevations of mountains and higher latitudes because the changing climate is altering
the availability of resources and shifting the fundamental niche space of plant species, which are responding by changing their
distributions. Simultaneously, anthropogenic drivers associated with climate change (blue circle; number and movement of people,
changes in land use, etc.) are increasing the connectivity to other systems, which in turn means that a wider diversity of species and
propagules are being introduced to these regions. This will alter species distributions and allow for new interactions between species
and human society, causing challenges to conservation and management of high-elevation and high-latitude, cold environments.
Climate change, increasing connectivity and changing species distributions (yellow circles), and associated anthropogenic drivers (blue

circle) are key topics discussed in this article.
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Figure 2. Alpine, Arctic, and Antarctic lands are experiencing plant species movements because of rapid climate change and increased
human-mediated disturbance. We concentrate on the Arctic (dark blue; defined here as all land north of the Conservation of Arctic
Flora and Fauna’s boundary line [dashed line]; CAFF and PAME 2017), the Antarctic (light blue; sub-Antarctic and Antarctic defined as
all land south of the sub-Antarctic front [dashed line]; Orsi and Harris 2019; we concentrate on the Antarctic), and alpine areas (orange;
depicted as elevations above 1,000 m in mountainous areas between the Arctic and Antarctic; UN-WCMC 2002).

We built our review using two approaches, the inven-
tories of nonnative plant species in alpine (Alexander et al.
2016), Arctic (Wasowicz et al. 2019), and Antarctic ecosys-
tems and a literature review using Web of Science through
June 2020. Our search terms were chosen to identify papers
that focused on nonnative plant species and range-shifting
native species in cold mountainous regions and high lati-
tudes of the Arctic and Antarctic, with a focus on invasion
pathways (including terms such as “invasion,” “nonnative,”
“exotic,” “range shifter,” “range expansion,” “movement,”
“plant species,” “high elevation,” “mountain,” “high lati-
tude,” “alpine,” “arctic,” “Antarctic,” “global change,” “cli-
mate change”). We assessed the titles of the papers and
read those that were performed on nonnative or range-
shifting vascular plant species in cold alpine regions within
the Arctic and Antarctic circles or the sub-Arctic and sub-
Antarctic (the latter two regions mainly for reference) and
were related to climate, global change, management, or

» < » «

» « » « » «

conservation. Our article is a synopsis of the state of plant
species movements in cold environments rather than
a comprehensive review.

Movements in the alpine

Alexander et al. (2016) completed a review of alpine
surveys and literature and found 183 nonnative plant
species in this ecosystem (i.e., above climatic tree line)
globally, with 21 plant species found in multiple regions.
Most of these 183 plant species are in the families
Poaceae, Asteraceae, Caryophyllaceae, Fabaceae, and
Brassicaceae. Transportation networks play a key role
in moving plant species to new locations (Hulme 2009),
with vehicles acting as effective long-distance dispersal
agents (Taylor et al. 2012; Vakhlamova et al. 2016; Rew
et al. 2018) and recreationalists moving seeds more
locally on their clothing (Ansong and Pickering 2014)
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or equipment (Weiss, Brummer, and Pufal 2016).
Consequently, most nonnative plant species reaching
alpine areas spread from low elevations (Alexander
et al. 2011). Nonnative species are spreading upslope at
twice the rate of natives, with proximity to roads being
a key driver (Dainese et al. 2017), but not all establish
away from the roadside or have negative impacts on
resident communities (Alexander et al. 2016). This
means that the “typical” high-elevation nonnative plant
is a generalist with a wide environmental tolerance,
which allows that invader to deal with the low-
elevation conditions first but then enables upward
spread and establishment in a harsher environment
(Kueffer et al. 2013; Steyn et al. 2017) or away from
roads (McDougall, Wright, and Peach 2018). Many of
the same species have also established at higher latitudes
(Wasowicz, Przedpelska-Wasowicz, and Kristinsson
2013). Most introductions are accidental, but some spe-
cies have been deliberately introduced for forage or to
help soil stabilization along, for example, roadsides and
ski slopes (Alexander et al. 2016). Both types of intro-
duction demonstrate the role of humans in spreading
nonnative organisms into mountain areas.

The effects of nonnative species on resident biota are
often unknown and may not always be negative. Vila

et al. (2011) performed a meta-analysis of nonnative
species’ impacts globally, finding that less than half of
the types of impacts assessed were significant and that
the magnitude and direction of the responses were vari-
able. As an example, in montane and alpine areas of New
Zealand, experimental introduction of tussock hawk-
weed (Hieracium lepidulum) did not affect grassland
species richness and diversity indices over a six-year
period (Meffin et al. 2010), and pollinators were found
to favor nonnative species but not adversely affect polli-
nation of native species (Miller 2015). On the other
hand, Muiioz and Cavieres (2008) found a density-
dependent effect of the nonnative dandelion
(Taraxacum officinale) on pollination success of related
native species in the Chilean Andes, and treeless com-
munities in the Australian Alps heavily dominated by
the nonnative ox-eye daisy (Leucanthemum vulgare:
Figure 3) were found to have significantly fewer native
plant species than adjoining vegetation less dominated
by L. vulgare (McDougall, Wright, and Peach 2018).
Some native species, aided either by agricultural
abandonment or climate change, are also expanding or
shifting their ranges from lower elevations into alpine
areas (Alexander et al. 2018; Steinbauer et al. 2018; Niu
et al. 2019) and vice versa (Lembrechts et al. 2017).

Figure 3. Species are moving into high-elevation and high-latitude regions in response to the warming climate and other global
change drivers. (Upper left) Ox-eye daisy invading subalpine grasslands in Kosciuszko National Park, Australia; the seed is dispersed by
nonnative and native animals and humans. (Upper right) Nonnative pigs disturb native grasslands digging for tubers and bulbs,
providing open sites for invasion, Kosciuszko National Park, Australia. (Lower left) Global climate change is increasing connectivity and
recreation in arctic areas and the chance of undesired species movements. (Lower right) The warming climate and other global change
drivers are intricately linked and impacting reindeer herding and human societies in the Arctic. Upper photos courtesy of Keith
McDougall and lower photos by Jonas Lembrechts, University of Antwerp.



Transport networks are used by native species just as
they are by nonnative species. Indeed, in a global survey
of plant species on roads that connect lowlands with
mountain tops (Kueffer et al. 2014), more native species
were recorded on road verges than nonnative species
(Seipel et al. 2012). Some of these native species are
using the roads to move to higher elevations. In the
Australian Alps, an endangered forb, hoary sunray
(Leucochrysum albicans subsp. tricolor), has spread
along a road to reach an elevation several hundred
meters above its typical habitat (Doherty, Wright, and
McDougall 2015). In a few cases, alpine species are using
road verges to move downwards (Lembrechts et al.
2017). Timberline advances have been reported in
many but not all regions (Harsch et al. 2009). Increases
in shrub cover have been recorded (Hallinger, Manthey,
and Wilmking 2010), as have changes in the cover of
graminoids and forbs (Sebastia 2006). Increased shrub-
biness in alpine areas has been linked to both climate
change (Sanz-Elorza, Mateo, and Bernardo 2009) and
changes in land use (especially abandonment of cutting
and grazing in pastures; MacDonald et al. 2000). Kopp
and Cleland (2014) forecast a possible shift from alpine
cushion communities to subalpine sagebrush after
observing species shifts over a forty-nine-year period
in the White Mountains of California. The authors
emphasized the complexity of the range shifts and the
need for a greater understanding of the multiple drivers
that affect ecosystem change and native species expan-
sion into the alpine, highlighting the need for improved
policy on this issue.

In some cases, movements of nonalpine native spe-
cies to alpine areas are regarded as having a negative
impact on resident species. For instance, the treeline
shrub dwarf pine (Pinus mugo) has not only expanded
its range into alpine and open subalpine vegetation in
Austria (Dullinger, Dirnbé6ck, and Grabherr 2003) and
the Czech Republic (Kasak et al. 2015), but it has also
reduced the functional diversity of native carabid bee-
tles, favoring only generalist species typical of forested
vegetation (Kasak et al. 2015). In alpine areas of Japan,
a native dwarf bamboo species, Sasa kurilensis, has
invaded snow-meadow communities, leading to a more
than 75 percent reduction in species richness (Kudo
et al. 2011). In China, some native montane species are
regarded as problematic because they lower grazing
productivity in alpine areas by competing with palatable
grasses and altering soil properties (Zong et al. 2016).

Movements in the Arctic

The Arctic has recorded 341 nonnative vascular plants,
of which 188 are naturalized and 11 are considered
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invasive (Wasowicz et al. 2019). The genera with the
most nonnative species in this group are Rumex
(twelve), Poa (eight), Ranunculus (seven), Trifolium
(seven), and Vicia (seven). Chenopodium album is the
most widespread species found in thirteen of twenty-
three subregions (classified mainly by flora), with
Stellaria media and Fallopia convolvulus both in eleven
regions (Wasowicz et al. 2019). On Svalbard (Norway),
an archipelago in the Arctic, 96 nonnative plant species
were recorded (Sandvik et al. 2019). Most are casual
nonnatives but two are naturalized: Barbarea vulgaris
and Anthriscus sylvestris. Many of the casual nonnatives,
including Rumex acetosa found on both Svalbard and
Jan Mayen Island, and the naturalized Anthriscus sylves-
tris likely spread from mainland Norway, where they are
considered native (Sandvik et al. 2019).

Most nonnative populations in the Arctic are rela-
tively small, limited in extent, or ephemeral. For exam-
ple, the Data Portal of the Alaska Natural Heritage
Program (AKEPIC 2020) listed forty-seven nonnative
plant taxa from over 2,500 data records above the
Arctic Circle (66.5° N) in Alaska (United States) and
the northwestern Yukon (Canada), but the average area
of introduction was only 0.18 ha. A study on Svalbard
failed to relocate previously observed nonnative popula-
tions, suggesting that many introductions are ephemeral
(Alsos, Ware, and Elven 2015). Similarly, Kent, Drezner,
and Bello (2018) found a large reduction in nonnative
species richness in sub-Arctic Canada between 1989 and
2013 and attributed it to a reduction in human
disturbances.

Human transportation networks and associated dis-
turbances again play a strong role in the introduction of
nonnative species. Seed contamination on vehicles has
been identified as a major vector for the dispersal of
nonnative species (Wasowicz et al. 2019). On Arctic
islands, the footwear of tourists and returning residents
are common introduction vectors. Ware et al. (2012)
recorded more than 1,000 seeds from a total of fifty-
three species on the footwear of 259 travelers to
Svalbard over one summer; 26 percent of the seeds ger-
minated under local conditions. This suggests a locally
intense propagule pressure of nonnative plants.

Although most nonnative plant species in the Arctic
are naturalized or casual (Wasowicz et al. 2019) and
perhaps cause little or no impact to native vegetation,
the spread and dominance of eleven invasive species has
triggered management concern. For instance, the nonna-
tive forb Melilotus albus inhibits native seedling recruit-
ment along rivers in the sub-Arctic (Spellman and Wurtz
2011) and variably affects pollination and reproductive
capacity of two native arctic shrubs in Alaska (Spellman
et al. 2015). Another example is Lupinus nootkatensis,
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a native of Canada and Alaska, that was introduced and is
now widespread in Iceland, including above the Arctic
Circle. Its presence has been shown to alter the composi-
tion of resident native species, facilitating late successional
species and widespread nitrophilous ruderals to the dis-
advantage of some forbs, cushion plants, and small woody
species (Vetter et al. 2018).

Climate change in concert with human disturbance is
instrumental in enabling many species to move faster
and further than they would from other dispersal vectors
such as wind, animals, and water. With less snow in
many areas, the network of transportation routes will
expand, especially in the Arctic (Yang et al. 2018), accel-
erating the movement of undesired plant species and
generating potential biosecurity issues. Introductions
will place additional pressure on some areas of the
Arctic where dispersal barriers have long provided pro-
tection. In Greenland, for instance, the climate is already
suitable for a range of subarctic tree and shrub species,
including some that occurred in Greenland during inter-
glacial periods and are now used for amenity planting in
settlements; with global warming and the removal of
dispersal barriers, much of Greenland may be wooded
by the end of the century (Normand et al. 2013),
although there is no evidence of shrub expansion yet
(Damgaard et al. 2018).

Spatial expansion and increases in abundances of
native shrubs have been documented in various parts
of the Arctic, where their greater growth rates have
been attributed directly to climate warming (Olofsson
et al. 2009) and indirectly to permafrost thaw (Blok
et al. 2010). Increasing native shrub cover in the
Arctic has been shown to lead to decreases in total
species richness and bryophyte, lichen, dwarf shrub,
and graminoid cover in some (Pajunen, Oksanen, and
Virtanen 2011) but not all locations (Damgaard et al.
2018). This shrubification or greening of the Arctic
(Sturm, Racine, and Tape 2001; Te Beest et al. 2016)
through vegetation redistribution may in turn change
the surface albedo (taller and darker tree canopies) as
well as carbon sequestration rates and greenhouse gas
release, thus affecting climate feedbacks (Pearson et al.
2013; Pecl et al. 2017). Such changes in ecosystem
functioning are likely to lead to an increase in net
radiation and atmospheric heating, thus amplifying
high-latitude ~warming (Chapin et al. 2004).
Additionally, the increase in fire frequency at high
latitudes (Kasischke and Turetsky 2006) may further
increase the positive feedback on climate warming.
Extreme weather events, fire, and outbreaks of defo-
liating insects may temper the greening of the Arctic
(Bjerke et al. 2014), highlighting the complexities of
change in this ecosystem.

Ecological changes must not be viewed independently,
because the response to global changes is complex and
interwoven, impacting both social and ecological systems.
For example, the expansion and increase in shrub cover
and changes to snow and ice conditions resulting from
climate warming are making it more difficult for indigen-
ous people to utilize land in a traditional way (Forbes,
Marcias Fauria, and Zetterberg 2010) by reducing the
accessibility of forage for domesticated reindeer (Riseth
et al. 2011) and increasing the likelihood of exotic disease
transmission (Pauchard et al. 2015). The same patterns
are not observed everywhere because of the spatial and
temporal differences in climate warming and other global
change drivers, making the inference of results between
high-latititude areas difficult. In northern Fennoscandia
and Siberia, grazing could be used to inhibit ongoing
native shrub expansion (e.g., Olofsson et al. 2009) and
prevent tree sapling establishment (Biuw et al. 2014) and
thus slow down permafrost thawing. Similarly, on the
Tibetan Plateau, grazing by domesticated stock reduced
shrub expansion, increased primary productivity, and
reduced the negative effect of climate warming on plant
species richness (Klein, Harte, and Zhao 2004). In con-
trast, a twenty-eight-year study in southern Greenland
found minimal long-term changes in functional group
composition due to grazing or climate change
(Damgaard et al. 2018), demonstrating the need for adap-
tive management tailored to local areas.

Movements to the Antarctic

The risk of plant invasions in the Antarctic region is
relatively low. The areas of most concern are the
Antarctic Peninsula and the Scotia Arc (including
Deception Island and South Shetland Islands; Hughes
et al. 2015) where it is warmer and anthropogenic pres-
sure is highest (Hughes et al. 2020). Only two nonnative
vascular plant species (Poa annua and Poa pratensis) have
established and persist, although propagules of a third
nonnative species, Juncus bufonius, were discovered dur-
ing research on the continent’s two native species (Cuba-
Diaz et al. 2012). Poa pratensis was introduced in soil used
in transplant experiments of other species, none of which
survived (Pertierra et al. 2017).

Eradication of nonnative species south of 60° S is
encouraged as part of the Antarctic Treaty (Hughes and
Convey 2012; Pertierra et al. 2017). Eradication efforts are
ongoing for populations of P. annua on King George
Island, and though spread is slow, controlled populations
are reestablishing from the soil seed bank (Galera et al.
2019). A new population of P. annua was recently
observed on Signy Island, demonstrating the potential
for long-distance dispersal and the importance of



monitoring (Malfasi et al. 2019) for new invasions, parti-
cularly around areas of high human activity (Fuentes-
Lillo et al. 2017). Huiskes et al. (2014) estimated that
between 50,000 and 100,000 propagules were transported
to one Antarctic station in a single year based on a sample
of 853 visitors from Southern Hemisphere countries. The
sample contained over 400 flowering plant morphotypes
(representing at least 114 species) and included fragments
of ferns, algae, diatoms, and fungi. People traveling to the
Antarctic for employment dispersed most propagules,
most of which were found on shoes and trousers
(Huiskes et al. 2014), with an average of 9.5 seeds per
person (Chown et al. 2012). Although most propagules do
not establish successfully, increasing human activity
(scientists, logistics personnel, and tourists) will provide
continual long-distance transport of propagules to and
within the Antarctic region, and implementing biosecur-
ity measures to minimize such movement is a priority
(Hughes et al. 2019).

The Antarctic has two native vascular plants
(Deschampsia antarctica and Colobanthus quitensis). The
main nonnative invader in Antarctica, P. annua, has been
found to cause a decrease in biomass and photosynthetic
performance when grown with these two native species
(Molina-Montenegro et al. 2012) and has the potential to
negatively impact them under future climate scenarios
(Molina-Montenegro et al. 2019). However, with increas-
ing space becoming available for plant colonization in
Antarctica, it is uncertain whether nonnative species will
be strictly the winners at the expense of native species. For
instance, there is evidence from a sub-Antarctic island that
nonnative plant species are utilizing newly available
resources rather than competing for resources with resi-
dent native plant species (Chown et al. 2013).

What to manage now and into the future

Compared with many ecosystems, nonnative invasions and
range-shifting expansions into alpine, arctic, and Antarctic
areas have been few, although monitoring is generally
limited. For example, the Hawaiian Islands alone have
had about twice as many introductions (>1,000; Wagner,
Herbst, and Sohmer 1999) as the known combined inva-
sions into all alpine, arctic, and Antarctic areas. However,
we expect invasions by nonnative species into alpine, arctic,
and Antarctic areas to increase in coming decades, as
climate change and land use pressure increase. The chal-
lenge for conservation and resource managers of these
areas is to address what is problematic now and predict
what will be problematic in the future, cognizant that the
current impactful species may not be the same as those of
the future. One way to approach this task is to search for
commonalities in lists of invaders between cold
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Table 1. Nonnative vascular plant species observed in three or

more alpine and arctic areas, and the Antarctic.

Arctic®
X

Alpine® Antarctic

Achillea millefolium
Capsella bursa-pastoris
Cerastium fontanum spp. vulgaris
Dactylis glomerata
Erodium cicutarium
Festuca rubra
Lolium perenne
Phleum pratensis
Plantago lanceolata
Poa annua
Poa pratensis
Polygonum aviculare
Rumex acetosella
Rumex crispus
Stellaria media
Trifolium repens
2Alexander et al. (2016).
PWasowicz et al. (2019).
“Cuba-Diaz et al. (2012).

x

X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X

environments. For instance, twenty-one nonnative plant
species were observed in more than three alpine areas
(Alexander et al. 2016), and sixteen of those are also
found in more than four arctic areas (Wasowicz et al.
2019; Table 1). Comparing the nonnative species lists of
alpine and subalpine (McDougall et al. 2011; Alexander
et al. 2016), the Arctic (Wasowicz et al. 2019), and sub-
Antarctic islands (Frenot et al. 2005) shows that 6 percent
(twenty-eight) of them are observed in all these ecosystems,
and 20 percent (ninety-eight) of the almost 500 nonnative
species are shared between at least two of the ecosystems
(Supplemental Table 1). Many of these shared species are
of little or no management concern in most areas because
they are common ruderals of numerous ecosystems
(Kueffer et al. 2013). However, management experiences
and a lesson from one cold ecosystem may be valuable for
another. For instance, Pilosella aurantiaca has been
recorded in Arctic Iceland (Wasowicz et al. 2019) but is
a species of considerable management concern in the high
subalpine areas of Australasia (Kueffer et al. 2013) and is
rated as highly invasive in Alaska, where it is known from
southern coastal and boreal areas (Carlson et al. 2008). This
species should be of concern wherever it establishes in the
Arctic. Shared information on nonnative species could be
invaluable for management of cold environments.
McDougall et al. (2011) found that if a nonnative plant
species was of management concern in one alpine area, it
was likely to be of management concern in many. Such lists
could be used as the basis of risk assessments to identify the
potentially most problematic species and could have been
useful to the horizon scanning approach used to identify
the species at highest risk to invade and negatively impact
biodiversity and ecosystem functioning in Antarctica
(Hughes et al. 2020). Similar information collation for
range-shifting species that are having negative ecosystem
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impacts would also be valuable for managers of high-
elevation and high-latitude cold environments.

A greater challenge for cold environment managers is
identifying which species will be problematic in the
future. They might do that in part by searching in
neighboring ecosystems, from which many of the future
invaders and range shifters will come. In many cases, the
pool of potential invaders in these areas is great. In
Kosciuszko National Park (Australia), for instance, 240
native and 25 nonnative vascular plants have been
recorded in the alpine zone, but there are 564 native
and 124 nonnative vascular plants in the surrounding
subalpine zone (Doherty, Wright, and McDougall 2015).
Similarly, in Alaska, though only 47 nonnative taxa have
been recorded in the Arctic (above 66.5° latitude), 271
nonnative taxa have been recorded in adjoining sub-
Arctic areas (between 60° N and 66.5° N (AKEPIC
2020). And, in Iceland, 16 nonnative species were
observed in the arctic zone of the northern fringe and
in the highlands, whereas 336 nonnative plant species
were observed overall, most close to settlements in the
southern lowlands (Wasowicz, Przedpelska-Wasowicz,
and Kristinsson 2013). The changing climate and an
increase in connectivity because of tourism raise con-
cerns of escalating invasions into the coldest regions of
Iceland in the future (Wasowicz 2016). Antarctica, with
two persistent nonnative plant species, is less at risk of
proximal invasions because of its isolation, but 108
nonnative plant species have been recorded on sub-
Antarctic islands (Frenot et al. 2005), an indication
that Antarctica is more at risk as the climate continues
to change (Chown et al. 2012).

Deciding which range shifters to respond to is far more
challenging. Urban (2020) argues against resisting native
movements. Wallingford et al. (2020) suggest being cog-
nizant that some range shifters will cause negative ecosys-
tem impacts and that such species can be identified
through an understanding of invasion theory and risk
assessment tools and managed accordingly. Our synthesis
shows that some native movements are being resisted. In
some cases, this is for economic reasons (e.g., the impact
of shrubification on traditional grazing practices) and in
some for protecting the resident biota. However, overall,
we should not hold back the tide of range shifters and
need to accept that this is inevitable under global change.
We also need to accept that some future communities will
have no current analogue (Wallingford et al. 2020) and
that within certain ecosystems and land uses some new
species and assemblages may be performing desirable
ecosystem services or functions (Walther et al. 2009;
Wallingford et al. 2020), and our management practices
should reflect such changes. However, there will be some
cases where it is perhaps worth slowing down specific

range shifters if the short-term gain is regarded as being
cost-effective or essential in a utilitarian sense.

Planning for alpine, arctic, and Antarctic futures

Species, both native and nonnative, are moving into alpine
and arctic areas as a result of climate, land use, and other
global change factors (Figure 1), and these movements are
likely to increase in the coming decades; movements into
the Antarctic are currently relatively small, but the risk of
future invasions is clear. Recent movements of species
across a wide spectrum of alpine and arctic environments
are having substantial economic and environmental effects,
which are often cascading and multitrophic and need time
to completely unfold (Essl et al. 2015). Antarctic experts
used horizon scanning (systematic examination) to identify
species and areas of the Antarctic peninsula most likely to
be invaded as the climate warms (Hughes et al. 2020), and
this approach is recommended by the Arctic Invasive Alien
Species group (CAFF and PAME 2017).

Arctic countries and those with an interest in Antarctica
have fostered high levels of intergovernmental cooperation
in environmental protection. The Arctic Council (http://
wwwe.arctic-council.org/) is a cooperative organization
comprising all eight Arctic nations concerned with changes
to the environment, climate, biodiversity, oceans, and
Arctic people and promotes improved health conditions
for Arctic people. The Antarctic Treaty was signed in 1959
by the twelve countries then actively involved in Antarctic
research and exploration. A “Protocol on Environmental
Protection to the Antarctic Treaty” was adopted in 1991,
which includes the clause “No species of animal or plant
not native to the Antarctic Treaty area shall be introduced
onto land or ice shelves, or into water in the Antarctic
Treaty area except in accordance with a permit” (SAT 2020;
Annex II). In the Arctic and Antarctic at least, the threats
are recognized and there is cross-jurisdictional cooperation
to achieve goals.

These cooperative groups have now developed plans to
manage non-native invasive species. The Arctic Invasive
Alien Species Strategy and Action Plan is a framework that
has four main strategies: prevention, early detection and
rapid response, eradication, and control (CAFF and
PAME 2017). The Antarctic also has a manual for non-
native species concentrating on prevention, monitoring,
and response (Committee for Environmental Protection
2019). Greater cooperation between managers and policy-
makers in the Arctic and Antarctic will further improve
management and reduce threats from climate change and
its follow-on effects (Bennett et al. 2015). There is every
reason to include alpine areas in this cooperative mix of
cold environments because of similar pressures and
threats and the overlap of many nonnative invaders



(Table 1 and Supplemental Table 1), corroborating the
benefits of an intensified exchange of knowledge and
experiences between these groups of people and regions.
If prioritization of management responses for invasive
species is required in the Arctic and Antarctic, managers
of alpine areas will often be in the best place to advise
about the magnitude of threat and the optimal response.
Many alpine areas already work collaboratively within
regions, but greater national and international collabora-
tion would be beneficial. This more collaborative and
cooperative approach will be put to the test in coming
decades in all cold environments as pressure mounts from
exploitation of resources (e.g., Tolvanen et al. 2019) and
large increases in tourism (e.g., Kaltenborn 2000), requir-
ing innovative approaches to developing these areas sus-
tainably (Trump, Kadenic, and Linkov 2018).

Prevention is the cornerstone of nonnative species
management in little-invaded places because, if effective,
it is much cheaper than the alternative of responding to
invasions once they occur (McDougall et al. 2011). It
comes in many forms and scales and is already being
explicitly implemented in some cold environments. The
State of Alaska provides one such example: a multi-
agency invasive nonnative species working group
(AKEPIC 2020); hosts annual invasive species work-
shops, has developed best management practices for
road maintenance (Graziano, Seefeldt, and Clayton
2014), encourages professional and citizen science iden-
tification and mapping of all invasive nonnative species,
and manages a data exchange. Most jurisdictions recog-
nize that nonnative species can have adverse impacts
and that there is a sound base of evidence for both self-
regulation (e.g., taking care of personal equipment) and
organization-based regulation (e.g., issuing guidelines
and holding regular inspections) to reduce propagule
transfer of nonnative organisms to the Antarctic
(Huiskes et al. 2014). Several recent invasions in the
maritime sub-Antarctic further strengthen the argument
for careful regulation because the most likely cause is
accidental human introduction, because the new popu-
lations were close to footpaths and areas used by station
personnel, scientists, and others and far from other
populations (e.g., Hughes et al. 2015; Fuentes-Lillo
et al. 2017; Pertierra et al. 2017; Malfasi et al. 2019).
Amenity plantings in ski resorts in Australia have been
limited by government policy to reduce the risk of intro-
ducing climatically adapted nonnative species and, in
Hawaii, control is implemented at low elevations for
some nonnative species expected to move to higher
elevations (McDougall et al. 2011).

In alpine areas, prevention is and will remain
a pragmatic management solution because transport net-
works are few and the alternative—that is, responding to
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nonnative introductions where and when they occur—can
be costly and difficult because of the rugged terrain.
Although the Arctic and Antarctic are vast, prevention
focusing on key transport networks seems a reasonable
first line of defense. Because transport routes and invasion
hubs are well known (e.g., tourist and research routes),
these should be under stringent pathway control measures,
including monitoring for early detection and rapid
response to new introductions. Prevention is probably
more difficult in the Arctic because of the closer proximity
of propagule sources and greater connectivity with land-
masses and easier in the terrestrial environment of the
Antarctic, because despite its size there is little habitat
suitable for plant growth and there are fewer entry points.
Establishment of an early warning system in the Antarctic
relies on scientists who work there, but in the Arctic and in
many parts of the alpine it can be aided by the indigenous
people who often have a good knowledge of the local flora
and fauna that they utilize (Huntington et al. 2004). The
capacity of indigenous people to detect and interpret
changes in climate at a fine local scale has already been
demonstrated in the Arctic (Huntington et al. 2004; Riseth
etal. 2011).

Prevention is a desirable but complex management tool
for two reasons, one applicable in all situations and one
especially relevant in cold environments. Firstly, when pre-
vention is successful, it is somewhat invisible and can be
difficult to evaluate; that is, ecosystems that remain unin-
vaded because of chance and because of prevention look the
same, meaning that support for the process can wane.
Secondly, the borders of the Arctic and Antarctic areas
are immense, so the likelihood of effective prevention
might seem small. However, our synthesis and research
experience show that most introductions in cold environ-
ments are along transportation networks and pathways
where soil is more disturbed and have occurred mostly
over the last few decades, meaning that we are often witnes-
sing incipient impacts. Thus, because of the low level and
size of nonnative populations in cold environments, pre-
vention measures have a high chance of success and should
be maintained as the main line of defense, focusing on new
invasions and high-risk nonnative species (CAFF and
PAME 2017; Committee for Environmental Protection
2019). However, rapid response to new invasions is proble-
matic in all cold environments because of multiple land
ownerships and jurisdictions, diverse stakeholder percep-
tions, and insufficient funding, all of which are com-
pounded due to the isolation and vast areas involved.

Planning responses to range shifters is far more challen-
ging than that required for nonnative movements. Our
review shows that management concern can occur follow-
ing range expansion of native species tracking their biocli-
matic envelopes as the climate warms, and particularly
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when such movements are enhanced by human actions
(e.g., the upward movement of montane species in China;
Zong et al. 2016). However, the concern appears to be
somewhat arbitrary. Responding to all native species move-
ments would be impractical and, as Urban (2020) argues,
responding in general could be anathema to biodiversity
conservation. Though we agree that allowing the free
movement of native species is wise, there will be losers
and negative impacts in some locations (Wallingford et al.
2020). Species currently growing in extreme climatic envir-
onments—such as alpine and Arctic ecosystems—will
sometimes have nowhere to go and could well be among
the losers. In addition, we have shown that some native
species are taking advantage of human disturbances such as
transport corridors and may potentially move more
quickly than they would have because of climate warming
alone. It has been suggested that range shifters whose
movement is enhanced by humans, “neo-natives,” should
be monitored more closely than those not enhanced by
humans (Essl et al. 2019). There are no clear answers for
how to relate to range shifts into cold environments. We
suspect that responses will continue to be somewhat sub-
jective and, as a consequence, arbitrary. Therefore, we do
recommend that policymakers in cold environments
declare what they will do with native species when such
species arrive. For instance, will they distinguish neo-
natives and evaluate for negative ecosystem impacts or
treat all native plant species movements as desirable?

Conclusions

The climate is changing rapidly, and human influence is
intensifying in cold environments. Plant species are
responding by moving up in elevation and latitude,
often moving over from adjacent, warmer environ-
ments. This is a problem for some alpine and arctic
species that truly have nowhere else to go; consequently,
species movements to these cold environments could
have more impact than in most other ecosystems. High-
latitude ecosystems are particularly vulnerable to the
establishment of new species and assemblages, and
neither the potential effects that these have on the eco-
systems nor the resilience of the ecosystems have yet
been well studied (Post et al. 2009).

Greater collaboration between resource managers,
conservationists, and scientists in alpine, Arctic, and
Antarctic regions could help identify nonnative and
neo-native range-shifting species likely to be of great-
est concern and of the best ways to manage them. In
all cold environments, prevention is the best approach,
and emphasis should be placed along transportation
networks and areas with high levels of human-
mediated disturbance where species movements will

be greater. In these areas, species movements could
be directly prevented, controlled, or minimized by
changing land use so that it is less favorable to unde-
sired movements. Because many of the nonnative
introductions are at an early stage, eradication is pos-
sible in some cases if rapid response measures are
taken. However, prioritization of nonnative species
and assemblages to manage would be best achieved
with an impact-based approach to identify species
having negative effects on ecosystem functioning and
or human health. It is worth noting that different
stakeholders will have conflicting values and percep-
tions of nonnative species (Essl et al. 2017), which
need to be incorporated into management plans
(Créte et al. 2020), and different cultural values make
creating stringent guidelines difficult or even foolish.
Furthermore, there is growing sociocultural resistance
to some conventional management tools (e.g., herbi-
cides), so new management approaches will be neces-
sary (Ricciardi et al. 2017). Management of range-
shifting native species is complex. Climate-tracking
native species movements are inevitable and will result
in changing plant communities. Some range shifters
may be considered locally undesirable and require
local management, but this should be based on
Arctic negative ecosystem impacts, not nativity.
Alpine, Arctic, and Antarctic regions have entered
a new era, and this requires new approaches that
involve major shifts in policies and attitudes toward
plant species movements.
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