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Abstract Until recently the Antarctic continent and Peninsula have been little impacted
by non-native species, compared to other regions of the Earth. However, reports of species
introductions are increasing as awareness of biological invasions as a major conservation
threat, within the context of increased human activities and climate change scenarios, has
grown within the Antarctic community. Given the recent increase in documented reports,
here we provide an up-to-date inventory of known terrestrial non-native species intro-
ductions, including those subsequently removed since the 1990s, within the Antarctic
Treaty area. This builds on earlier syntheses of records published in the mid-2000s, which
focused largely on the sub-Antarctic islands, given the dearth of literature available at that
time from the continental and maritime Antarctic regions. Reports of non-native species
established in the natural environment (i.e. non-synanthropic) are mainly located within the
Antarctic Peninsula region and Scotia Arc, with Deception Island, South Shetland Islands,
the most impacted area. Non-native plants have generally been removed from sites of
introduction, but no established invertebrates have yet been subject to any eradication
attempt, despite a recent increase in reports. Legislation within the Protocol on
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Environmental Protection to the Antarctic Treaty has not kept pace with environmental
best practice, potentially presenting difficulties for the practical aspects of non-native
species control and eradication. The success of any eradication attempt may be affected by
management practices and the biology of the target species under polar conditions.
Practical management action is only likely to succeed with greater co-operation and im-
proved communication and engagement by nations and industries operating in the region.

Keywords Antarctic Treaty area - Environmental Protocol - Alien species - Biosecurity -
Invasion - Eradication

Introduction

The vulnerability of Antarctic terrestrial ecosystems to human-induced environmental
impacts and changes has been a focus of recent research attention (e.g. Bargagli 2005;
Frenot et al. 2005; Kerry and Riddle 2009; Tin et al. 2009; Hughes and Convey 2010,
2012; Cowan et al. 2011; Chown et al. 2012a) and human-assisted establishment of non-
native species, both in the context of those introduced from beyond the Antarctic region
and in the movement of Antarctic biota between different eco-regions within the continent,
has been identified as one of the most pervasive threats to indigenous ecosystems (Hughes
and Convey 2010; Chown et al. 2012b; Terauds et al. 2012).

Antarctica’s isolation and recent colonization by humans, compared to the other con-
tinents, means it has relatively few known non-native species (Frenot et al. 2005; Hughes
and Convey 2010). Globally, intentional non-native species introductions have occurred
for economic, scientific and social reasons, frequently with unforeseen consequences for
local environments (Mack et al. 2000). However, no terrestrial species introduced to the
Antarctic continent intentionally (mainly for scientific research reasons) have been for-
mally identified as invasive (Smith 1996), but intentional introductions to most sub-
Antarctic islands, before the adoption of legislation prohibiting or controlling this activity,
have resulted in substantial impacts (see Convey and Lebouvier 2009). Under current
legislative systems, unintentional introductions present the greatest threats to sub-Antarctic
and Antarctic ecosystems (Frenot et al. 2005), with non-native species potentially being
introduced associated with visitors’ clothing and personal effects (Whinam et al. 2005;
Chown et al. 2012b; Huiskes et al. 2014), cargo (Hughes et al. 2010; Tsujimoto and Imura
2012), building material (Lee and Chown 2009) and fresh foods (Hughes et al. 2011).

It is well recognised that the implementation of effective biosecurity practices is the
most cost-effective method of reducing non-native species establishment and subsequent
impacts (Chown et al. 2012b) (for examples see the Council of Managers of National
Antarctic Programs (COMNAP) and Scientific Committee on Antarctic Research (SCAR)
‘Checklists for supply chain managers of National Antarctic Programmes for the reduction
in risk of transfer of non-native species’, available at: https://www.comnap.aq/SitePages/
checklists.aspx). This is particularly true for Antarctica, where there are relatively few
standard access points and routes, and human activities have the potential to be highly
regulated by individual national operators and the tourism and fishing industries. However,
with increasing numbers of people visiting Antarctica, an increase in the diversity of
activities undertaken and the complexity of coordinating management measures between
the parties involved, activities that may lead to the introduction of non-native species have
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proven difficult to regulate effectively. Consequently, the introduction and establishment
of some new non-native species (as well as the repeated introductions of existing non-
native species in multiple locations) may be almost inevitable (see Fig. 1). Effective
management response—including non-native species eradications—is therefore of para-
mount importance for the protection of Antarctic ecosystems, even accepting that the most
effective actions would be to prevent introductions occurring in the first place.

Fig. 1 a Nassauvia magellanica eradicated from Deception Island in January 2010 (Photo: K. A. Hughes).
b The flightless chironomid midge Eretmoptera murphyi, introduced to Signy Island, South Orkney Island
from South Georgia (Photo: P. Bucktrout). ¢ Poa annua on Deception Island and subsequently eradicated
(Photo: M. Molina-Montenegro).]. d Poa pratensis on Cierva Point, Antarctic Peninsula, where it was first
introduced during transplantation experiments in 1954/1955 (Photo: L. R. Pertierra). e Trichocera
maculipennis found in Artigas Base (King George Island, South Shetland Islands) sewage system in
2006/2007 and in surrounding terrestrial habitats (Photo: O. Volonterio). f Non-native potted plant in the
window of Bellingshausen Station in 2010 (King George Island) (Photograph: K. A. Hughes). g Removal of
an alien grass species from the vicinity of Great Wall Station, Fildes Peninsula, King George Island in 2006
(Photo: S. Pfeiffer)
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Several previous studies have provided syntheses of the then-existing state of knowl-
edge relating to the presence of non-native species within Antarctica, some including the
sub-Antarctic islands within their ‘area of interest’ (Smith 1996; Frenot et al. 2005, 2008;
Convey 2008). Smith’s (1996) study focused on records of non-native higher plants, while
Frenot et al. (2005) collated information across all terrestrial vertebrate, invertebrate and
plant groups, further recognising the paucity of information available relating to lower
plant and microbial groups. Over 95 % of the c. 200 established non-native species in-
cluded in Frenot et al.’s (2005) synthesis were present in the sub-Antarctic, with almost all
of the remaining species being recorded from the maritime Antarctic. These reviews,
together with related specific studies, have stimulated increasing interest in the risks of
biological invasions in the Antarctic, both within the scientific research community and in
the governance community of the Antarctic Treaty System, and led to an increase in
studies recording the presence and, in some cases, impacts of non-native species within the
Antarctic Treaty area (defined as the area south of 60°S latitude).

The purpose of this study was therefore to bring the work of Frenot et al. (2005) up to
date with regard to the Antarctic Treaty area (excluding the sub-Antarctic Islands), and to
examine the number and distribution of macroscopic non-native species introduced or
identified since c. 1990 and of any earlier introductions still persisting in the Antarctic
terrestrial environment. We also review the current legislation that applies within the
Antarctic Treaty area regarding the eradication and control of non-native species, and
recommend appropriate management action.

Antarctic terrestrial habitats and biodiversity

The unique characteristics of habitats and communities with the Antarctic terrestrial en-
vironment may make them particularly vulnerable to invasive species impacts. Terrestrial
ice- or snow-free habitats in Antarctica comprise only c. 0.34 % of the continental area
(Convey et al. 2009), and the majority of this area is devoid of visible or macroscopic
biota. Terrestrial biodiversity is low, both in terms of species and functional diversity
(Hogg et al. 2006; Convey 2013). Recent biodiversity analyses have identified 15 distinct
Antarctic Conservation Biogeographic Regions (ACBRs) within the continent (Terauds
et al. 2012). The most developed terrestrial ecosystems are present close to the coast,
particularly along the western Antarctic Peninsula and islands along the Scotia Arc, and in
oases along the coast of East Antarctica—areas that are also favoured for the siting of
research stations, and often coincide with concentrations of wildlife and spectacular
scenery that attract tourist activity. However, specialized biological communities are also
present even in the most extreme terrestrial habitats within the continent (e.g. Broady and
Weinstein 1998; Hodgson et al. 2010). The majority of areas of exposed terrestrial ground
are isolated, small and island-like (Bergstrom and Chown 1999; Arnold et al. 2003; Hughes
et al. 2006), factors that are important in driving the evolutionary isolation, divergence and
high levels of regional endemism that appear to characterise Antarctic biota (Chown and
Convey 2007; Convey 2008; Pugh and Convey 2008). Even within the McMurdo Dry
Valleys of southern Victoria Land, by far the most extensive area of ice-free ground within
the continent, studies of microbial and arthropod communities report signals of isolation
and divergence within valleys and catchments (McGaughran et al. 2008, 2010; Chan et al.
2013). Isolation, high levels of endemism and a general lack of inter-species competition
within many native terrestrial Antarctic communities may make them particularly vul-
nerable to the impacts of invasive species (Chown and Convey 2007; Convey 2008).
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The distribution of non-native species within the Antarctic continent

The known distribution of non-native species within Antarctica is shown in Fig. 2 and the
dataset upon which the figure is based is provided in the supplementary data (Table Al).
All current introductions are found within the Antarctica Peninsula and Scotia Arc, and all
within ACBR 2 ‘South Orkney Islands’ and (by far the most invaded) ACBR 3 ‘Northwest
Antarctic Peninsula’. Although no species appear to be extant, non-native plants have been
previously found and removed from continental Antarctica (Japan 1996; Russia 1999). To
date, there are no confirmed reports of existing non-native species being transported to
further locations within Antarctica, although this possibility presents a significant risk. It
should be noted that many Antarctic non-natives are cryptic or non-charismatic, which may
make their detection and assured eradication more difficult. Nevertheless, multiple intro-
ductions to Arctowski Station (Admiralty Bay, King George Island, South Shetland Is-
lands) of Poa annua from both European and South American origins have been reported
(Chwedorzewska 2008). Our analyses show introductions to date have been dominated by
Collembola and Poaceae, species of both having commonly become established and, in
many cases, becoming invasive, on the sub-Antarctic islands (Frenot et al. 2005).

The first report of a non-native plant to become established in Antarctica was of a now
absent ‘flowering grass’ found near houses on Deception Island in January 1936 by the
British Graham Land Expedition (Smith 1996); however, the plant known to have persisted
longest in Antarctica is Poa pratensis, which was introduced to Cierva Point over 60 years
ago with little range expansion before its removal in January 2015 (Pertierra et al. 2013; L.
R. Pertierra, pers. obs., 2015). The first non-native invertebrate to be reported was the
Collembolan Hypogastrura viatica found on Deception Island in the 1940s (Hack 1949).
These findings suggest that the introduction and at least transient establishment of non-
native species is likely to have been occurring for as long as humans have been inhabiting
suitable Antarctic locations, and possibly from the early nineteenth century when sealers
first visited the northern Antarctic Peninsula and South Shetland Islands. Prior to the
implementation of the Protocol on Environmental Protection to the Antarctic Treaty (also
known as the Madrid Protocol or Environmental Protocol) in 1998, which prohibited the
introduction of non-Antarctic soil, cultivation of non-native plants in imported soil oc-
curred at several Antarctic stations [e.g. Maitri and Novolazarevskaya Stations (Arif and
Joshi 1995)] and non-native invertebrate species were reported from within the imported
soils (Arif 1995). Furthermore, at some stations considerable quantities of fodder was
imported to feed domesticated animals [e.g. c. 30 sheep and 100 fowl were kept at Arturo
Prat Station on Greenwich Island, South Shetland Islands (Anonymous 1960)], which was
likely to contain viable plant propagules and other non-native species. It would seem
appropriate that monitoring for the presence of non-native species in the vicinity of these
locations should be a priority (see Smith 1996 for an overview). Contrary to the Envi-
ronmental Protocol, non-native potted plants are still found in some Antarctic stations in
both private quarters and public spaces (for example, potted rose and cycad plants were
found to be present at the entrance to Bellingshausen Station, King George Island, South
Shetland Islands (P. Convey, pers. obs., 1 Feb 2015) (see also Fig. 1f). At a minimum,
Treaty Parties should conform to the legislation contained within the Environmental
Protocol and remove non-native species introduced for decorative purposes.

Figure 3 shows the number of discrete locations currently colonised by each non-native
species known within Antarctica. The most widely dispersed species are micro-inverte-
brates, with knowledge of their distributions resulting from recent soil surveys at popular
visitor sites (Russell et al. 2013). The Actinedida Speleorchestes sp., Coccotydaolus cf.
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Fig. 2 Map of the Antarctic Peninsula region showing the distribution of known non-native species
(Cryptopygus caecus has not been included on this and subsequent maps due to uncertainty over its native/
non-native status (see Russell et al. 2013), while Alicorhagia sp. has not been included as the single report
recorded only a single individual and it was unclear whether or not this species had established)
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krantzii, Terpnacarus gibbosus and Collembolan Hypogastrura viatica were all found at
multiple locations, with Speleorchestes sp. the most widely dispersed across six locations
within the northern Antarctic Peninsula and South Shetland Islands area. P. annua is now
present at only one location (Admiralty Bay, South Shetland Islands), with small numbers
of plants being removed from four other locations during the 2009/2010 summer (De-
ception Island and three sites on the Antarctic Peninsula; see Table 1). Nevertheless,
removal is no guarantee of eradication as propagules may remain in the seed bank resulting
in the potential reappearance of plants at the site of initial removal. Figure 4 shows the
locations currently colonised by at least one non-native species. On the basis of rather
limited surveys, Deception Island, with nine non-native species, is the most invaded,
followed by Fildes Peninsula and Neko Harbour with four each. All of these locations are
subject to high levels of national operator and tourist activity. The majority of other
locations containing one or two non-native colonists are close to, or located within,
established research stations or popular tourist visitor sites (see Fig. 1 in Molina-Mon-
tenegro et al. 2014). These findings are also closely consistent with areas predicted to be at
highest risk of non-native species introductions, based on propagule pressure and climate
suitability (Chown et al. 2012b).

Figure 5 shows the number of non-native plants (upper panel) and invertebrates (lower
panel) discovered within Antarctica over time (pre-1990s, 1990s, 2000s, 2010s). Species
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which were introduced deliberately for scientific investigations and were then either re-
moved or did not survive are not included in the analysis (see Smith (1996) for further
details). It is clear that removal of single or small numbers of plants at different Antarctic
locations has been effectively achieved over recent decades (Argentina et al. 2013), with
the notable exception of P. annua in Admiralty Bay. In contrast, no eradication or control
of non-synanthropic invertebrates has been attempted in the region, while recent surveys
have resulted in a substantial increase in the number of species and locations known to be
invaded by this biological group.

It is not entirely clear which, if any, of the non-native species that have established in
Antarctica have become invasive according to the definition contained within the CEP Non-
native Species Manual (2011) i.e. ‘are extending their range in the colonised Antarctic region,
displacing native species and causing significant harm to biological diversity or ecosystem
functioning’. However, the non-native grass, P. annua has spread into the local terrestrial
communities near Arctowski Station and in laboratory experiments has been shown to have
negative impacts on photosynthetic performance and biomass of the two native Antarctic
vascular plants Colobanthus quitensis and Deschampsia antarctica (Molina-Montenegro
et al. 2012). Furthermore, it has been estimated that larvae of the introduced chironomid
midge Eretmoptera murphyi, that now occupies an area of over 35,000 m? on Signy Island,
South Orkney Island, may be able to cycle soil nutrients up to nine times faster than the entire
native soil invertebrate community and, therefore, could have a major effect on terrestrial
habitats across colonised areas on Signy Island (Hughes et al. 2013).

@ Springer



Biodivers Conserv (2015) 24:1031-1055 1041

Pre 1990s 1990s )/W'\ 2000s \ 2010s
/
7

0 100 200

Kilometres
Pre 1990s 1990s 2000s 2010s
¢ & - mE
]
.

0 100 200

Kilometres

Fig. 5 Location of known non-native plants (upper panel) and invertebrates (lower panel) within
Antarctica up until 1990 and during the 1990s, 2000s and 2010s. Plants eradicated or removed are not shown
in subsequent figures. No records of non-native invertebrates exist outside the Antarctic Peninsula region
and no eradications have been attempted
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Antarctic legislation concerning non-native species and their control and eradication

General legislation concerning non-native species within the Antarctic Treaty area is re-
viewed elsewhere (Hughes and Convey 2010, 2014). A brief summary is provided here to
give context to the subsequent discussion, with legislation of specific relevance to
eradication activities described in more detail.

Legislation relating to non-native species within the Antarctic Treaty area

Legislation relating to non-native species is contained within the Protocol on Environ-
mental Protection to the Antarctic Treaty, predominantly in Annex II Conservation of
Fauna and Flora. Article 4 of this Annex prohibits specifically the intentional introduction
of non-native plants and animals to land, ice shelves or into water within the Antarctic
Treaty area, unless for a defined scientific purpose and in accordance with a permit. Non-
native species can be introduced in accordance with a permit for laboratory studies, but
only on the condition that they are destroyed or removed from the Treaty area at the end of
the permitted period, and measures are taken to eliminate any potential risks to native
plants and animals. The prohibition of non-native species importation does not apply to
food items, but no live animal may be imported for human consumption. Furthermore, all
imported plant and animal produce (fresh fruit, vegetables, eggs and meat) must be stored
under controlled conditions, although there is no general requirement, for instance, for
quarantine or inspection facilities, or fumigation of containers used for food transport.
Imported animal carcasses must be disposed of by incineration, autoclaving or made sterile
before disposal, or be removed from the Antarctic Treaty area. Precautions must be taken
to prevent the introduction of non-native microorganisms: diseased meat is not to be
imported to the Treaty area and the importation of non-sterile soil originating outside the
Treaty area is to be avoided as far as possible. However, the Environmental Protocol makes
little reference specifically to the unintentional introduction of non-native species, or the
transportation of species (including native species) between different biogeographic re-
gions within the Antarctic Treaty area.

The Protocol does not differentiate between different categories of non-native species
(for instance invasive versus persistent; for further discussion of non-native species clas-
sifications as have been applied in Antarctica see Frenot et al. (2005) and Greenslade et al.
(2012)), rather prohibiting the introduction of all non-native plants, animals and mi-
croorganisms, irrespective of likely colonisation status. Consequently, many of the prob-
lematic issues faced by policymakers in other regions of the world concerning which non-
native species to allow or tolerate and which to exclude, control or eradicate are not
relevant within the Antarctic Treaty area. However, the unusual nature of Antarctica’s
legislative framework may present disadvantages for conservation, as some legislation
applicable elsewhere in the world may not apply in Antarctica (Baker et al. 2005). For
example, the Convention on Biological Diversity (CBD) Article 8(h) ‘Alien species that
threaten ecosystems, habitats or species’ does not apply in the Antarctic Treaty area as the
CBD itself applies explicitly to sovereign territory. This is despite the fact that many of the
Antarctic Treaty signatory nations have themselves signed up to the CBD.

Annex VI to the Environmental Protocol, which has yet to enter into force, concerns
liability arising from environmental emergencies. It is unclear if non-native species in-
troductions can be included under the definition of an ‘environmental emergency’, or if it
will be possible to use this legislation to reclaim costs for the control or eradication of a
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non-native species introduced by the actions of another operator (see Hughes and Convey
(2014) for further discussion).

Legislation pertinent to non-native species eradication and control

All activities undertaken by Consultative Parties within the Antarctic Treaty area must
conform with the requirements of the Environmental Protocol, as must those of non-
Consultative Parties who are signatories to the Protocol. Various issues addressed in the
Protocol may have practical implications for the planning and achievement of eradications.

The need for evidence to support eradication or control action

Annex II, Article 4(4) states that ‘Any other plant or animal introduced into the Antarctic
Treaty area not native to that area, including any progeny, shall be removed or disposed of,
by incineration or by equally effective means, so as to be rendered sterile, unless it is
determined that they pose no risk to native flora or fauna’. While this Article is apparently
clear that non-native species shall be eradicated, any management action may be directed
by two criteria which may be difficult or impossible to prove conclusively, specifically (1)
that the species concerned is actually non-native to Antarctica (also noting that the wording
does not explicitly recognise the need for removal of species transferred between what are
now recognised as biogeographically distinct areas within Antarctica) and (2) that it may
pose a risk to native biota (Hughes and Convey 2012). While the rapidity of response to
non-native species introductions is a major factor in determining eradication success [and
is a key guiding principle in the Committee for Environmental Protection Non-native
Species Manual (CEP 2011)], obtaining this information may delay eradication action. A
more appropriate policy for Antarctica might be the approach advocated by Simberloff
(2003), which is characterized by the principle ‘shoot first, ask questions later’. Here, the
need for a detailed risk assessment and characterisation of the introduced species followed
by investigations into its interactions with other native species (all of which take up
valuable time during which the species may be expanding and becoming increasingly
difficult to eradicate) becomes of secondary importance. One drawback here, however, is
the potential for eradication of species that have colonized Antarctica by natural means,
which may impact upon the already very low natural re-colonization rates for the continent
(see Hughes and Convey 2012). For the second criterion, one option is that the burden of
proof should be placed on managers to show that the non-native species poses ‘no risk to
native flora or fauna’, with the meaning of ‘risk’ defined by scientific experts. Where any
doubt exists, eradication should proceed at the earliest opportunity.

The environmental impact assessment process

All activities planned within the Antarctic Treaty area must undergo some level of envi-
ronmental impact assessment (EIA) as mandated by Annex I to the Environmental Pro-
tocol. Activities assessed as having an impact less than ‘minor or transitory’ can proceed
forthwith. However, in some cases the removal of a non-native species may have an
environmental impact that is ‘minor or transitory’, triggering the need for an Initial En-
vironmental Evaluation (IEE), or impact greater than ‘minor or transitory’, which would
necessitate a Comprehensive Environmental Evaluation (CEE). CEEs must be presented
by the proponent Party at an annual meeting of the Committee for Environmental

@ Springer



1044 Biodivers Conserv (2015) 24:1031-1055

Protection, which could cause delays in the commencement of any eradication attempt.
Annex I does allow for activities to be undertaken in cases of emergency which would
otherwise have required preparation of a CEE. Under such circumstances, notice of the
activities ‘shall be circulated immediately to all Parties and to the Committee [for Envi-
ronmental Protection] and a full explanation of the activities carried out shall be provided
within 90 days of those activities’ [Article 7(2)]. How this would operate in practice is
untested as no precedents exist, but at present it seems that individual Parties would decide,
on a case by case basis, whether or not the discovery and need to eradicate a non-native
species constituted an emergency.

Impacts of non-native species eradication and control activities on non-target native
species

Methodologies used to eradicate or control non-native species may have unavoidable
negative effects upon invaded habitats and native species. However, Annex II Article 3(3c)
states that ‘the diversity of species, as well as the habitats essential to their existence, and
the balance of the ecological systems existing within the Antarctic Treaty area be main-
tained’. While eradication of non-native species may help maintain indigenous species
diversity and Antarctic habitats, it is less clear how to assess objectively whether or not the
benefits of undertaking the eradication of a non-native species outweigh any potential
negative impacts upon indigenous biota. Furthermore, no indication is given as to the
spatial scale that should be taken into consideration. For example, eradication of the
flightless midge Eretmoptera murphyi and the enchytraeid worm Christensenidrilus blocki
on Signy Island, South Orkney Islands, or P. annua on King George Island may entail
destruction of a substantial area of habitat and associated non-target indigenous species
(e.g. an area of at least c. 35,000 m? in the vicinity of the UK research station in the case of
E. murphyi, based on a survey carried out in 2007, and recognising that the species
appeared to have entered a phase of rapid distribution expansion at that time), and Parties
may be reluctant to support such an activity (Hughes and Worland 2010; Olech and
Chwedorzewska 2011; Hughes et al. 2013; Olech 1996).

Allocation of permits to undertake eradication or control of non-native species

Permits issued by an appropriate national authority to take or interfere in a harmful manner
with native biota are required and can only be granted to provide specimens for scientific
study, to supply specimens for museums and other educational establishments, or to
‘...provide for the unavoidable consequence of scientific activities......... or of the con-
struction and operation of scientific support facilities’. It is not clear how the destruction of
species and habitat as a side-effect of non-native species eradication aligns with this
legislation [Annex II, Article 3(2)].

Eradication of non-native species using pesticides

Practical methods of non-native species eradication may be restricted by Annex III Waste
Disposal and Management, as Article 7 states that ‘No...... pesticides (other than those
required for scientific, medical or hygiene purposes) shall be introduced onto land or ice
shelves or into water in the Antarctic Treaty area’. Environmental management and con-
servation purposes are not listed in the Annex, and this issue may therefore require further
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consideration by the CEP and ATCM before use of such chemicals is authorised. Parties’
domestic sensitivities regarding the use of these chemicals may further complicate any
decision making.

Eradication of non-native species in protected areas

Further delays in the initiation of any eradication attempt may be encountered if the non-
native species is found within an Antarctic Specially Protected Area (ASPA) or Antarctic
Specially Managed Area (ASMA). The accompanying management plans may need to be
revised to allow eradication activities to occur, as the disruption of habitat and use of
pesticides and herbicides (which are technically a sub-set of pesticides) are generally not
permitted. Seventy five percent of all ASPAs, including almost all those that protect
terrestrial habitats, prohibit specifically the use of herbicides and pesticides within the
Area. The one notable exception to this is contained within the management plan for ASPA
136 Clark Peninsula, Budd Coast, Wilkes Land, East Antarctica, which prohibits herbi-
cides from being taken into the Area ‘...unless needed to mitigate any non-native species
incursions. Such chemicals must only be used as a last resort and controlled by permit
conditions.” Within almost all ASPAs the current management plans may limit Parties’
choice of methodologies to respond rapidly to a non-native species introduction (Table 2).

Considerations for management of non-native species eradications in Antarctica
Eradication attempts within the Antarctic Treaty area

Eradication attempts that have taken place within the Antarctic Treaty area are listed in
Table 1. To date, management responses to non-native species introductions to the natural
habitats within the Treaty area have either not occurred or have been carried out in an
opportunistic or ad hoc manner. Of these, successful eradications have been limited to
removal of small numbers of individual vascular plants located near research stations or
frequently visited sites. In some cases Parties have been slow to respond to non-native
species introductions, despite requests from other organisations. For instance, SCAR
recommended that P. annua be eradicated from around the Polish Henryk Arctowski
Station, Admiralty Bay, King George Island in the early 1990s (Smith 2011). However,
although considerable efforts have been made to monitor and study the plants (Olech 1996,
1998, 2003; Chwedorzewska 2008, 2009), no attempt at eradication has been reported
(Olech and Chwedorzewska 2011).

Non-native species have also been found living synanthropically within Antarctic
buildings, sewage treatment facilities and hydroponic facilities (Hughes and Convey 2010;
Volonterio et al. 2013). While successful eradications have occurred within station
buildings and hydroponic facilities, no successful eradications of non-native invertebrates
have occurred within Antarctic sewage treatment systems (Table 3; Hughes et al. 2005). In
the case of the boreal trichocerid fly Trichocera maculipennis, first discovered in the
sewage system of the Uruguayan Artigas Base (Volonterio et al. 2013), the history of
colonisation, eradication and apparent subsequent recolonisation of the tanks after several
years’ absence could also be interpreted as being consistent with this pre-adapted cold
environment fly having currently undetected source population(s) in the natural environ-
ment of King George Island rather than it being restricted to the confines of the station
itself.
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Table 2 Measures within Antarctic Specially Protected Area (ASPA) management plans detailing use and
storage of herbicides and pesticides within the protected area

No. Management plan measures ASPA (primary value being protected) Percentage
of all
ASPAs %
1 Herbicides and pesticides are prohibited 54 ASPAs, including all ASPAs primarily ~ 75.0
within the Area protecting terrestrial habitat
2 No chemicals to be used in the Area exceptin ~ ASPA 120 (birds and mammals), ASPA 125 5.6
accordance with a permit (geological values), ASPA 127
(penguins), ASPA 166 (historic values)
3 Chemicals may only be introduced for ASPAs 155, 157, 158, 159, 162 (all 7.0
permitted scientific or conservation protecting historic values)
purposes
4 Use of chemicals within the Area is not ASPA 174 (geological values) 1.4
prohibited, but storage within the ASPA not
permitted
5 ‘Chemicals...... which may be brought into ASPA 175 (geothermal habitat) 1.4
the Area for scientific or management
purposes specified in the Permit, shall not
be released into the environment...
6 ‘No herbicides are to be taken into the Area  ASPA 136 Clark Peninsula, Budd Coast, 1.4
unless needed to mitigate any non-native Wilkes Land, East Antarctica
species incursions. Such chemicals must
only be used as a last resort and controlled
by permit conditions’
7 No prohibition of chemicals ASPA 122, 144, 145, 146, 156, 168. None 8.3

protect terrestrial habitat primarily

Most management plans specifically prohibit use of both herbicides and pesticides, which suggests some
confusion over definitions of these terms, as herbicides are a sub-category of pesticides

Table 3 Invertebrates that have colonised station buildings and sewage treatment plants on Antarctic
research stations

Species Station Date Notes References
introduced
Lycoriella Casey Station, Budd 1998 Extensive eradication Hughes et al.
ingénue Coast, Wilkes Land attempt in 2005 proved (2005) and Smith
unsuccessful (2005)
Lycoriella sp.  Rothera Research 2005 Successful eradication of Hughes et al.
Station, Marguerite flies from alcohol store in (2005)
Bay, Antarctic 2005
Peninsula
Trichocera Artigas Station, Fildes 20067 Early eradication attempt Volonterio et al.
maculipennis Peninsula, King unsuccessful. Species is (2013)
George Island, South now found in the
Shetland Islands surrounding environment
Unidentified Frei Station, Fildes Pre-2009/  Larvae persist in the sewage V. Vallejos, pers.
mosquito Peninsula, King 2010 treatment plant. No comm., quoted in
George Island, South season counter measures are Peter et al. (2013,

Shetland Islands

undertaken

Sect. 3.1.4)

Hydroponic facilities, operated by Parties including Australia, New Zealand and the US, have been tem-
porarily closed down and cleaned due to infestations by imported non-native invertebrates (COMNAP 2013)
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Factors affecting the likely success of an eradication within an Antarctic context

Eradication success can depend upon many factors, with each weighted differently de-
pending upon the particular circumstances of each non-native species introduction (Sim-
berloff 2002). It is unlikely that a standard policy for non-native species eradication within
the Antarctic Treaty area can be formulated at anything other than the most general level;
however, those responsible for controlling non-native species should be wary of delaying
extermination (potentially catastrophically) due to lack of complete information. Decision-
making should benefit from consideration of the following factors:

Economic benefits and use of resources

In the Antarctic continent, the low number of identified non-native species (and fewer, if
any, confirmed invasive species) (Frenot et al. 2005; Hughes and Convey 2012) implies
that priorities and resource allocation can still usefully be focused towards implementing
effective biosecurity precautions (Rout et al. 2011). Economic drivers for eradications are
largely absent as Antarctica has no income generating industries that may be directly
impacted by non-native species, such as terrestrial agriculture, freshwater aquaculture or
nearshore fish farming (Perrings et al. 2000; Pimentel et al. 2005). Nevertheless, bio-
prospecting activities, (including those concerning microbial species) may be impacted by
non-native species, which could be a driver for improved conservation and/or non-native
species control in the future (Hughes et al. 2015).

The Antarctic Treaty Parties have no central reserve to fund environmental initiatives.
Consequently Parties, in general, act either independently or in collaboration with a small
number of like-minded nations. If eradications are undertaken, it is important that Parties
are fully aware of the financial and time (including logistic) commitment necessary from
the outset, so that adequate resources are allocate to complete the task. The position in
Antarctica contrasts with the sub-Antarctic islands, each of which is governed by a single
sovereign nation, and which have experienced a far greater presence and impact of non-
native species (Frenot et al. 2005; Convey and Lebouvier 2009). Here, in recent years,
attention has focused on the eradication of various herbivorous and predatory vertebrates,
funded either by the national government, or by private or charitable donors (Bloomer and
Bester 1991; Frenot et al. 2005; Bergstrom et al. 2009). Some mammalian eradications
have led to unintended consequences, such as the destruction of plant species by increased
rabbit numbers following the eradication of cats on Macquarie Island (Bergstrom et al.
2009). While high profile, vertebrate eradications represent only part of the challenge as
non-native plants and invertebrates represent the majority of known introductions and
include a range of invasive species having considerable impacts on ecosystems and native
biota (Frenot et al. 2005). Remarkably, within the Antarctic the majority of eradications
have removed the vascular plants while no invertebrate eradications have yet been at-
tempted, illustrating the different priorities and capacities for managing different taxa (see
Fig. 5).

Lines of authority
The Antarctic Treaty System operates by consensus, and no mechanism exists by which a
Party can be compelled to engage in an activity or cooperate with any eradication plan.

Due to ambiguity in the text of the Environmental Protocol, Parties may interpret the
legislation in different ways (Joyner 1999), or rank other aspects of their Antarctic
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activities as of higher priority. Within the Antarctic Treaty area, the pace of action may be
delayed due to the need for Parties to inform and engage with each other, before under-
taking activities not strictly limited to their own logistics and research. Therefore, if a non-
native species is found in an area where operational footprints overlap, eradication at-
tempts may be delayed while consensus between Parties is reached regarding timing,
methodology and on-going monitoring, despite the CEP Non-native Species Manual
(2011) key guiding principle that any eradication response should be rapid.

An alternative case has been proposed whereby scientists should study the establish-
ment and expansion of non-native species as a research subject itself. This was apparently
put forward in response to requests and advice to eradicate P. annua from the vicinity of
the Polish Arctowski Station in the 1990s (see Smith 2011). Olech (1996) stressed the
importance of evaluating properly the effects of man’s activities on Antarctic ecosystems
which, in the case of P. annua at Arctowski station, may be one reason that scientific
values were prioritised over environmental protection (Smith 2011). However, given the
wealth of information already available about biological invasions, their impacts, and their
management and the challenges therein available from the rest of the world, the case for
any expectation of different principles applying to invasions in Antarctica would seem
weak.

Biology of the target species

A clear understanding of the biology of the non-native species is important when planning
an eradication attempt. This is particularly relevant once a species has increased its dis-
tribution beyond the initial point of establishment, as eradication and monitoring tech-
niques suitable for small sites may be impractical for larger colonised areas. Important
information to guide choice of the most effective eradication methodology can be gleaned
from the species’ distribution, life cycle characteristics (Thompson et al. 1995; Crawley
et al. 1996) and invasiveness in similar environments (e.g. in the sub-Antarctic islands, or
in Arctic or high altitude habitats), but with a recognition that these characteristics may be
different within an Antarctic context (e.g. see the risk assessments described in Greenslade
(2002) and Greenslade and Convey (2012)). Of particular importance is an understanding
of which life cycle stages are most likely to aid species dispersal and establishment (e.g.
possession of a winged stage, or diapause capacity; production of seeds or vegetative
propagules), which are most vulnerable to the eradication methodologies available, the rate
of dispersal in other habitats and the physiological limits or thresholds relevant to different
life cycle stages. For example, larval size class data and growth rate modelling for the non-
native chironomid midge Eretmoptera murphyi, which was introduced to Signy Island,
South Orkney Islands, from South Georgia, has suggested that it persists as larvae in the
soil for 2 years on Signy, while this life cycle stage may last only 1 year on the warmer
South Georgia (Hughes et al. 2013). The physical, biological and chemical characteristics
of colonised ground may affect the rate of spread. For example, disturbed ground may
facilitate expansion of ruderal species (Grime 1977), as has been observed in Antarctica
with P. annua (Olech 1996; Molina-Montenegro et al. 2014), as could the spatial limits of
appropriate microclimatic conditions.

Understanding the phenological strategies and physiological capacities of vascular
plants are crucial to designing appropriate methods of eradication. P. annua has shown a
remarkable flowering capacity even under extreme environmental conditions, therefore any
attempted eradications of fast-growing plants (r-strategists) must address the likelihood of
an extensive seed bank that may persist long after any physical removal of plants (Pertierra
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et al. 2013; Wodkiewicz et al. 2013). Under these circumstances pesticide use may be
effective, combined with on-going monitoring for plant re-growth at the site.

Probability of re-introduction

Within Antarctica, and between Antarctica and the other southern continents, there are a
relatively limited number of logistic routes and connections between locations and, hence,
control of species transfer through application of biosecurity measures may be more
practicable and effective than in the rest of the world (Chown et al. 2012b; Molina-
Montenegro et al. 2012; Hughes et al. 2014). Treaty Parties and tour operators, in large
part, are in control of the people and cargo that are transported into Antarctica, and it is
largely within their power to control the risk of re-introduction through investment in
biosecurity measures. Eradication efforts may be largely wasted if adequate biosecurity
precautions that reduce further introductions are not implemented.

Habitat restoration

An eradication attempt will have failed if indigenous species are driven extinct at the
eradication location alongside the introduced species, or are not able to regain earlier
population levels. The consequences of an eradication may be hard to predict, but could
include negative and unforeseen impacts on local indigenous communities, such as a shift
in the dominant native biota at a site (Bergstrom et al. 2009). Given the contemporary
relative scarcity of non-native species in Antarctica, to a large extent habitat restoration in
Antarctica is not an issue as yet, though it is clearly important in the sub-Antarctic. If
Antarctic habitats are damaged by eradication action then, by analogy with the rates of
recovery from other impacts (such as ground disturbance or trampling), recovery may
require decades at least (Tin et al. 2009).

Practical considerations

Eradication of many introductions requires trivial commitment of resources [e.g. a person
with a spade (see Fig. 1g)], and lessons could also be learnt from previous eradications in
the Antarctic and sub-Antarctic (Table 1) (Smith 1984, 2003; Japan 1996; Peter et al.
2008; United Kingdom and Spain 2010; Tsujimoto et al. 2010; Smith and Richardson
2011; Hughes and Convey 2012 (see Table 5 therein); Shaw 2013). Those undertaking an
eradication should consider: (1) the most appropriate method (or methods), (2) the im-
plications of there being more than one non-native species at a location and whether it is
feasible to eradicate them simultaneously (see Table Al and Fig. 4), (3) how to prevent
inadvertent further distribution of the targeted species in the local area during the
eradication work, (4) how best to co-ordinate the proper disposal of any removed organ-
isms and other associated material such as soil or vegetation, and (5) what monitoring
programme should be put in place to ensure the eradication has been effective.

Conclusions and recommendations

The level to which biosecurity measures are implemented by national operators and the
tourism industry in the Antarctic has not been rigorously assessed or tested (but see
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COMNAP 2008). However, within Fildes Peninsula, King George Island, which is located
in one of the regions at highest risk of non-native species introductions (Chown et al.
2012b, Fig. 4), Peter et al. (2013) reported that ‘The various stations of the Fildes
Peninsula currently take either no measures or limited measures to prevent the introduction
of non-native species... On the contrary, people still commonly keep house plants in a
number of stations. To our knowledge, no measures are implemented to monitor non-
native species’ (see Fig. 1f). It is not known if this level of engagement in non-native
species and biosecurity issues is common throughout Antarctica, but the assessment is a
cause for concern, following as it does the matter of non-native species being attributed the
highest priority on the Committee for Environmental Protection work plan since first used
as a management tool in 2007 [ATCM XXX Final Report (para. 230) http://www.ats.aq/
devAS/ats_meetings_meeting.aspx?lang=e]. Furthermore, recent monitoring activities on
the northern Antarctic Peninsula have revealed a higher number and distribution of non-
native species than was previously known (Greenslade et al. 2012; Molina-Montenegro
et al. 2012; Russell et al. 2013, 2014), suggesting that biosecurity practices employed to
date are not adequate.

Successful management of non-native species will require cooperation between Treaty
Parties, national operators, the tourism industry and other stakeholders (Convey et al.
2012). In 2002, Simberloff wrote °...successful eradication may be as much a function of
political skill and public education as of technology’. This is likely to be particularly true
for Antarctica as consensus is required before any change in legislation can occur or major
activity be undertaken. Therefore, the objections of even a single Party could put in
jeopardy plans for any sizeable eradication attempt. Furthermore, lack of communication
between scientists, policy makers and those putting policy into practice, both within in-
dividual nations and across the Antarctic Treaty System, may limit the success of efforts by
any one group alone. Initiatives such as the Environments Portal (www.environments.aq),
which is supported by several Treaty Parties and SCAR, may go some way in bridging
these knowledge gaps. In an attempt to produce a more integrated, comprehensive and
dynamic approach to conservation in the region and to inform conservation decision-
making and policy, including those concerning non-native species, SCAR is developing an
Antarctic Conservation Strategy (SCAR et al. 2012).

To reduce the impact of non-native species within the Antarctic Treaty area, almost all
areas of management action would benefit from improvement, particularly:

Better education of all Antarctic visitors.

e Application of consistent and effective biosecurity practices in all Antarctic operations,
recognising that ‘prevention is better than cure’.

e Monitoring of high activity sites for non-native introductions and suitable reporting,
including support for appropriate expertise with which to identify potential
introductions.

e The development of contingency plans following the discovery of a non-native species,
including the provision of eradication protocols and appropriate equipment.

e Inclusion of information on how to respond to a non-native species introduction within
protected area management plans.

e Better use and resourcing of scientific expertise to inform our understanding of non-
native species issues and advise on response action.

Assuming there is the political will to uphold and apply the legislation agreed in the
Environmental Protocol, undertaking these activities will make financial sense. The most
cost-effective option is to implement measures to prevent introductions in the first instance.
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However, should a non-native species establish, eradication as soon as possible after
introduction may still prove relatively inexpensive. Failure to take action, resulting in
species expansion, may render eradication practically impossible, leaving control of spe-
cies spread as the only form of mitigation—a long-term and potentially expensive
commitment.
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