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Ice-free area expansion compounds the non-native species threat to Antarctic terrestrial biodiversity

Warming across ice-covered regions will result in changes to both the physical and climatic environment, revealing new ice-free habitat and new climatically suitable habitats for non-native species establishment. Recent studies have independently quantified each of these aspects in Antarctica, where ice-free areas form crucial habitat for the majority of terrestrial biodiversity. Here we synthesise projections of Antarctic ice-free area expansion, recent spatial predictions of non-native species risk, and the frequency of human activities to quantify how these facets of anthropogenic change may interact now and in the future. Under a high-emissions future climate scenario, over a quarter of ice-free area and over 80 % of the ~14 thousand km2 of newly uncovered ice-free area could be vulnerable to invasion by one or more of the modelled non-native species by the end of the century. Ice-free areas identified as vulnerable to non-native species establishment were significantly closer to human activity than unsuitable areas were. Furthermore, almost half of the new vulnerable ice-free area is within 20 km of a site of current human activity. The Antarctic Peninsula, where human activity is heavily concentrated, will be at particular risk. The implications of this for conservation values of Antarctica and the management efforts required to mitigate against it are in need of urgent consideration.

Introduction
Invasive species are, and will be, one of the most prevalent threats facing native biodiversity of the Antarctic (Hughes et al. 2015; McGeoch et al. 2015). This threat is compounded by increasing human visitation and climate warming across the region. Warming reduces the effectiveness of climatic barriers to non-native species establishment (Duffy et al. 2017; Pertierra et al. 2017a) and increases ice melt, which will lead to the emergence of new ice-free areas (Lee et al. 2017). Whilst climate warming and the availability of additional land may benefit some native organisms (Convey 2011; Nielsen et al. 2011; Cannone et al. 2016), warming will be detrimental to many native species, either directly (e.g. Convey et al. 2002) or through its facilitation of non-native species establishment. Thus far, biological invasions to the largely ice-covered Antarctic remain low relative to global trends (Hughes & Convey 2010; McGeoch et al. 2015) with the few documented invasions of plants and invertebrates limited to research stations and to the northern Antarctic Peninsula and associated islands (see Hughes et al. 2015 for a comprehensive review of the current state of continental invasions and discussions of management shortfalls under the Antarctic Treaty). However, when they have occurred, the ecological impacts of biological invasions to the broader region, which extends to the sub-Antarctic, have been severe (Frenot et al. 2005) and biological invasions are identified as one of the primary conservation risks to the Antarctic (Chown et al. 2012; Hughes et al. 2015). Further exacerbated by climate change, the number of non-native species that can establish is predicted to increase across the region (Duffy et al. 2017), painting a troubling future for native biodiversity. 

Increasing scientific activity and the growing Antarctic tourism industry (Bender et al. 2016) will further increase non-native species threat by providing easy and efficient dispersal pathways for non-native species to be transported to and across the continent (Hughes & Convey 2010). Whilst non-native species can reach the continent via natural dispersal methods (Barnes et al. 2006; Hughes et al. 2006; Fraser et al. 2017; Fraser et al. 2018), and these dispersal processes may be affected by increasing wind speeds and storm intensity toward the poles, introductions are largely associated with activity of scientists and tourists (Chown et al. 2012; Hughes et al. 2015). This appears to be the case with both new introductions and with the local dispersal of species introduced previously, whose distribution patterns reflect patterns of human activity (Hughes et al. 2019). The number of tourists visiting Antarctica has more than quadrupled in the past twenty years, increasing from ~ 8 200 tourists in the 1994/95 season, to nearly 37 000 in the 2016/17 season (iaato.org/tourism-statistics). The tourism season now also begins earlier and ends later than it did twenty years ago (Bender et al. 2016). Over 7000 scientists and support personnel visited Antarctica in the 07/08 season (Chown et al. 2012), a number that continues to grow as new facilities are built. 

Here, we aim to determine how three aspects of Antarctic change are interacting currently and how these interactions may progress as the climate warms. To do this, we combine recent projections of current and future ice-free area expansion and non-native species threat with human activity data (Pertierra et al. 2017b) to identify sites in the Antarctic region that are at the greatest risk from the combined impacts of these agents of ongoing change.

Methods
To identify the interactive impacts of Antarctic climate change, non-native species, and human activity, current and future climate suitability estimates for cold-tolerant non-native species (Table S1; Duffy et al. 2017), current distribution (ADD v7 - add.scar.org; rock outcrop, medium resolution, chosen for parity with future ice-free area estimates) and future projections of ice-free area extent (Lee et al. 2017), and current human footprint (Pertierra et al. 2017b) were combined. All future predictions of ice-free area extent and climate suitability were made for the end of the 21st century (2098 for ice-free area predictions; mean conditions for 2096-2100 for non-native species predictions) under the Representative Concentration Pathway (RCP) 8.5 high-emissions future climate forcing scenario, which is increasingly aligned with observed emissions (Brown & Caldeira 2017) and is potentially a conservative estimate given current rates and forms of economic growth (Christensen et al. 2018). Research facilities (v2.0 of the COMNAP curated list of Antarctic facilities v2.0; comnap.aq) and tourist landing sites (IAATO; www.iaato.org; Table S2) were used to represent sites of direct human activity. For detailed methods, refer to Supplementary Information and the original studies (Duffy et al. 2017, Lee et al. 2017, and Pertierra et al. 2017b for non-native climate suitability, ice-free area predictions, and human footprint data, respectively). 

Synthesis
Spatial layers of current and future ice-free area, in Antarctic Stereographic Projection (epsg:3031), were first rasterized to 1 km2 resolution. The subsequent rasters were then used to mask current and future predictions of non-native species climate suitability and human footprint, which were bilinearly resampled and projected to the above specification. Masked estimates were then used to assess the suitability and human footprint of each ice-free square kilometre under current and future conditions. Data were summarized and converted to percentages of total ice-free area. A mask of new ice-free area (i.e. those areas identified as ice free in the future predictions but not currently ice free) was also used to repeat this analysis for only those regions that are predicted to be newly uncovered by future melting as the climate warms. 

The distance from each current and future ice-free square kilometre, and each discrete ice-free patch, to the nearest site of direct human activity was calculated as a measure of human impact and risk of non-native species introduction. Mann-Whitney U tests were used to compare between the distances to human activity of climatically suitable (suitable for ≥ 1 modelled species) and climatically unsuitable ice-free areas. Akin to human footprint analyses (Pertierra et al. 2017b; Supplementary Information), current sites of activity were assumed to remain constant until the end of the century. Owing to the complexities of predicting future human activity on the Antarctic continent, we opted not to speculate beyond the simple assumption that currently busy sites will remain busy in the future. Distance thresholds were used to examine ice-free areas relative to human footprint and activity. These somewhat arbitrary thresholds were 1 km and 2.5 km (to match area of influence of tourists and researchers, respectively, outlined by Pertierra et al. 2017b), 5km, 10 km, 20 km (≈ mean daily travel distance of Amundsen/Scott expeditions, 1285 km over 55 days and 1381 km over 77 days, respectively), and 50 km (≈ daily unassisted/unpowered travel distance record, C. Eide (Norway), 2011). 

All analyses were performed in R Statistical Software (R Core Team 2017) using the raster (Hijmans 2016) package and its dependencies.

Results
Currently, only ~ 1 % (743 km2) of ice-free area is climatically suitable for at least one of the non-native species modelled (Figure 1a; Table S3). Under the RCP 8.5 future climate scenario, this will increase to cover more than a quarter of ice-free area (22 289 km2) by the end of the century (Figure 1b; Table S3). Of the 14 217 km2 predicted new ice-free area (i.e. area that is not currently ice free but is predicted to be ice-free in the future), over 80% (11 608 km2) will be climatically suitable for at least one of the modelled non-native species (Table S3; Figure 1). Forty percent (5 619 km2) of this newly uncovered ice-free area will be climatically suitable for at least 12 of the 24 modelled species in 2100 (Table S3). 

Three percent of the total future ice-free area across the continent is within 5 km of a site of regular human activity with 78 % of this area (2 131 of 2 729 km2) on the Antarctic peninsula (defined here as < 80 °S, 40-80 °W; Figure 1cd). Fifteen percent (13 146 km2) of the total future ice-free area will be within 20 km of either a tourist landing site or research facility (Table 1). Forty-eight percent (6 833km2) of the predicted 14 217 km2 of newly ice-free area across the continent is within 20 km of either a research facility or tourist-landing site and 10% (1 376 km2) is less than 5 km from these sites (Figure 2a). The number of discrete ice-free patches within 20 and 50 km of a site of human activity declined substantially under future climate scenarios as patches merged, despite the total ice-free area increasing (Table 1). Current, future, and newly uncovered ice-free area that was suitable for ≥ 1 modelled species was significantly closer to human activity than climatically unsuitable area was, with the effect size of this difference (r) increasing under future predictions (Figure 2b; Mann-Whitney U tests, all current: U = 18791000, Z = -70.678, p < 0.001, r = 0.264; all future: U = 251640000, Z = -165.87, p < 0.001, r = 0.566; new only: U = 2362400, Z = -28.488, p < 0.001, r = 0.239). 62/108 research facilities and 118/150 tourist landing sites are within 5 km of an ice-free area that is predicted to be climatically suitable for one or more modelled species by 2100 (Table S4). 

Currently, areas with the greatest human footprint are suitable for the most non-native species, though non-native suitability remains low. By the turn of the century, new ice-free areas will be suitable for substantially more species (Table S3), with the most-suitable areas overlapping with areas currently encompassing significant human footprints (Figure 2c).

Discussion
The substantial overlap between future ice-free area expansion and a nearly 30-fold increase in climatically suitable habitat for non-native species (Figure 1) has far-reaching implications for the conservation of native Antarctic biodiversity. The general adaptability, fecundity, and dispersive ability of invasive species (van Kleunen et al. 2014) better prepare these species to readily exploit newly exposed, climatically suitable areas (> 80 % of new ice-free area; Table S3; Figure 1), either alongside or in competition with their native counterparts. For example, colonization by the globally invasive grass Poa annua L. has already been observed in recently exposed ice-free land on King George Island (Chwedorzewska et al. 2014) and thermal niche models suggest further spread is currently possible due to the weak latitudinal climate gradient along the North-South axis of the Peninsula (Pertierra et al. 2017a). Molecular analyses indicate that at least one non-native population of P. annua on the South Shetland Islands has undergone selection since establishment (Chwedorzewska & Bednarek 2012), suggesting ongoing evolutionary adaptation to cold conditions. Although as yet undocumented in poleward invasions, the evolution of improved cold-tolerance in a non-native species expanding its range along an altitude-driven climatic gradient has been documented elsewhere at decadal time scales (McEvoy et al. 2012). Highly invasive species like P. annua may, therefore, extend their range southward through adaptive evolution (as hypothesized by Pertierra et al. 2017a) in addition to benefitting from the milder climates effected by regional warming. Ex situ experiments indicate that native vascular plant species are able to compete against P. annua at low temperatures (5°/2° C, day/night) but this competitive advantage is lost under warmer conditions (11°/5° C, day/night; Cavieres et al. 2017). Experience from sub-Antarctic invasions (Frenot et al. 2005) suggests that native biodiversity on the continent will be negatively affected by non-native species establishment, but the specific impacts and responses of native species are difficult to predict. 

The predicted impacts of future non-native species introductions to the Antarctic continent will be most severe on the Antarctic Peninsula and occur to an extent that is unlikely to occur across more isolated colder regions (Figure 1). This arises as the high concentration of human activity toward the northernmost tip of the peninsula (also reflected in the highest human footprint values; Pertierra et al. 2017b), overlaps substantially with a climate that is suitable for multiple non-native species (Duffy et al. 2017) and land that is predicted to undergo significant ice-melt in the near future (Lee et al. 2017). Whether or not species can establish on this newly uncovered, climatically suitable land will also depend on other factors such as competition and succession dynamics, for which there is currently very little information. There is also a limit on how much correlative methods, such as those used by Duffy et al. (2017) to create their climate suitability estimates, can predict how species may respond when introduced to novel environments, thus an element of uncertainty remains in these predictions (Supplementary Information). 

The geographic proximity of South America provides ample opportunity for the transport of non-native propagules to the Antarctic Peninsula through direct human transport (e.g. Chown et al. 2012) or via natural dispersal events that may become more successful as the Antarctic climate becomes less harsh (Hughes & Convey 2010; Duffy et al. 2017; Fraser et al. 2018). The latter scenario raises important questions as to how natural invaders, whose establishment has been facilitated by human-induced climate change, should be managed within current and future conservation frameworks. The predicted increase in connectivity amongst currently fragmented ice-free areas, as indicated by the substantial decline in the number of discrete ice-free patches as total ice-free area increases (Table 1), could also facilitate the movement of both native and non-native species across the region. Habitat fragmentation, though traditionally identified as a conservation threat (Fahrig 2003; Crooks et al. 2017; though see Fahrig 2016, and recent discussion by Fletcher et al. 2018), has contributed to producing evolutionary and genetically distinct lineages of Antarctic terrestrial taxa (Bennett et al. 2016; Moon et al. 2017). Increased connectivity may, therefore, facilitate the dispersal of both native and non-native species, which could eventually contribute to homogenization of regional ecosystems. 

Knowledge on past and current human activities across Antarctica remains far from comprehensive (Pertierra et al. 2017a) and the form and distribution of future human activity will be dictated by future management decisions (Rintoul et al. 2018). Decisions around the management of new access points in the more isolated regions of Antarctica will be pivotal to securing the most inviolate areas of the continent. For example, Australia’s proposal to build a paved runway at Davis Station (Bishop & Frydenberg 2018), will make East Antarctica more accessible than it is currently. This new hub for inter- and intra-regional air transport could increase tourist and scientist numbers substantially and inadvertently provide additional opportunities for the transfer of native and non-native species amongst currently isolated regions. Such intra-regional transfer of species between Antarctic biogeographic regions has been identified as a significant threat to native terrestrial biodiversity (Hughes & Convey 2010; Hughes & Pertierra 2016). The wider impacts of this and similar large infrastructure projects could substantially alter the magnitude and form of human pressure on Antarctica. It has been suggested that impacts of new infrastructure could be ameliorated in part by infrastructure-sharing and increased scientific and logistic collaboration amongst nations (Chown 2018) but, with a few rare exceptions (e.g. the French-Italian Concordia Research Station), such sharing has yet to materialise. The geopolitical complexities and potential for negative outcomes arising from the mixing of cargo and visitors from differing sources also warrant further debate.

[bookmark: _Hlk497996149]With more than a quarter of Antarctica’s ice-free area predicted to be suitable for non-native species establishment by the end of the century under a high-emissions scenario, future conservation and management plans should concentrate on the prevention of non-native species introductions. The introduction of non-native species has been identified as a priority environmental issue by the Antarctic Treaty’s Committee for Environmental Protection (CEP, 2016) and biosecurity is a key focus of both the CEP and the International Association of Antarctic Tour Operators (IAATO). Rapid intervention at the establishment or spread stages of biological invasion (sensu Blackburn et al. 2011) has been effective at stopping non-native incursions to Antarctica (see Bergstrom et al. 2018 as a recent exemplar) but such interventions may become infeasible when applied to the growing expanse of potential habitat that climate change will uncover or when introduced species are inconspicuous or difficult to differentiate from their native counterparts (Hughes et al. 2015). Interventions during the transport and introduction stages of biological invasion, therefore, represent the best opportunity to prevent future biological invasions to Antarctica.

With the growing interactions between climate change, humans, and biodiversity, a systematic and integrated approach could substantially improve the outlook for Antarctic biodiversity. This approach should encompass IAATO’s ongoing site-sensitivity monitoring for tourists (IAATO 2017), a review of the protected area network, which is currently falling behind global trends (Shaw et al. 2014; Chown et al. 2017; Coetzee et al. 2017), and consistent and thorough biosecurity practices that incorporate improved education of researchers, support staff, and tourists. Alleviating or redistributing the concentrated pressure currently exerted on the Antarctic Peninsula should be an area of particular focus, though sacrificing and containing the worst affected areas may be necessary (ecological triage sensu Raymond & Snape 2016). The recently proposed collaboration between IAATO and the Scientific Committee for Antarctic Research (SCAR/IAATO 2017) to develop a systematic conservation plan for the Antarctic Peninsula is a promising first step that will hopefully pave the way for more robust management of non-native species in the Antarctic.
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Table 1| Total ice-free area (km2) and total number of discrete ice-free patches that are within at least n kilometres of current human activity, either now or by the end of the century, in the form of either scientific facilities or tourist-landing sites (Table S2). Values in parentheses represent the area or number of patches within n km of human activity as a proportion of total ice-free area (n = ∞).

	Distance
	Current area
	Patches
	Future area
	Patches

	(n km)
	(km2)
	(#)
	(km2)
	(#)

	1
	206  (<0.01)
	565 (0.02)
	293  (<0.01)
	109 (<0.01)

	2.5
	587  (0.01)
	695 (0.03)
	980  (0.01)
	183 (0.01)

	5
	1 354  (0.02)
	1 004 (0.04)
	2 729 (0.03)
	315 (0.01)

	10
	2 737  (0.04)
	1 600 (0.06)
	6 379  (0.07)
	593 (0.03)

	20
	6 322  (0.09)
	3 065 (0.12)
	13 146  (0.15)
	1 411 (0.06)

	50
	10 531  (0.15)
	4 643 (0.18)
	19 404  (0.23)
	2 488 (0.11)

	∞
	71 809  (1.00)
	25 237 (1.00)
	85 977  (1.00)
	21 839 (1.00)





Figure 1| Ice-free area across the Antarctic continent currently (A) and as predicted by the end of the 21st century (B). Areas coloured blue are ice-free but unsuitable for any of the 24 modelled species (Table S1). Areas coloured red are ice-free and climatically suitable for at least one of the modelled non-native species. Non-native species threat predicted for ice-free areas by the end of the 21st century (C) and current human activity (D) across the Antarctic Peninsula. Blue circles represent sites of ship-based tourist landings, scaled by the frequency of landings. Red triangles represent the location of permanent (filled) and seasonal (open) research bases. 




Figure 2| Predicted new ice-free area within n kilometres of human activity (A) with bars coloured based on distance thresholds, which represent the area of influence of: tourists (red) and researchers (orange; ^Pertierra et al. 2017b), explorers (yellow; †daily travel distance of Amundsen/Scott expeditions), and the world record for daily unassisted/unpowered travel distance record (blue; *C. Eide, 2011). Ice-free areas that were climatically suitable for at least one non-native species (filled boxes; B) were consistently closer to human activity than ice-free areas that were unsuitable for all species modelled (empty boxes; B). Future ice-free areas with the highest human footprint scores (C; scale 0-100, bin size = 20; Pertierra et al. 2017b) overlapped with high non-native species suitability (number of species, of the 24 modelled, for which the climate is suitable). Red points represent respective mean values. 

