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Abstract
The non-native midge Eretmoptera murphyi is Antarctica’s most persistent non-native insect and is known to impact the 
terrestrial ecosystems. It inhabits by considerably increasing litter turnover and availability of soil nutrients. The midge 
was introduced to Signy Island, South Orkney Islands, from its native South Georgia, and routes of dispersal to date have 
been aided by human activities, with little known about non-human-assisted methods of dispersal. This study is the first to 
determine the potential for dispersal of a terrestrial invertebrate species in Antarctica by combining physiological sea water 
tolerance data with quantitative assessments of ocean current journey times. Fourth instar larvae tolerated sea water submer-
gence for up to 21 days, but submerged egg sacs had significantly reduced hatching success. Using near-surface drifter data, 
we conclude that ocean current dispersal from Signy Island would not present a risk of species transfer beyond the South 
Orkney Islands on the tested timescales. However, if E. murphyi were to be introduced to the South Shetlands Islands or 
Adelaide Island, which are located offshore of the Antarctic Peninsula, there would be a risk of successful oceanic dispersal 
to neighbouring islands and the Antarctic Peninsula mainland. This study emphasises the need for effective biosecurity 
measures and demonstrates the role that currently undocumented pathways may have in dispersing non-native species.

Keywords  Near-surface drifters · Chironomidae · Salinity tolerance · Invasive species · Insect · Physiology · Climate 
change

Introduction

Non-native species are one of the largest threats to global 
biodiversity (Pyšek et al. 2020). Understanding their path-
ways for dispersal is crucial to ensuring that adequate man-
agement and biosecurity measures can be put in place. 
Invasive species can be particularly impactful in the simple 
terrestrial ecosystems of the polar regions (e.g. Ernsting 
et al. 1995; Hänel and Chown 1998), and the risk of their 

introduction is increasing with rising levels of human activ-
ity as well as climate change which is likely to further pro-
mote establishment and dispersal (Duffy et al. 2017).

The flightless, parthenogenetic, midge Eretmoptera 
murphyi (Orthocladiinae, Chironomidae) is thought to be 
Antarctica’s most persistent non-native insect, having been 
introduced to Signy Island (South Orkney Islands, 60°S) 
from its native South Georgia (54°S), most likely dur-
ing plant transplant experiments carried out in the 1960s 
(Block et al. 1984). Since its introduction and subsequent 
discovery in the 1980s, this detritivorous midge has 
expanded its distribution to cover an area of 85,000 m2, 
with population densities locally exceeding 100,000 lar-
vae m−2, resulting in significant increases in nitrate levels 
within previously nutrient-limited soils (Bartlett 2019; 
Bartlett et al. 2019). The current distribution of E. murphyi 
on Signy Island includes the same peninsula as the United 
Kingdom’s Signy Research Station, and broadly includes 
most of the peninsula in areas close to the coast, including 
the supralittoral zone (Bartlett et al. 2019). Thus, loose 
substrate containing E. murphyi can readily be moved to 
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the shoreline in surface run-off, especially during peri-
ods of snowmelt or heavy rain, which are increasing due 
to climate change (Larsen et al. 2014; King et al. 2017). 
The presence of seabirds and seals in known E. murphyi 
habitats will also increase the likelihood of transfer into 
the sea, or exposure to sea water through ectozoochory. 
If this species is able to survive exposure to sea water for 
extended periods, then the possibility exists for transfer to 
other parts of the coastlines on Signy Island, or to adjacent 
islands, via animal vectors or local marine currents. Such 
transfer has been noted in the flightless terrestrial invasive 
beetle Merizodus soledadinus in the sub-Antarctic Ker-
guelen Islands. Since its likely introduction in 1913, the 
beetle has colonised several small islands in the archipel-
ago with no apparent human assistance (Lebouvier et al. 
2020), with its tolerance to sea water submersion support-
ing the potential dispersal mechanism of marine drifting.

Eretmoptera murphyi already appears to be spreading to 
other areas of Signy Island along terrestrial pathways, with 
the north-western coast (that hosts some of the best-known 
examples of Antarctic moss banks) the most likely area to 
be colonised next (Bartlett et al. 2019). The northern part 
of the island is typically accessed on foot by traversing a 
short, shallow, subtidal crossing, immediately entering areas 
identified as medium to high risk for establishment (Bart-
lett et al. 2019). Recently, E. murphyi larvae were found to 
tolerate dilutions of sea water over several days, suggesting 
that this intertidal crossing, and short periods in sea water, 
may not limit larval dispersal (Bartlett et al. 2020a). Eret-
moptera murphyi’s nearest relative, the flightless endemic 
maritime Antarctic chironomid Belgica antarctica, can tol-
erate 10 days of hyperosmotic exposure in 200% sea water 
(Elnitsky et al. 2009). This is thought to be an adaptation to 
high salinity conditions that can occur in the supralittoral 
zone, where the species can often be found, as sea water 
evaporates from shallow rock pools or vegetation. Given that 
E. murphyi also occupies supralittoral habitats, we hypoth-
esised that it will have a salinity tolerance and capacity to 
survive seawater submergence comparable to B. antarc-
tica, as well as exposure to higher salinity, as would also be 
encountered in oceanic rafting scenarios.

Rafting is a known behavioural tactic in invertebrates 
of both freshwater and marine environments, including the 
Magellanic sub-Antarctic chironomid Telmatogeton magel-
lanicus (Simões et al. 2020), and Antarctic and Arctic Col-
lembola (Coulson et al. 2002; Hawes et al. 2008). There 
is evidence of invertebrate rafting both with and without 
debris, especially in Collembola, and this has been proposed 
as a potentially important dispersal pathway for flightless 
species (Coulson et al. 2002; Hawes et al. 2008). Rafting 
may explain the distribution of B. antarctica across many 
small islands and patches of ice-free ground along the Ant-
arctic Peninsula (Gantz et al. 2018).

Signy Island has been the location of a British Antarctic 
Survey (BAS) research station since 1947 and, previously, 
a small industrial whaling station. It is part of a logistical 
supply network that links multiple locations in the Southern 
Ocean, Antarctic Peninsula and the continental coastline. 
Pertierra et al. (2020) highlight areas on the Antarctic Penin-
sula that are at most risk of invasion by E. murphyi based on 
currently favourable habitats under existing climatic condi-
tions, and the level of human activity/routes associated with 
existing E. murphyi populations. They demonstrate that the 
midge could pose a high risk to several areas, especially in 
the South Shetland Islands and islands close to the BAS 
Rothera Research Station on Adelaide Island in Marguerite 
Bay, where there are high levels of human activity and logis-
tical connections with South Georgia and the South Orkney 
Islands. One incident has already been recorded where liv-
ing E. murphyi larvae were inadvertently transferred in soil 
from South Georgia to Rothera Research Station; however, 
this is not thought to have led to establishment (Hughes et al. 
2010).

In this study we examine the ability of E. murphyi larvae 
and eggs to survive in seawater for a period sufficient to 
allow dispersal via ocean currents. The data are then inter-
preted in the context of range expansion on Signy Island, as 
well as potential dispersal elsewhere in the South Orkney 
Islands and to key locations on the Antarctic Peninsula and 
offshore islands.

Materials and methods

Sample collection

Eretmoptera murphyi larvae were collected from Signy 
Island during the 2016/17 austral summer. Samples were 
kept on soil substrate from their local habitat and returned 
to the United Kingdom by ship (+ 4 °C, 10 weeks), where 
they were maintained under the same ‘control’ condi-
tions at the University of Birmingham. Larvae were 
maintained, extracted and classified to instar following 
Bartlett et  al. (2018). Larval submersion experiments 
used seawater from stocks at the British Antarctic Sur-
vey, Cambridge. Experiments using eggs were conducted 
in laboratories at Signy Research Station during January 
2017, using recently laid egg sacs, and seawater collected 
locally. Freshwater was obtained by allowing Signy soil 
taken from E. murphyi habitats to leach into deionised 
water (1:3 soil:water) for at least two weeks, thereby 
reflecting local hydrological conditions as closely as pos-
sible. In both instances, pH and salinity were determined 
using a Hanna combi metre-HI-98129 (Hanna Instruments 
Ltd, Leighton Buzzard). There were no significant dif-
ferences between the pH and salinity values of seawater 
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samples collected in the field vs. the laboratory stocks 
(pH: Mann–Whitney U = 7, p = 0.3; Salinity: Mann–Whit-
ney U = 12, p > 0.99).

Egg sacs were removed from the substrate as described 
by Bartlett et al. (2018). All eggs within the egg sacs were 
confirmed to be at the first (opal) developmental stage 
prior to the start of experiments and were then used for 
the entire egg development period of 35 days (Bartlett 
et al. 2018). If any eggs showed signs of yellowing or 
embryonic development the entire egg sac was discarded 
and not used for experimentation.

Salt‑water immersion tolerance

Three groups of ten fourth instar larvae (L4) were placed 
in covered Petri dishes, submerged at 4 °C in either 100% 
seawater (PSU 35.9), 0% seawater (field/freshwater), 
or placed in moist Signy soil. Additionally, to provide 
a comparison with B. antarctica (Elnitsky et al. 2009), 
a 200% salinity (PSU 70) treatment was also used. For 
this, 100 mL of seawater was evaporated to salt crys-
tals and those salt crystals dissolved in a further 100 mL 
of seawater. Survival of the immersed larvae was moni-
tored after 2, 7, 14 and 21 days continuous immersion. 
Larval survival was determined 72 h after exposure by 
assessing movement or reaction to stimulation with a fine 
paintbrush. Survival of larvae has previously only been 
tested in freshwater submergence (Everatt et al. 2014), 
but unlike Everatt et al. (2014), we used field water, as 
opposed to pure (distilled) water, which would pose addi-
tional osmotic challenges. Considering the known ability 
of the midge larvae to survive for 28 days in distilled 
water (Everatt et  al. 2014), we consider that 21 days 
immersion in water obtained from the saturated moss 
banks in which the larvae occur naturally is a suitable 
immersion control against seawater immersion. After 
each treatment, individuals were removed and placed in 
a Petri dish containing moist Signy soil substrate and kept 
at control conditions in a dark refrigerator at 4 °C.

Three groups of ten egg sacs were submerged for the 
full egg development period of 35 days at 4 °C in either 
a soil control, 0% (freshwater) or 100% seawater. The 
individual eggs within the egg sacs were monitored for 
hatching every 48 h, until the end of the 35 days period. 
Egg development and survival were assessed throughout, 
with the egg sacs producing L1 hatchlings that were capa-
ble of escaping the egg sac matrix considered ‘hatched’.

All data were analysed using Prism 9.0 and tested for 
normality with the D’Agostino and Pearson test prior to 
log-transformation or use of a non-parametric test (where 
appropriate).

Oceanic drifter data

Satellite-tracked surface drifting buoys, drogued at 15 m 
depth, provide data on potential dispersal pathways and 
timescales of transport of material in the near-surface 
layer of the ocean. Previous studies have successfully used 
drifter data to map the circulation on the shelf of the Ant-
arctic Peninsula (Beardsley et al. 2004; Thompson et al. 
2009). Here we examined the trajectories of all drifters 
available through the Global Drifter Program (Lumpkin 
and Centurioni 2019) as of June 2018 that passed close 
to the South Orkney Islands, South Shetland Islands, and 
within Marguerite Bay (n = 97). These were identified as 
key areas of interest by Pertierra et al. (2020), to determine 
potential dispersal on timescales relevant to E. murphyi. 
The drifter data were quality controlled and interpolated 
to 6 h intervals as part of the data processing, and only 
data from drifters that still had their drogues attached were 
used in our analysis.

Results

Salt‑water immersion tolerance

Larvae

A mixed effects model, with Dunnet’s correction for multi-
ple comparisons, found no difference between the treatments 
and the soil control over time, except for the hyperosmotic 
treatment where larval survival was reduced to 26% after 2 
days (200% vs. Soil at 14 days, p = 0.0005; and at 21 days, 
p = 0.0035). All other treatments showed no significant dif-
ference to the soil control at any time point (Fig. 1).

Fig. 1   Larval survival (linear regression with 95% CI) of exposure 
to soil control, freshwater, 100% seawater (PSU 35.9) and 200% sea-
water (PSU 70). Data points shown as the mean replicate survival 
(3 × 10 individuals) at 2, 7, 14, and 21 days exposures
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Eggs  There was no difference in the survival of eggs in the 
soil control and those submerged in freshwater for 35 days 
(soil vs. 0%, Mann–Whitney U = 50, p > 0.99; Fig. 2), with 
nearly all going on to successfully hatch. However, egg sur-
vival in seawater was significantly reduced, with just a 10% 
hatching success by the end of the egg development period 
(soil vs. 100% seawater, Mann–Whitney U = 0, p < 0.0001). 
Eggs continued to develop in all treatments, with hatching 
commencing by day 20 across soil, freshwater and seawater 
(Fig. 2). However, the effect of seawater was evident upon 
hatching, with those hatchlings that did survive to emer-
gence dying soon after exposure to seawater, if they success-
fully escaped from the egg casing at all. We noted a small 
proportion of eggs visibly shrivelling through development, 
but most of those that did develop to hatching then died 
with their heads external to the casing as they attempted to 
emerge.

Oceanic drifter data

A total of 97 drifters were assessed across three areas rele-
vant to potential E. murphyi dispersal (Fig. 3a). Figure 3b–d 
illustrate several areas that are relevant to this study and 
reflect the overall trends of currents in these areas (drifter 
ID information in Online Resource 1). Drifters that passed 
close to Adelaide Island were advected towards the main-
land of the Antarctic Peninsula (Fig. 3b). Circulation within 
Marguerite Bay connected the offshore islands with the Ant-
arctic Peninsula on timescales of less than 20 days (Fig. 3b). 
Drifter ‘Rothera blue’ was notably rapid, travelling ~ 90 km 
in less than 10 days, passing through the Faure Islands in 

central Marguerite Bay. ‘Rothera red’ looped Marguerite 
Bay, travelling 113 km in 20 days, passing through the Dion 
Islands and Millerand Island before looping back up to the 
Faure Islands (Fig. 3b).

Few drifters passed close to Signy Island itself, but those 
that reached the South Orkney Plateau were transferred 
across the shelf on a range of timescales. Local processes 
either retained the drifters on the shelf or moved them rap-
idly off-shelf, where they became entrained into the anti-
cyclonic flow around the plateau before continuing north-
eastwards across the Scotia Sea (Fig. 3c). Current transfer 
onto the South Orkney Plateau originated from the west or 
south-west of the plateau.

Drifters in the South Shetland Islands (SS) region demon-
strated a complex near-surface circulation. Numerous path-
ways for potential dispersal to new habitats exist (Fig. 3d), 
with transfer possible between all islands of the archipelago, 
and further south, on timescales of 10–30 days. Water move-
ment between King George Island and Elephant Island can 
take as little as 10 days (Drifter track ‘SS purple’, Fig. 3d), 
with a fast north-east moving current running the length of 
the South Shetland Islands. Drifter track ‘SS orange’ illus-
trates currents weaving through the archipelago and staying 
close to the islands: from the north of King George Island, 
water can move to Robert Island within 10 days, and then on 
to Livingston Island. From here the water can move quickly 
around western Livingston Island and back north-eastward 
along the length of the archipelago, taking a further 10 days 
to reach the southern coast of King George Island (Fig. 3d). 
Drifter track ‘SS blue’ illustrates a southwards current from 
western Livingston Island to the islands at the north-eastern 
extent of the Palmer Archipelago, taking 20 days. From here 
the currents can weave south-west through the archipelago 
to Brabant Island, contacting several smaller islands every 
10 days or less (Fig. 3d).

Discussion

The survival of mature (L4) E. murphyi larvae in 100% sea-
water for as long as 21 days indicates that seawater exposure 
alone would not necessarily be a barrier to this species’ dis-
persal. However, whilst mature larvae tolerated prolonged 
submergence, the small L1 larvae were unable to survive 
even very brief seawater exposure if they successfully 
hatched from the immersed eggs (Figs. 1, 2).

Most dipteran larvae cannot tolerate prolonged seawater 
submergence (Bayley 1972). However, larvae of B. antarc-
tica, Antarctica’s only endemic chironomid (and E. mur-
phyi’s closest relative), can withstand extensive osmotic 
dehydration, with 50% survival after 10 days in 100% 
seawater (Elnitsky et al. 2009). As predicted, E. murphyi 
L4 larvae also showed considerable tolerance to seawater 

Fig. 2   Hatching of eggs within egg sacs through the maximum egg 
development period (35 days—Bartlett et  al. 2018), when exposed 
to a soil control, submerged in freshwater or in 100% seawater (PSU 
38). Data shown as the replicate mean (± SEM, n = 30 per treatment). 
Inset shows the final hatching results for each treatment, where sea-
water is significantly different to the control (soil vs. 100% seawater, 
Mann–Whitney U = 0, p < 0.0001; soil vs. freshwater, Mann–Whitney 
U = 50, p > 0.99)
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immersion, with no difference in survival between 100% 
seawater, freshwater or soil treatments over 21 days (Fig. 1). 
This is consistent with the findings of a recent, related study 
of the possibility of using seawater as a biosecurity measure, 
where E. murphyi larvae survived all seawater dilution treat-
ments trialled over a 7 days period (Bartlett et al. 2020a). 
The mortality recorded in the current, longer, study is also 
consistent with previous findings relating to E. murphyi’s 
life cycle and development under field and controlled condi-
tions (Bartlett et al. 2018). Survival of E. murphyi L4 larvae 
declined rapidly under prolonged hyperosmotic sea water 
(200%) exposure, with time to 50% mortality (LT50) of just 
2 days. While B. antarctica survival also declined rapidly 
under these conditions, 25% of larvae survived 6 d sub-
merged in 200% sea water (Elnitsky et al. 2009), suggesting 
a greater tolerance of hyperosmotic stress in the more south-
ern species. This lower tolerance may limit the ability of 
the E. murphyi larvae to survive in some habitats currently 
occupied by B. antarctica, such as supralittoral habitats that 
can experience hypersaline conditions resulting from tidal 
spray and evaporation (Elnitsky et al. 2009).

The ability of E. murphyi L4 larvae to survive periods of 
at least 21 days in seawater opens the possibility of oceanic 
dispersal to adjacent islands. Providing hyperosmotic con-
ditions are not experienced for longer than a few days, this 
could occur through rafting (most likely with debris such 
as mosses washed into the sea, as larvae alone would sink 
rather than float) or via zoochoric association with seabirds 
or seals. Given E. murphyi is found in habitats with close 
association with elephant and fur seals on Signy Island (Bar-
tlett et al. 2019) as well as various nesting seabirds, animal 
transport of larvae is certainly possible. There is also the 
potential that eggs may be carried in the fur or feathers of the 
animals, especially as egg sacs have a sticky outer membrane 
(Bartlett et al.2018), and thus could enter the ocean via this 
route. Whilst exposure to seawater appears to prevent suc-
cessful hatching, our data indicated that eggs can continue 
development while submerged, and thus, both egg sacs and 
L4 larvae could represent potentially viable oceanic disper-
sal stages (Fig. 2). This would be especially likely if egg sacs 
are returned to terrestrial environments within the egg devel-
opment period, such as is possible if transported through 
ectozoochory. Within this study, we only examined eggs, and 
consequently L1 hatchlings, as well as the mature L4 larvae; 
it is possible that L2 and L3 instars are not as vulnerable to 
seawater as are L1, given their more robust response to other 
stressors, such as cold (Bartlett et al. 2020b).

Buoyancy of the midge larvae was variable within this 
experiment, with some sinking and others not. However, we 
did not explicitly examine buoyancy. Even early stage pupae 
have a hydrophobic cuticle (J. Bartlett pers. obs), as well as 
later pupal stages and adults, likely as a result of the devel-
opment of microtrichia during metamorphosis as is seen in 

several intertidal Chironomidae (Neumann and Woermann 
2009). Based on this knowledge we speculate that pupae or 
adults might be capable of physically floating on the sur-
face, although we also note that adults, in particular, are 
very short lived, thus limiting the dispersal potential of this 
stage relative to water transfer times. Egg sacs and larvae 
would, rather, likely be reliant on vectors such as animals, 
or rafts/debris.

Drifter currents crossing the South Orkney Plateau move 
material into open ocean (Fig. 3c), posing little risk of trans-
porting the midge beyond the South Orkney Islands. The 
available drifter data did not include tracks from within the 
South Orkney Island group, so the details of currents around 
Signy Island and its neighbouring islands remain unknown. 
However, we did identify several currents that could poten-
tially allow dispersal of E. murphyi among islands along the 
Antarctic Peninsula, should the midge be initially transferred 
to this region—as has happened in the past (Hughes et al. 
2010). The South Shetland Islands are a well frequented 
archipelago north-west of the tip of the Antarctic Penin-
sula, with 26 international research stations located across 
several islands, as well as many field research and tourist 
landing sites (Bender et al. 2016); King George Island alone 
hosts the facilities of ten different national operators (COM-
NAP 2019). The geography of the South Shetland Islands 
means that distances between islands are small, and avail-
able coastlines large. Figure 3d shows how the midge could 
potentially disperse among the islands of the archipelago, 
including to Elephant Island in the north, and from Liv-
ingston Island southwards into the Palmer Archipelago, via 
smaller islands en route that could act as stepping stones. If 
transferred to Rothera Research Station (Adelaide Island) 
via anthropogenic means, there are potential pathways from 
there towards the mainland of the Antarctic Peninsula and 
its offshore islands (Fig. 3b), and transfer could occur well 
within the survival period of E. murphyi larvae in seawater 
(Fig. 3b, blue drifter).

To date, aeolian transport has most commonly been 
invoked in the colonisation of islands and remote areas by 
terrestrial invertebrates (e.g. Peck 1994; Hogg and Stevens 
2002). Hughes and Worland (2010) considered that E. mur-
phyi could potentially be wind dispersed on Signy Island, or 
via the feet of birds. However, the detailed distribution map-
ping of Bartlett et al. (2019) found that the species’ current 
distribution on the island is effectively explained through 
dispersal via human movement. Passive aeolian dispersal 
of adult Chironomidae has previously been suggested as a 
form of trans-oceanic movement (Krosch et al. 2011). Epi-
zoochory has also been proposed as a dispersal mechanism 
that could help explain the distribution of some Antarctic 
Acari (Pugh 1997). Given the potential of both E. murphyi 
and B. antarctica to survive prolonged periods of seawater 
exposure, and the pattern of ocean currents in the region, it 
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is reasonable to infer that the distribution of B. antarctica 
along the Antarctic Peninsula could be explained, in part, by 
oceanic drifting/rafting, and that this cannot be excluded as 
a potential distribution pathway for seawater tolerant inver-
tebrate species, now including E. murphyi. Belgica antarc-
tica is currently distributed throughout the coastal regions of 
the western Antarctic Peninsula to southern Marguerite Bay 
(Allegrucci et al. 2005; Gantz et al. 2018). With its known 
ecophysiological pre-adaptations, given opportunity, E. mur-
phyi could in principle occupy the same distribution (Per-
tierra et al. 2020). Both E. murphyi and B. antarctica have 
similar life cycles, physiological tolerances and, potentially, 
diets (Baust and Edwards 1979). However, a key difference 
is that E. murphyi is parthenogenetic and able to emerge over 
a much more extended period in the summer, rather than in 
a more time-constrained event as is the case for B. antarc-
tica [compare Bartlett et al. (2018) with Sugg et al. (1983)]. 
This may give E. murphyi a competitive advantage and allow 
it to increase in population numbers more rapidly. Similar 
scenarios in temperate invertebrates have seen parthenoge-
netic species invade twice as rapidly as sexual species, and 
invading species often outcompete native organisms they 
may share a niche with (e.g. Vorburger et al. 2003).

Conclusions

Mature larvae of the non-native midge E. murphyi have 
the ability to survive seawater immersion for at least three 
weeks. As well as facilitating a potential for short distance 
dispersal originating from its present distribution on Signy 
Island, analysis of near-surface ocean currents highlights 
the risk that further human-assisted transfer of the midge to 
either Marguerite Bay or the South Shetland Islands could 
pose. This would potentially give the midge a route to colo-
nise many islands, as well as the mainland of the Antarctic 
Peninsula. Modelling studies at high spatial and temporal 
resolution, as well as further behavioural and physiological 
studies, are required to provide more robust assessment of 
the level of this risk. This study highlights the need for the 

implementation of rigorous biosecurity measures, particu-
larly for personnel or equipment routing to these areas from 
the South Orkney Islands or South Georgia.
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