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Antarctica, an isolated and long considered pristine wilderness, is
becoming increasingly exposed to the negative effects of shipborne human activity, and especially the introduction of invasive
species. Here, we provide a comprehensive quantitative analysis
of ship movements into Antarctic waters and a spatially explicit
assessment of introduction risk for nonnative marine species in all
Antarctic waters. We show that vessels traverse Antarctica’s isolating natural barriers, connecting it directly via an extensive network of ship activity to all global regions, especially South Atlantic
and European ports. Ship visits are more than seven times higher
to the Antarctic Peninsula (especially east of Anvers Island) and
the South Shetland Islands than elsewhere around Antarctica,
together accounting for 88% of visits to Southern Ocean ecoregions. Contrary to expectations, we show that while the ﬁve recognized “Antarctic Gateway cities” are important last ports of call,
especially for research and tourism vessels, an additional 53 ports
had vessels directly departing to Antarctica from 2014 to 2018. We
identify ports outside Antarctica where biosecurity interventions
could be most effectively implemented and the most vulnerable
Antarctic locations where monitoring programs for high-risk
invaders should be established.
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onnative species drive ecological changes that impact biodiversity and ecosystem services in almost all marine environments and are one of the most pressing global conservation
concerns (1–5). While no established populations of nonnative
marine species are confirmed in the waters around Antarctica,
some species have been observed free living, with the potential
to establish populations (6–15), especially as the effects of climate change become more pronounced (16–18). Antarctica has
the most isolated marine environments on Earth, as it is the
only continent that has no continental shelf link to another continent (19). Furthermore, for 15 to 30 million years, the Southern Ocean and coastal Antarctica have been isolated by ocean
currents that have given rise to extreme environmental conditions and limited natural dispersal from ecosystems outside the
Southern Ocean (19–22). As a result, Antarctic ecosystems
show high levels of endemism and unique combinations of taxonomic groups (19) that may leave them particularly vulnerable
to the impacts of nonnative species. The introduction of mytilid
mussels or brachyuran decapod crustaceans, for example,
would introduce a new type of habitat (mussel beds) or a new
form of predation to Antarctic ecosystems (22, 23). The need
to “recognize and mitigate human influences,” including invasive species, has been identified as one of the six most pressing
issues for Antarctic research and management (24–26) and a
priority for ecological research globally (22, 27, 28). Antarctica
represents the last global opportunity to protect an extensive
marine area from the harmful effects of nonnative species.
There is growing awareness that ship activity spreads invasive
nonnative species, especially through transport in ballast water
and hull fouling (1, 29), including into warming areas of the
Arctic (30, 31). Effective mitigation of ship-borne transport of
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nonnative biota requires quantified and detailed information
on ship movements so that appropriate policies, monitoring
and biosecurity measures can be implemented. This is especially pressing in Antarctica because no single country or
organization controls ship activity, and, with no permanent
inhabitants and few visitors compared to temperate or tropical
regions, nonnative species may stay undetected without targeted monitoring programs. Moreover, while human disturbance footprints are frequently considered in terrestrial terms
(32), they can have major, if less understood, impacts on
marine environments (33, 34). In the ocean, a key driver of disturbance is ship traffic, which, in addition to nonnative species
introductions, is associated with physical change to the benthos,
operational and accidental discharges of pollutants, wildlife collisions, noise pollution, discharge of garbage and debris such as
plastics and abandoned fishing equipment, propeller wash, and
vessel wake (35).
Identifying the likely sources and introduction locations for
nonnative species around Antarctica is essential for developing
suitable prevention and mitigation measures. Hull fouling, the
focus of this study, is the most likely anthropogenic vector for
Antarctica (14, 36, 37). While ballast water discharge can be a
major vector of introductions in marine systems (1, 38), the
nature of Antarctic logistics means that ballast water is typically
taken up in the Southern Ocean and released when vessels
reach ports outside Antarctica (37). In addition, regulations

Signiﬁcance
Ship movements related to ﬁshing, tourism, research, and
supply expose the Antarctic continent to human impacts.
Until now, only rough estimates or industry-speciﬁc information have been available to inform evidence-based policy to
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outlined in the Polar Code (39) and International Maritime
Organisation Ballast Water Convention (40) require treating
ballast water and midwater exchange to minimize the risk of
transfer of organisms. No such regulations exist yet for hull
fouling of Antarctic-going vessels, even though such biofouling
may be responsible for as many or more global marine introductions in other regions (38, 41–43).
Some species may arrive by rafting on seaweeds (6, 44),
upon marine debris (45), or as epibionts of megafauna (46).
However, unlike in other regions of the world where rafting
can transport vast numbers of organisms across marine regions
(47), rafting vectors in the Southern Ocean occur in much
lower frequencies than elsewhere (48) because of localized circulations of ocean currents only transporting organisms within
the region. This can result in rafting debris taking months to
years to travel from sub-Antarctic islands to continental Antarctica (44). Furthermore, floating vectors are frequently blocked
by and become encased in the vast envelope of sea ice that surrounds the continent, decreasing survival even of cold-adapted
benthic species and, thus, limiting the propagule pressure
reaching Antarctic coastlines, especially in areas with high levels of sea ice. In contrast to rafting, ships can make the journey
to the Antarctic continent in a matter of days, losing relatively
little of their biofouling communities, especially if they circumvent rather than breaking through ice (49, 50). Understanding
the patterns of ship activity into and out of Antarctica is key for
developing management interventions to minimize the introduction of nonnative marine species and identifying where to
focus conservation efforts.
The absence of established nonnative marine species in Antarctica is a boon for conservation, but it restricts the methods
available to predict species flow into the region. For example,
methods used for global or regional risk assessments of nonnative marine introductions via ballast water and hull fouling
(51–54) are not possible for Antarctica, for which data are
insufficient on propagule pressure, species introductions, or
species spread to validate models. Nevertheless, the potential
source of nonnative biofouling species, where they might be
introduced to, and the introduction risk from different activities
(e.g., research, tourism, and fishing) are all functions of the
traffic network of ship operations. Previous studies have shown
that global maritime networks are robust and efficient, with few
well-connected ports or clusters that also reflect geography and
dominant trade patterns (54–59). Our results are a comprehensive quantification of ship traffic associated with Antarctica and
a spatially explicit assessment of introduction risk for nonnative
marine species in all Antarctic waters.
To quantify the global range and intensity of Antarctic shipbased traffic, we created a ship traffic network using commercial maritime intelligence data provided by Lloyd’s Maritime
Intelligence and Orbcomm (LLI). Because Antarctica has no
recognized ports it has been overlooked in previous maritime
network studies (58). We therefore developed a method to
combine verified port call data from terrestrial AIS (Automatic
Identification System), as used in previous maritime network
studies (54, 60), with raw satellite AIS observations of all ship
activity south of 60°. The satellite AIS data were used to create Antarctic port equivalents based on known Antarctic locations. Ship observations in Antarctic locations were combined
with ships’ worldwide port calls from 2014 to 2018, inclusive.
Networks were generated for ports and ecoregions [ecologically similar marine areas as identified in the Marine Ecoregions of the World (61)] for all ships and for each activity type
(fishing, tourism, research, supply, other). Here, we reveal the
extent of the global ship network connected to Antarctica and
identify key ports and global ecoregions that are strongly connected to Antarctica, representing likely source regions for
nonnative species. We test assumptions that activity is higher
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in certain Antarctic locations and that “Antarctic Gateway cities,” cultural and logistic hubs for Antarctic activity, are the
primary conduits through which ships travel to the Southern
Ocean (14, 62).
Results and Discussion
Global Connections. Antarctica is globally connected. Each of

the 1,581 ports outside the Southern Ocean in our network
[15% of worldwide ports observed by LLI (52)] is a potential
source location for nonnative species, suggesting that nonnative
species could arrive from almost anywhere on the globe (Fig. 1).
The 1,581 non-Antarctic ports in our study represent 86% of
nodes in a previous network examining global biofouling from
2012 onwards (52), demonstrating that the Antarctic network
overlaps heavily with the global shipping network. The present
network, however, was more strongly clustered and overall less
dense (SI Appendix, Table S5) than the previous network (52).
The overlap of our Antarctic ship network with the global shipping network may reflect general increases in global shipping
(59), as earlier global maritime networks contained almost half
the nodes of our Antarctic network, were more clustered, and
showed shorter average paths connecting nodes (54, 56). The
overlap between our Antarctic network and previous global maritime networks shows that ships connect coastal Antarctica to
the rest of the world and that Antarctica is not as isolated as previously thought.
From our analysis of the most visited regions outside Antarctica, we expect species from northern Europe, southern South
America, and the northwest Pacific to comprise the largest proportions of biofouling organisms on Antarctic-going vessels.
The composition of the biological communities on a ship’s hull
is a product of where it has been and how long it spent there;
the number of individuals on a ship’s hull (propagule pressure)
increases with the time spent in ports, and the number of different species (colonization pressure) increases with the number of regions visited (63). In our network, when outside the
Southern Ocean, ships spent the most time cumulatively in
ecoregions in the Northern European Seas province, followed
by the Magellanic province of southern South America and the
Warm Temperate Northwest Pacific (SI Appendix, Fig. S1).
Indeed, biofouling communities on the few Antarctic-going
vessels that have been surveyed comprise taxa found in the
temperate regions outside Antarctica where those ships are primarily active (14, 36, 37, 49, 50, 64, 65).
Substantial physiological tolerances are required for biofouling organisms to survive the voyages from temperate Northern
Hemisphere to temperate Southern Hemisphere or indeed from
there to Antarctic ecoregions. Many species, however, have
already colonized regions in both hemispheres (42, 66), including species that are abundant in Northern Europe and the Arctic, considered high risk for Antarctica, and found biofouling
Antarctic-going vessels (14, 36, 37, 49, 50, 64, 65). Whether they
could also establish in Antarctica, either directly or via bridgeheads (27, 52) in the Southern Hemisphere, is uncertain. However, many high-risk species including mytilid mussels, tunicates,
bryozoans, and decapod and amphipod crustaceans (14, 67)
have widespread distributions from southern temperate regions
into the high Arctic (68) and may well be capable of surviving in
Antarctica either now or under near-future scenarios (7, 69).
Indeed, three species of mytilid mussels, a tunicate, and two
decapod crustaceans have all been included in a list of terrestrial
and marine species of high concern for Antarctica because of
their potential to tolerate Antarctic conditions and have negative impacts on Antarctic ecosystems and biodiversity (67).
Gateways to Antarctica. During 2014 to 2018, 58 ports in 23
countries were departure points for direct journeys to coastal
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Fig. 1. Global port-to-port trafﬁc network of all ships that visited Antarctica from 2014 to 2018. Ships connect Antarctica to every region across the
globe, with important hubs in South America and particularly strong connections throughout the Atlantic to Europe. Lines represent voyages between
locations, and darker lines indicating more journeys, but lines do not reﬂect the path traveled. For example, voyages across the Paciﬁc are represented by
lines crossing over continents and the Atlantic Ocean. Circle color indicates the number of visits to each port. Circle size represents eigenvector centrality:
the relative importance of ports within the network based on their connectivity to other highly ranked ports.

Antarctic locations (Fig. 2), 33 of which (from 16 countries)
had more than one ship departure. This is 10 times more ports
than the number of formally recognized “Antarctic Gateway”
cities and includes previously unrecognized potential source
locations of nonnative species in East Asia, North Africa, and
Europe. Five “Antarctic Gateway” cities are formally recognized cultural and logistical hubs for Antarctic activity (both by
sea and air) and are assumed to be the primary last ports of
call for most voyages into the Southern Ocean (62). These
ports have been identified previously as key locations for implementing vessel inspections for safety and biosecurity (70). The
importance of Ushuaia (Argentina), Punta Arenas (Chile),
Hobart (Australia), Christchurch (New Zealand), and Cape
Town (South Africa) for Antarctic activity was formally recognized by the Statement of Intent Between the Southern Rim
Gateway Cities to Antarctica 2009.
Despite the wide range of departure ports identified here, the
majority of voyages to Antarctica come from a small number of
ports. Recognized Gateway cities were last ports of call for 63%
of voyages to Antarctica during 2014 to 2018, primarily comprising departures from Ushuaia (47%) and Punta Arenas (11%)
(SI Appendix, Table S1). Stanley, in the Falkland Islands/Islas
Malvinas, is sometimes considered a Gateway city for tourism
(62) and was the departure port for 14% of voyages into Antarctica, second only to Ushuaia. The top 10 departure ports (91%
of departures) were in seven countries: Argentina, Chile, Falkland Islands/Islas Malvinas, Australia, New Zealand, South
Africa, and Uruguay. These nations are all consultative Parties
McCarthy et al.
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of the Antarctic Treaty and together comprised 97% of departures. With sufficient support and international cooperation,
these nations could perform critical biosecurity and environmental inspections in their ports, in line with Antarctic
regulations (70). Channels of cooperation already exist through
the Antarctic Treaty System that may address this. For example,
the Environment Protocol specifically prohibits the introduction
of nonnative species without a permit. The Protocol is implemented by the Committee for Environmental Protection, which
has produced guidelines for ballast water exchange (71) and a
manual on nonnative species (25) and could be the platform
through which decisions are made on the nature and implementation of any biofouling guidelines (72, 73). We recommend that
for biosecurity and environmental considerations, the recognition of Gateway cities or responsible port states to be expanded
to include at least these seven nations and their ports.
Highest-Risk Areas in Antarctica. The risk of introducing nonnative marine species to a given location via biofouling increases
with the number of ship visits (74) and duration of stay (52).
Based on these measures, the most likely introduction sites for
nonnative marine species to Antarctica are on the South Shetland Islands (SSI) and Antarctic Peninsula, which together
received 7.3 times more ship visits than the remaining Southern
Ocean ecoregions combined (Fig. 3). The top 20 “highest-risk”
locations were primarily in two clusters: the SSI and southeast
of Anvers Island on the Antarctic Peninsula (Fig. 3 and Table
1). These areas are frequent landing sites for International
PNAS j 3 of 9
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Fig. 2. The port-to-port trafﬁc network of all ships that visited Antarctica from 2014 to 2018 shows 75 ports had direct links to Antarctica, including 58
last ports of call for Antarctic voyages. The most frequently used gateways (90% of port departures) are in South America and the South Atlantic, and
90% of trafﬁc visits the Antarctic Peninsula and SSI. Lines show connections between locations but do not show the path traveled. Line opacity reﬂects
the number of voyages between ports, with darker lines representing more voyages. Circle color indicates the number of visits to each port, and circle
size represents eigenvector centrality, the relative importance of ports within the network based on their connectivity to other highly ranked ports.

Association of Antarctica Tour Operators (IAATO) member
vessels (75, 76) and are visited regularly by research and supply
vessels servicing the 46 research stations and facilities located
along the Antarctic Peninsula and SSI, which comprise 42% of
all Antarctic facilities (77). Our results provide quantitative
support from recent ship activity to focus increased protection
on the Antarctic Peninsula and SSI (78).
Certain vessel types, including research vessels, fishing vessels, and yachts, may have a higher probability of introduction
via biofouling than most cargo and passenger vessels because
they have longer periods of average duration of stay (52). We
found that research vessels stopped for, on average (± SD),
1.61 ± 2.52 d, longer than tourism (17.2 ± 14.43 h) but shorter
than fishing (2.44 ± 4.45 d) and supply vessels (2.61 ± 4.5 d).
We also found that while tourism accounted for 67% of visits to
all Antarctic locations (followed by research, 21%; fishing, 7%;
supply, 5%; and other, <1%), research vessels were the only
activity type with connections to all areas of the continent (SI
Appendix, Fig. S2). Some locations were visited almost exclusively by a single activity type and others by all kinds of vessels.
For example, in the top 20 sites (Fig. 3), Dovizio Rock (ranked
first) received a wide range of vessel types including fishing
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(32% of visits), tourism (32%), research (9%), and supply
(25%). However, >99% of visits to Kerr Point (ranked 10th)
were from tourist vessels. Maxwell Bay, the second site overall,
was the most visited site by research vessels, yet they only
accounted for 35% of visits. In contrast, at Cheshire Island
(ranked 11th), which is located off the British Antarctic Survey’s Rothera Research Station, research vessels comprised
88% of all visits. Meanwhile, 52% of visits to Mario Zucchelli
Station (ranked 19th) were from supply vessels. Therefore,
while comprising only 26% of visits to Antarctica, research and
supply vessels may pose a relatively high introduction risk to
certain locations. Since different vessel types, because of their
activity within the Antarctic region, are managed by different
organizations, protection from nonnative species may require
tailored solutions for different Antarctic locations and cooperation between management organizations.
The likelihood of an introduced species establishing a population is not only a factor of propagule pressure (in this study
ship activity is used as a proxy) but also the interaction between
environmental conditions and physiological traits of the nonnative species (14). Since Antarctic-going vessels spend most of
their time in temperate waters (SI Appendix, Fig. S1), we expect
McCarthy et al.
Ship traffic connects Antarctica’s fragile coasts to worldwide ecosystems

A Locations with high introduction risk
60°S

B Antarctic Ecoregions

South Orkney Islands

50°S

7

62°S

South Shetland Islands

AP

EADML 59
EAEL 27

WS

1967

39

Anvers Island
PFI

3, 4, 10, 12, 15, 20

Pe
ni
ns

69
RS

ta

rc

tic

Location rank
(1 = highest introduction risk)

102

70°W

EAWL 125

Mario Zucchelli Station
(rank 19)

An

11

25
A/BS

ul
a

17

66°S

68°S

175

SSI 2580

1, 2, 5, 8, 9, 13, 14, 18
16

64°S

SOI

65°W

60°W

55°W

50°W

45°W
50°S

100
1

2

3

4

Mean time in ecoregion (days)

Number of visits
200

300

5

400
10

20

30

Number of visits

180°

Fig. 3. Ship activity in the top 20 Antarctic locations at risk for introduction of nonnative marine species and the Antarctic marine ecoregions. (A) 19 of
the top 20 Antarctic locations at risk for nonnative marine species introductions (the other location, Mario Zucchelli Station, ranked 19, is in the Ross Sea,
and its location is shown in B). Locations shown are on the SSI, the Antarctic Peninsula, and the South Orkney Islands. Circle color represents mean time
stopped, and size represents the number of visits. The number label refers to rank in Table 1: 1 Dovizio Rock, 2 Maxwell Bay, 3 Kristie Cove, 4 Gloria,
Punta, 5 Deception Island, 6 British Point, 7 Berry Head, 8 South Bay, 9 Potter Cove, 10 Kerr Point, 11 Cheshire Island, 12 Theta Islands, 13 Walker Bay, 14
Point Thomas, 15 Coughtrey Peninsula, 16 Bombay Island, 17 Argentine Islands, 18 Girardi, Islote, 19 Mario Zucchelli Station, 20 Andvord Bay. (B) Antarctic
ecoregions; ecoregion color represents the mean time stopped by ships. The number of ship visits is shown in the number label on each ecoregion. A/BS,
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that most biofouling will be species with predominantly temperate or cool temperate distributions that are ill-suited to current
Antarctic conditions. Further, the absence of nonnative species
around Antarctica has been at least partially attributed to the
cold temperatures acting as a physiological barrier (14, 23,
79–82). Yet, most of the top 20 at-risk sites (Table 1) are in the
warmest (83) and fastest-warming (16, 17) coastal areas of continental and maritime Antarctica and therefore represent the
locations most likely to be the first to become habitable by nonnative species in the future.
In our top 20 Antarctic sites, four have conservatively estimated sea surface temperatures over 0 °C for approximately 3
months (25%) or more of the year (Girardi Islote, Theta
Islands, Dovizio Rock, Kerr Point). Three sites (Deception
Island, Theta Islands, Bombay Island) were ice-free for approximately eight months or more per year, providing substantial
time for growth and reproduction for species that can survive
but not reproduce in ice-covered waters. Deception Island,
ranked fifth, had 277.0 ± 25.1 ice-free days per year and estimated sea surface temperature over 0 °C for 10.9 ± 3.2% of the
time during the study period. Further, Deception Island has
geothermal activity that creates warm temperature anomalies
(0 to 6 °C in winter) in coastal environments (84), which may
facilitate the survival of nonnative species from temperate
regions. We expect the sites that rank higher on factors relating
to both propagule pressure (ship-related factors) and environmental conditions (warmer temperatures and less sea ice), for
example, Dovizio Rock, Maxwell Bay, and Deception Island,
would likely be the first sites for nonnative species to establish.
No nonnative marine species have been demonstrated to
have established in Antarctica; however, 10 species have been
recorded that were likely transported via ships (7, 14). Six of
McCarthy et al.
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these 10 species were found in the SSI. Juvenile nonnative mussels, Mytilus cf. platensis, were found at Maxwell Bay (also
known as Bahia Fildes) (7), the most visited site in Antarctica
in this study. Further, live nonnative kelp (Macrocystis pyrifera
and Durvillaea antarctica) and epibiontic species, including the
invasive bryozoan Membranipora membranacea, were reported
for the first time in Antarctic waters in 2020 at Deception
Island and Livingston Island (SSI, location of South Bay,
Walker Bay, and Girardi Islote) (6). Although they likely
arrived via kelp rafting rather than on a ship-mediated transport (6), their survival in these locations indicates that environmental conditions may already be suitable for some temperate
invasive nonnative species to survive in the most heavily visited
Antarctic locations. It appears we may be on the cusp of the
establishment of nonnative marine species in Antarctica. We
recommend establishing coordinated monitoring programs at
the highest-risk sites (Table 1) to facilitate early detection and
rapid response to managing nonnative species.
Calls to protect the Antarctic Peninsula from human impacts
are stronger than ever (78) and rely on accurate evaluations of
where human activity is most intensive. We have shown that
ships connect coastal Antarctic ecosystems to all regions of the
world, but especially coastlines in southern South America,
Northern Europe, and the western Pacific Ocean. With many
ships alternating activities between Arctic and Antarctic summers, there may be potential for transporting cold-adapted
species. We have identified that 88% of visits to Antarctic ecoregions are to the Antarctic Peninsula and SSI and that ships
travel to Antarctica from a wide range of departure ports in all
continents. We see a clear requirement for wide-scale data collection on species being transported by ships, especially from
vessels working in the Arctic or cold temperate regions and
PNAS j 5 of 9
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Mean time at location (days)

Table 1. Top 20 sites at risk for nonnative species introductions, based on the total number of visits, number of ships, and median
time stopped from 2014 to 2018 inclusive, and four sites from East Antarctica for comparison

Rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Estimated
percentage of
annual sea
surface
temperature
above 0 °C
(mean ± SD)

Estimated
annual ice-free
days (mean ±
SD)

Place (ecoregion)

No. of visits

No. of ships

Median time
stopped (h)

Visit trend

Dovizio Rock (SSI)
Maxwell Bay (SSI)
Kristie Cove (AP)
Gloria Punta (AP)
Deception Island (SSI)
British Point (SSI)
Berry Head (SOI)
South Bay (SSI)
Potter Cove (SSI)
Kerr Point (AP)
Cheshire Island (AP)
Theta Islands (AP)
Walker Bay (SSI)
Point Thomas (SSI)
Coughtrey Peninsula
(AP)
Bombay Island (AP)
Argentine Islands (AP)
Girardi, Islote (SSI)
Mario Zucchelli
Station (RS)
Andvord Bay (AP)

284
424
105
392
326
150
48
72
68
402
41
41
64
125
287

79
64
23
47
58
16
14
23
20
43
12
24
30
22
38

35.3
22.2
50.6
15.5
14.3
21.4
35.9
20.8
21.0
12.2
32.8
19.6
14.6
12.8
10.0

=
+
=
+
=

=
+
+
=
=
=
+

+

24.5
19.1
19.7
19.0
10.9
5.2
6.8
19.8
15.3
22.8
18.6
31.5
16.0
15.9
8.4

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

2.4
2.6
5.6
7.0
3.2
2.1
4.1
4.3
2.6
2.7
5.7
4.0
3.7
2.6
2.3

194.0 ± 21.0
135.0 ± 17.7
69.0 ± 21.5
12.0 ± 4.9
277.0 ± 25.1
37.8 ± 10.4
140.8 ± 56.1
148.0 ± 20.9
147.0 ± 13.8
29.2 ± 8.4
207.8 ± 53.2
246.3 ± 15.36
176.1 ± 20.0
59.6 ± 3.4
6.2 ± 4.3

82
82
269
23

26
25
44
11

12.
12.4
9.7
23.5

+

+


18.8
15.9
30.3
8.6

±
±
±
±

3.9
2.5
2.2
3.7

234.6
145.6
226.0
74.6

312

39

9.2

=

21.2 ± 3.1

23
10
7
3

8
2
2
2

20.3
165.4
86.7
3.6


=
=
=

0.1 ± 0.3
13.60 ± 2.1
4.0 ± 2.6
0.04 ± 0.08

±
±
±
±

8.7
20.7
23.0
12.3

13.6 ± 3.5

East Antarctic locations for comparison
32
60
90
230

Arrival Heights
Anchorage Island
Cuvier Island
Atka Bank

26.5
22.6
3.6
47.0

±
±
±
±

20.5
5.4
5.9
11.3

Additional factors are related to the possible introduction and survival of nonnative species from outside the Southern Ocean. AP, Antarctic Peninsula;
RS, Ross Sea; SOI, South Orkney Islands. Visit trend is increasing (+), decreasing (), or steady (=), based on the cumulative mean number of visits from 2014
to 2018 (SI Appendix, Fig. S3). Mean winter temperature for the top 20 locations shown range from 1.727 °C to 1.379 °C and for East Antarctic locations
1.890 °C to 1.784 °C, data from NOAA World Ocean Atlas (113). The mean ice-free days and estimated percentage of days above 0 °C for each location
is for 2014 to 2018.

then Antarctica for significant parts of the year. We now call
for Antarctic researchers and managers from all sectors and
nations to work together to set up monitoring programs in the
most at-risk sites, to support nations with Antarctic departure
ports to ensure biosecurity protocols and environmental protection measures are employed, and to take the information presented here to inform decisions that choose a brighter future
for Antarctic biodiversity (85).
Materials and Methods
Data Acquisition and QC.
Ship movements. Ship voyage data for Antarctic-going vessels were purchased from LLI, one of the most reliable sources of maritime intelligence and
ship movement information. The database includes ships with IMO numbers
but excludes many noncommercial and sailing vessels. As there are no recognized ports in Antarctica, previous global studies using port call data to assess
introduction risk from global shipping have not included data for Antarctica
(51, 52, 54). To address this gap, satellite AIS data for all ships that entered the
area south of 60° latitude (“Southern Ocean sightings”) were obtained from
2014 to 2018, inclusive. For those ships that entered the area south of 60°, we
obtained worldwide port call data (“movements”) for the same period. Two
sets of satellite AIS data (and movement data from some additional ships) were
supplied and extracted by Informa using slightly different methods (all satellite
AIS location ﬁxes and summarized satellite AIS location ﬁxes) but were checked
using the same quality control procedure. The data required considerable
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quality control to ﬁlter out ships with false positive satellite AIS reads (SI
Appendix, Table S2) for observations and ships at each stage. This was a sixstage process with the following criteria (stages 1 to 3 were conducted
together manually in Microsoft Excel, and stages 4 to 6 were conducted in
R (86–93)]:
1. If all the ship’s Southern Ocean sightings were on land, the ship was
removed from subsequent analyses.
2. If the ship’s port calls clearly conﬂicted with its Southern Ocean sightings,
it was removed.
3. If the ship was a wholly unsuitable vessel, it was removed. If there was any
doubt, the ship was not removed. Small tugs and inland barges were considered unsuitable. They typically also had other factors that made them
likely false positives, e.g., few, disconnected Southern Ocean sightings and
unlikely (and some impossible) port calls.
4. All duplicated readings (from both Southern Ocean sightings and port call
movements) were removed along with any missing a date/time ﬁx or satellite sightings that overlapped with land.
5. A speed ﬁlter (94) was applied that removed all points that would require
a ship to travel faster than 60 km/h (maximum theoretical speed plus 10%
for the fastest vessel in these data, based on selection of 15% of vessels,
from all vessel and activity types).
6. After each stage of ﬁltering, all ships that no longer had any AIS sightings
in the Southern Ocean were removed.
Port and ship details. Metadata on ships and the ports they visited were provided by LLI. All ports with missing information had country, region, and
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Network Creation.
Ports in Antarctica. Since there are no recognized ports in Antarctica, the satellite data for the Southern Ocean were used to identify Antarctic locations,
which act as port equivalents because they are regularly visited and ships
spend signiﬁcant time there at rest. Potential coastal locations around Antarctica were identiﬁed using the Scientiﬁc Committee on Antarctic Research
(SCAR) Gazetteer of Antarctic Place Names (96), with a preference for UK
names when multiple names existed. Because the accuracy of satellite AIS
observations is variable and many of the features described in the gazetteer
are fairly large, buffer zones of 5-km radius were created; any ship observation within the buffer zone was considered to be visiting that site (equivalent
to a port call) (87, 88, 90–93, 100–102). The buffer zone of 5 km was chosen
because it reﬂected the distance between most distinct stopping points in
crowded areas, such as the SSI, and was a suitable size for most of the features described.
In many cases, the 5-km buffer zones of nearby locations overlapped, creating clusters of locations. Some ship observations were located within the
buffer zones of multiple locations. To ensure ship observations were recorded
only in one buffer zone, locations were iteratively removed by the following:
1. Taking the visited circles with 1-km buffer, identifying clusters of overlapping circles.
2. For clusters with fewer than 10 overlapping locations, the top location per
cluster based on number of unique ships (and number of observations)
within the circle was selected.
3. For clusters with more than 10 overlapping locations, all were kept.
4. Steps 1 to 3 were repeated for 2-km buffers, ﬁrst removing all locations
that had been removed with 1-km buffers, and again for the 5 km, ﬁrst
removing all locations that had been removed in the 1-km and 2-km
stages.
5. For the extremely busy areas such as around the Antarctic Peninsula, the
ﬁnal and most suitable nonoverlapping sites were manually selected to
best represent the ship observations and known landing sites.
6. Ship observations were assigned to the Antarctic location they overlapped
(88). If they did not overlap with any designated Antarctic location, they
were considered “offshore.”
In this manner, 126 Antarctic locations were identiﬁed and added to the
list of 1,848 worldwide ports. We found that 19% of Southern Ocean observations were registered within 5 km of the Antarctic coastline. Approximately
6% of Southern Ocean observations are considered visiting the 126 Antarctic
locations; this is 30% of observations within 5 km of the shore. Of the 255
ships that passed the quality control procedure, 157 (62%) were observed
within 5 km of the coastline; 113 of these (44%) ships in total (72% of the
ships observed within 5km of the coastline) visited an identiﬁed Antarctic location. Therefore, 113 ships were included in the port-to-port network analyses.
Port networks. Networks are composed of nodes (or vertices) and edges,
which are the links between nodes. The Southern Ocean sightings and port
call data were combined to form an edge list of voyages between ports, from
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which a directional network, weighted by the number of voyages for each
edge, was created (88, 103–107). The node list was created by combining the
list of ports provided by LLI with the selected Antarctic locations described
above. The network was weighted by the number of visits to each port. Total
time and median time spent in each port and connecting ports were calculated and included as node or edge attributes, as applicable. Equivalent
networks were created for each ship activity type: ﬁshing, tourism, research,
supply, and other.
Ecoregion networks. Weighted, directional networks with ecoregions, rather
than ports, as nodes were created for all ships and for each activity type. The
network was weighted by the number of visits in each ecoregion. The Marine
Ecoregions of the World (61) in the Southern Ocean captured 81% of the satellite AIS Southern Ocean observations from LLI (after quality control processing). Of the 255 ships, 217 (85%) were observed within ecoregions and
included in ecoregion-to-ecoregion network analyses. Total time and median
time spent in each ecoregion and connecting ecoregions were calculated and
included as node or edge attributes, as applicable. Time spent for ecoregions
outside the Southern Ocean was calculated from the arrival date and time at a
given port to the departure date and time of the last port within the same
ecoregion if the next port visited was in a different ecoregion. For ecoregions
within the Southern Ocean, time spent was calculated from the ﬁrst to last
observation (of a given ship) within a given ecoregion.
Figures were created in R (86) using the packages “tidyverse” (87), “sf” (88),
“tidygraph” (103), “ggraph” (107), “nngeo” (108), “raster” (109),“rnaturalearth”
(106),“igraph” (101), “ggrepel” (110), and “cowplot” (89).
Identifying highest-risk areas. A list of the “top 20” locations with the potentially highest risk of nonnative species introductions was created and included
in Table 1. We consider that the risk of any nonnative species being introduced to Antarctica is linked to propagule and colonization pressure and is
distinct from the risk of species establishing in a new location, which is related
to environmental factors and individual species tolerances. As data on
introduction or establishment rates are not available for Antarctic marine
ecosystems, methods relying on quantiﬁed propagule pressure and known
establishment events to create probabilities of invasion (51, 52, 60, 111) were
considered unreliable methods for this context. Hence, we have adopted an
approach to estimate approximate introduction risk for different locations
using features of ship trafﬁc as proxies. These locations were identiﬁed by
ranking all Antarctic locations by the following criteria: number of visits, number of ships, and median time stopped (higher values in each resulting in a
higher ranking). The mean of the three ranks was calculated for each location
and used to create the ﬁnal ranking, from which the top 20 sites were
selected. In this case, we consider number of voyages to be a proxy for propagule pressure (number of individuals). We consider number of ships to be a
proxy for colonization pressure (number of species), since the unique voyage
history of each vessel will likely result in different species inhabiting different
vessels. Median time stopped is included to acknowledge that more time in a
given location increases the potential for organisms to be transferred from a
ship’s hull to the environment. Four sites from East Antarctica were also
included in Table 1 for comparison.
To provide contextual information on key environmental conditions in
each of the top 20 locations, we estimated the number of days above 0 °C
and the number of ice-free days. Since Antarctic-going vessels collectively
spent more time outside of polar regions, species found on these vessels are
more likely to be temperate species and the ability to withstand cold temperatures and the effects of ice are likely to be critical factors relating to
the potential establishment of nonnative species in Antarctic waters. The
number of days above 0 °C was selected because water temperatures in the
nearest cold temperate environment of southern South America rarely drop
below 0 °C and, when they do, are below 0 °C for very short periods (7). In
addition, the impact of cold temperatures on physiological processes, especially reproduction, in marine invertebrates (112) is such that the cumulative
time at low temperatures may determine whether or not a given species is
able to complete its reproductive cycle. Likewise, for species that rely on icefree coastal areas for reproduction, the number of ice-free days is a key factor that could determine successful establishment. We acknowledge that
these thresholds are likely to be species-speciﬁc, or even population-speciﬁc,
and warrant further research for species and populations already within
invasion pathways to Antarctica.
Mean winter surface temperatures from 2005 to 2017 for selected Antarctic locations were obtained from the National Oceanic and Atmospheric
Administration’s World Ocean Atlas 2018 (113). Estimates of annual sea surface temperature above 0 °C were generated using NASA Oceancolor Aqua
Modis satellite data (114) for 8-d periods each calendar year 2014 to 2018 in
4-km grids. The number of 8-d periods for which each grid was greater than
0 °C was calculated, then extracted for all grids that overlapped select
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coordinate information added manually. Seven locations that appeared in port
calls only as very large regions did not have missing information added because
it was not possible to verify a suitable replacement port. The locations and number of observations for each are as follows: “China,” six observations;
“Greenland,”
eight
observations;
“Indonesia,”
six
observations;
“Newfoundland,” two observations; “Queensland,” one observation;
“Venezuela,” 10 observations; and “Vietnam,” four observations. Most replacement coordinates were taken from MarineTrafﬁc.com (95) by searching for the
port name. When that was not available, a suitable anchorage or lighthouse
location was chosen. One Antarctic location was veriﬁed using the Scientiﬁc
Committee on Antarctic Reserach (SCAR) Gazetteer of Antarctic Place
Names (96).
During stages 1 to 3 of quality control, each ship was assigned an “activity
type” of tourism, ﬁshing, research/national operations, supply, or other. Ships
were allocated based on their presence on the IAATO member vessels list
(tourism) (97), Council of Managers of National Antarctic Programs (COMNAP)
list of vessels (research/national operations or supply) (98), or Commission for
the Conservation of Antarctic Marine Living Resources (CCAMLR) list of
licensed ﬁshing vessels (ﬁshing) (99). Ships that were not found on any of
those lists were allocated to “supply” or “other,” depending on the vessel
type. “Other” includes vessels used by nongovernmental and activist organizations and private yachts. Each ship was given an ice classiﬁcation of low,
medium, high, or NA (for cases where the information was not available).
Marine ecoregions. Ship observations and ports were assigned to their relevant ecoregions, provinces, and realms based on the Marine Ecoregions of the
World (61, 88).

Antarctic locations within a 5-km buffer and the mean calculated for each calendar year in 2014 to 2018 inclusive. Since not all grids had data for each 8-d
period because of sea ice and cloud cover, the number of periods with data
were also extracted for each location. Annual estimates of sea surface temperature over 0 °C were calculated by taking the percentage of 8-d periods over
0 °C out of the total possible 46 periods per year. It was assumed that 8-d periods with no data would frequently represent sea-ice cover, which indicates a
sea surface temperature below 0 °C. As such, our values underestimate of the
proportion of time when sea surface temperatures are above 0 °C, especially
for locations that are ice-free for most of the year.
The number of ice-free days for the top 20 most at-risk locations were calculated from the Advanced Microwave Scanning Radiometer 2 (AMSR-2) Sea-ice
concentration data (115) for each calendar year 2014 to 2018, based on pixels
that are 6.25km square and an ice-free threshold of 15%, a typical threshold
used to delineate sea-ice edges. The number of ice-free days was extracted for
all raster pixels that overlapped the points within a 5-km buffer and the mean
of those pixels taken for each location each year. Atka Bank (each year), Cuvier
Island (2014 and 2017), and Arrival Heights (2018) did not have data pixels
within a 5-km buffer, so a 10-km buffer was used instead. The mean number
of ice-free days and the SD was then calculated for the 5-y study period.

Data Availability. The data that support the ﬁndings of this study are available from LLI, but restrictions apply. The data were used under license for
the current study and so are not publicly available. Processed, summarized data may be available from the authors upon reasonable request
and with permission of LLI. Code used to analyze data in this study is
maintained in a GitHub repository; access and code are available
on request.

1. N. Bax, A. Williamson, M. Aguero, E. Gonzalez, W. Geeves, Marine invasive alien
species: A threat to global biodiversity. Mar. Policy 27, 313–323 (2003).
2. F. T. Chan, E. Briski, An overview of recent research in marine biological invasions.
Mar. Biol. 164, 121 (2017).
3. S. Lowe, M. Browne, S. Boudjelas, M. De Poorter, 100 of the World’s Worst Invasive
Alien Species: A Selection from the Global Invasive Species Database (The Invasive
Species Specialist Group, 2004).
4. D. Pimentel, R. Zuniga, D. Morrison, Update on the environmental and economic
costs associated with alien-invasive species in the United States. Ecol. Econ. 52,
273–288 (2005).
5. P. Pysek et al., Scientists’ warning on invasive alien species. Biol. Rev. Camb. Philos.
Soc. 95, 1511–1534 (2020).
6. C. Avila et al., Invasive marine species discovered on non-native kelp rafts in the
warmest Antarctic island. Sci. Rep. 10, 1639 (2020).
rdenas et al., First mussel settlement observed in Antarctica reveals the poten7. L. Ca
tial for future invasions. Sci. Rep. 10, 5552 (2020).
8. J. Gutt, B. Sirenko, W. Arntz, I. S. Smirnov, C. De Broyer, Weddell Sea macrozoobenthos EASIZ I. Alfred Wegener Inst. Polar- Mar. Res. Zool. Inst. RAS [Dataset] (2000).
https://www.gbif.org/publisher/104e9c96-791b-4f14-978c-f581cb214912. Accessed
1 June 2018.
9. H. J. Grifﬁths, K. Linse, J. Crame, Southern Ocean Mollusc Database: A tool for biogeographic analysis in diversity and ecology. Org. Divers. Evol. 3, 207–213 (2003).
€ ser, New records of temperate and sub-Antarctic
10. M. N. Clayton, C. Wiencke, H. Klo
marine benthic macroalgae from Antarctica. Polar Biol. 17, 141–149 (1997).
11. P. Greenslade, R. D. Van Klinken, “Marine littoral and coastal Collembola on the
subantarctic Macquarie Island” in VIII International Colloquium on Apterygota: Helsinki, Finland, 17-19 August, 1992 (Finnish Zoological and Botanical Publishing
Board, 1994), pp. 58–61.
12. R. Kenny, N. Haysom, Ecology of rocky shore organisms of Macquarie Island. Pac.
Sci. 16, 245–263 (1962).
13. F. Pellizzari et al., Diversity and spatial distribution of seaweeds in the South Shetland Islands, Antarctica: An updated database for environmental monitoring under
climate change scenarios. Polar Biol. 40, 1671–1685 (2017).
14. A. H. McCarthy, L. S. Peck, K. A. Hughes, D. C. Aldridge, Antarctica: The ﬁnal frontier
for marine biological invasions. Glob. Change Biol. 25, 2221–2241 (2019).
15. Y. Y. Valentin et al., “Marine macroalgae diversity in Admiralty Bay (King George
Island, South Shetland Islands, Antarctic Peninsula),” in INCT-APA Annual Activity
Report (2012), pp. 140–148.
16. M. P. Meredith, J. C. King, Rapid climate change in the ocean west of the Antarctic
Peninsula during the second half of the 20th century. Geophys. Res. Lett. 32, L19604
(2005).
17. J. Gutt et al., The Southern Ocean ecosystem under multiple climate change stresses–An
integrated circumpolar assessment. Glob. Change Biol. 21, 1434–1453 (2015).
18. E. J. Steig et al., Warming of the Antarctic ice-sheet surface since the 1957 International Geophysical Year. Nature 457, 459–462 (2009).
19. L. S. Peck, Antarctic marine biodiversity: Adaptations, environments and responses
to change. Oceanogr. Mar. Biol. Annu. Rev. 56, 105–236 (2018).
20. A. Clarke, D. K. A. Barnes, D. A. Hodgson, How isolated is Antarctica? Trends Ecol.
Evol. 20, 1–3 (2005).
21. J. C. Zachos, G. R. Dickens, R. E. Zeebe, An early Cenozoic perspective on greenhouse
warming and carbon-cycle dynamics. Nature 451, 279–283 (2008).
22. P. Convey, L. S. Peck, Antarctic environmental change and biological responses. Sci.
Adv. 5, eaaz0888 (2019).
23. R. B. Aronson, M. Frederich, R. Price, S. Thatje, Prospects for the return of shellcrushing crabs to Antarctica. J. Biogeogr. 42, 1–7 (2015).
24. M. C. Kennicutt 2nd et al., Polar research: Six priorities for Antarctic science. Nature
512, 23–25 (2014).

25. Committee for Environmental Protection, Non-native Species Manual (Secretariat
of the Antarctic Treaty, 2016).
26. Committee for Environmental Protection, “Appendix 1. CEP Five-Year Work Plan
2019” (2019). https://documents.ats.aq/atcm42/ww/atcm42_ww005_e.pdf. Accessed
20 December 2021.
27. A. Ricciardi et al., Invasion science: A horizon scan of emerging challenges and
opportunities. Trends Ecol. Evol. 32, 464–474 (2017).
28. W. J. Sutherland et al., One hundred questions of importance to the conservation of
global biological diversity. Conserv. Biol. 23, 557–567 (2009).
29. F. T. Chan, H. J. Macisaac, S. A. Bailey, Relative importance of vessel hull fouling and
ballast water as transport vectors of nonindigenous species to the Canadian Arctic.
Can. J. Fish. Aquat. Sci. 72, 1230–1242 (2015).
30. J. Goldsmit et al., Projecting present and future habitat suitability of ship-mediated
aquatic invasive species in the Canadian Arctic. Biol. Invasions 20, 501–517 (2018).
31. J. Goldsmit, C. W. McKindsey, D. B. Stewart, K. L. Howland, Screening for high-risk
marine invaders in the Hudson Bay Region, Canadian Arctic. Front. Ecol. Evol. 9,
1–16 (2021).
32. Y. Yoneshigue-Valentin et al., Marine Macroalgae Diversity in Admiralty Bay (King
George Island, South Shetland Islands, Antarctic Peninsula). INCT-APA Annu. Act.
Rep., 140–148 (2012).
33. K. E. Conlan, G. H. Rau, R. G. Kvitek, Delta13C and delta15N shifts in benthic invertebrates exposed to sewage from McMurdo Station, Antarctica. Mar. Pollut. Bull. 52,
1695–1707 (2006).
34. B. Gallardo, A. Zieritz, D. C. Aldridge, The importance of the human footprint in
shaping the global distribution of terrestrial, freshwater and marine invaders. PLoS
One 10, e0125801 (2015).
35. T. A. Byrnes, R. J. K. Dunn, Boating-and shipping-related environmental
impacts and example management measures: A review. J. Mar. Sci. Eng. 8, 908
(2020).
36. P. N. Lewis, C. L. Hewitt, M. Riddle, A. McMinn, Marine introductions in the Southern
Ocean: An unrecognised hazard to biodiversity. Mar. Pollut. Bull. 46, 213–223 (2003).
37. P. N. Lewis, M. J. Riddle, S. D. A. Smith, Assisted passage or passive drift: A comparison of alternative transport mechanisms for non-indigenous coastal species into the
Southern Ocean. Antarct. Sci. 17, 183–191 (2005).
38. P. W. Fofonoff, G. M. Ruiz, B. Steves, J. T. Carlton, “In ships or on ships? Mechanisms
of transfer and invasion for nonnative species to the coasts of North America” in
Invasive Species: Vectors and Management Strategies, G. M. Ruiz, J. T. Carlton, Eds.
(Island Press, 2003), pp. 152–182.
39. IMO, International Code for Ships Operating in Polar Waters (Polar Code). Annex 10
MEPC 68/21, 55 (2016).
40. IMO, International Convention for the Control and Management of Ships’ Ballast
Water and Sediments. BWM/CONF/36, 36 (2004).
41. S. Gollasch, The importance of ship hull fouling as a vector of species introductions
into the North Sea. Biofouling 18, 105–121 (2002).
42. C. L. Hewitt et al., Introduced and cryptogenic species in Port Phillip Bay, Victoria,
Australia. Mar. Biol. 144, 183–202 (2004).
43. L. G. Eldredge, J. T. Carlton, Hawaiian marine bioinvasions: A preliminary assessment. Pac. Sci. 56, 211–212 (2002).
44. C. I. Fraser et al., Antarctica’s ecological isolation will be broken by storm-driven dispersal and warming. Nat. Clim. Chang. 8, 704–708 (2018).
45. D. K. A. Barnes, Biodiversity: Invasions by marine life on plastic debris. Nature 416,
808–809 (2002).
46. D. K. A. Barnes, N. L. Warren, K. Webb, B. Phalan, K. Reid, Polar pedunculate barnacles piggy-back on pycnogona, penguins, pinniped seals and plastics. Mar. Ecol.
Prog. Ser. 284, 305–310 (2004).
47. J. T. Carlton et al., Tsunami-driven rafting: Transoceanic species dispersal and implications for marine biogeography. Science 357, 1402–1406 (2017).

8 of 9 j PNAS
https://doi.org/10.1073/pnas.2110303118

ACKNOWLEDGMENTS. We thank Dr. C. Braun (University of Jena) and
IAATO for providing data on ships and their activity to allow the accuracy
of the satellite observations to be veriﬁed. Thanks also to Louise Ireland
in the Mapping and GIS team at the British Antarctic Survey for providing
calculations of sea-ice coverage and sea surface temperature. We thank
the Institute of Environmental Physics, University of Bremen for the provision of the merged MODIS-AMSR2 sea-ice concentration data at https://
seaice.uni-bremen.de/data/modis_amsr2 (last accessed 10 December
2020). A.H.M. is funded through by the General Sir John Monash Foundation and holds a Whitten Studentship in the Zoology Department, University of Cambridge and a W.E.J. Craig Travelling Scholarship from the
University of Melbourne. L.S.P. is funded by National Environment
Research Council - United Kingdom Research and Innovation (NERCUKRI) core funding to the British Antarctic Survey.

McCarthy et al.
Ship traffic connects Antarctica’s fragile coasts to worldwide ecosystems

McCarthy et al.
Ship traffic connects Antarctica’s fragile coasts to worldwide ecosystems

82. R. B. Aronson et al., Climate change and invasibility of the Antarctic benthos. Annu.
Rev. Ecol. Evol. Syst. 38, 129–154 (2007).
83. D. K. A. Barnes, V. Fuentes, A. Clarke, I. R. Schloss, M. I. Wallace, Spatial and temporal variation in shallow seawater temperatures around Antarctica. Deep Sea Res. 2
Top Stud. Oceanogr. 53, 853–865 (2006).
84. M. Berrocoso et al., Caldera unrest detected with seawater temperature anomalies
at Deception Island, Antarctic Peninsula. Bull. Volcanol. 80, 4 (2018).
85. S. R. Rintoul et al., Choosing the future of Antarctica. Nature 558, 233–241 (2018).
86. R Core Team, R: A Language and Environment for Statistical Computing (2020).
87. H. Wickham et al., Welcome to the tidyverse. J. Open Source Softw. 4, 1686 (2019).
88. E. Pebesma, Simple features for R: Standardized support for spatial vector data. R
Journal 10, 439–446 (2018).
89. C. O. Wilke, cowplot: Streamlined Plot Theme and Plot Annotations for ggplot2
(2020). R package version 1.1.1. https://CRAN.R-project.org/package=cowplot.
Accessed 17 December 2021.
90. R. Bivand, N. Lewin-Koh, maptools: Tools for Handling Spatial Objects (2020). R
package version 1.1-2. https://CRAN.R-project.org/package=maptools. Accessed 17
December 2021.
91. R. A. Becker, A. R. Wilks, R. Brownrigg, mapdata: Extra Map Databases (2018). R
package version 2.3.0. https://CRAN.R-project.org/package=mapdata. Accessed 17
December 2021.
92. S. Firke, janitor: Simple Tools for Examining and Cleaning Dirty Data (2020). R package version 2.1.0. https://CRAN.R-project.org/package=janitor. Accessed 17 December 2021.
93. K. M€
uller, here: A Simpler Way to Find Your Files (2020). R package version 1.0.1.
https://CRAN.R-project.org/package=here. Accessed 17 December 2021.
94. M. D. Sumner, The Tag Location Problem (University of Tasmania, 2011).
95. MarineTrafﬁc, MarineTrafﬁc: Global Ship Tracking Intelligence j AIS Marine Trafﬁc
(2018). https://www.marinetrafﬁc.com. Accessed 9 November 2018.
96. Secretariat SCAR, Composite Gazetteer of Antarctica, Scientiﬁc Committee on Antarctic Research. GCMD Metadata. http://gcmd.nasa.gov/records/SCAR_Gazetteer.html. Accessed 25 March 2021.
97. IAATO, Vessel Directory (2018). https://apps.iaato.org/iaato/vessel/list.xhtml
(Accessed 12 November 2018).
98. COMNAP, COMNAP Antarctic Vessels (2018). https://github.com/PolarGeospatial
Center/comnap-antarctic-vessels. Accessed 12 November 2018.
99. CCAMLR, List of authorised vessels. Comm. Conserv. Antarct. Mar. Living Resour.
(2020) (July 18, 2020). https://www.ccamlr.org/en/compliance/list-vessel-authorisa
tions. Accessed 18 July 2018.
100. R. Hafen, rbokeh: R Interface for Bokeh (Continuum Analytics, Inc., 2020).
101. G. Csardi, T. Nepusz, The igraph software package for complex network research.
InterJournal Complex Syst. 1695, 1–9 (2006).
102. R. Vaidyanathan et al., htmlwidgets: HTML Widgets for R (2021). R package version
1.5.4. https://CRAN.R-project.org/package=htmlwidgets. Accessed 17 December
2021.
103. T. L. Pedersen, tidygraph: A Tidy API for Graph Manipulation (2020). R package version 1.2.0. https://CRAN.R-project.org/package=tidygraph. Accessed 17 December
2021.
104. E. J. Pebesma, R. S. Bivand, Classes and methods for spatial data in fRg. R News 5,
9–13 (2005).
105. R. S. Bivand, E. Pebesma, V. Gomez-Rubio, Applied Spatial Data Analysis with R
(Springer, NY, ed. 2, 2013).
106. A. South, rnaturalearth: World Map Data from Natural Earth (2017). R package version 0.1.0. https://CRAN.R-project.org/package=rnaturalearth. Accessed 17 December 2021.
107. T. L. Pedersen, ggraph: An Implementation of Grammar of Graphics for Graphs and
Networks (2020). R package version 2.0.5. https://CRAN.R-project.org/package=
ggraph. Accessed 17 December 2021.
108. M. Dorman, nngeo: k-Nearest Neighbor Join for Spatial Data (2021). R package version 0.4.4. https://CRAN.R-project.org/package=nngeo. Accessed 17 December 2021.
109. R. J. Hijmans, raster: Geographic Data Analysis and Modeling (2020). R package version 3.5-2. https://CRAN.R-project.org/package=raster. Accessed 17 December 2021.
110. K. Slowikowski, ggrepel: Automatically Position Non-Overlapping Text Labels with
ggplot2 (2021). R package version 0.9.1. https://CRAN.R-project.org/package=
ggrepel.
111. S. L. Chown et al., Continent-wide risk assessment for the establishment of nonindigenous species in Antarctica. Proc. Natl. Acad. Sci. U.S.A. 109, 4938–4943 (2012).
112. L. S. Peck, A Cold Limit to Adaptation in the Sea. Trends Ecol. Evol. 31, 13–26 (2016).
113. T. P. Boyer et al., World Ocean Atlas 2018: Temperature (2018). NOAA National Centers for Environmental Information. Dataset. https://www.ncei.noaa.gov/archive/
accession/NCEI-WOA18. Accessed 17 December 2021.
114. NASA OBPG, MODIS Aqua Level 3 Mapped SST. Ver. 2019.0 (2020). https://doi.org/
10.5067/MODSA-8D4D9. Accessed 17 December 2021.
115. V. Ludwig et al., The 2018 North Greenland polynya observed by a newly introduced
merged optical and passive microwave sea-ice concentration dataset. The Cryosphere 13, 2051–2073 (2019).

PNAS j 9 of 9
https://doi.org/10.1073/pnas.2110303118

ECOLOGY

48. D. K. A. Barnes, K. P. P. Fraser, Rafting by ﬁve phyla on man-made ﬂotsam in the
Southern Ocean. Mar. Ecol. Prog. Ser. 262, 289–291 (2003).
49. K. A. Hughes, G. V. Ashton, Breaking the ice: The introduction of biofouling organisms to Antarctica on vessel hulls. Aquat. Conserv. 27, 158–164 (2017).
50. J. E. Lee, S. L. Chown, Temporal development of hull-fouling assemblages associated
with an Antarctic supply vessel. Mar. Ecol. Prog. Ser. 386, 97–105 (2009).
51. H. Seebens, M. T. Gastner, B. Blasius, The risk of marine bioinvasion caused by global
shipping. Ecol. Lett. 16, 782–790 (2013).
52. M. Saebi et al., Higher-order patterns of aquatic species spread through the global
shipping network. PLoS One 15, e0220353 (2020).
53. J. Goldsmit et al., What and where? Predicting invasion hotspots in the Arctic
marine realm. Glob. Change Biol. 26, 4752–4771 (2020).
€ lzsch, M. T. Gastner, B. Blasius, The complex network of global cargo
54. P. Kaluza, A. Ko
ship movements. J. R. Soc. Interface 7, 1093–1103 (2010).
€ lzsch, B. Blasius, Indications of marine bioinvasion from network theory: An
55. A. Ko
analysis of the global cargo ship network. Eur. Phys. J. B 84, 601–612 (2011).
56. C. Ducruet, T. Notteboom, The worldwide maritime network of container shipping:
Spatial structure and regional dynamics. Glob. Netw. 12, 395–423 (2012).
57. C. Ducruet, F. Zaidi, Maritime constellations: A complex network approach to shipping and ports. Marit. Policy Manage. 39, 151–168 (2012).
58. C. Liu, J. Wang, H. Zhang, Spatial heterogeneity of ports in the global maritime network detected by weighted ego network analysis. Marit. Policy Manage. 45, 89–104
(2018).
59. Z. Kosowska-Stamirowska, C. Ducruet, N. Rai, Evolving structure of the maritime
trade network: Evidence from the Lloyd’s Shipping Index (1890–2000). J. Shipp.
Trade 1, 10 (2016).
60. H. Seebens et al., Non-native species spread in a complex network: The interaction
of global transport and local population dynamics determines invasion success.
Proc. Biol. Sci. 286, 20190036 (2019).
61. M. D. Spalding et al., Marine ecoregions of the world: A bioregionalization of
coastal and shelf areas. Bioscience 57, 573–583 (2007).
62. G. Roldan, A door to the ice?: The signiﬁcance of the Antarctic Gateway Cities
today. J. Antarct. Aff. 2, 57–70 (2015).
63. F. Sylvester et al., Hull fouling as an invasion vector: Can simple models explain a
complex problem? J. Appl. Ecol. 48, 415–423 (2011).
64. P. N. Lewis, M. J. Riddle, C. L. Hewitt, Management of exogenous threats to Antarctica and the sub-Antarctic Islands: Balancing risks from TBT and non-indigenous
marine organisms. Mar. Pollut. Bull. 49, 999–1005 (2004).
65. J. E. Lee, S. L. Chown, Mytilus on the move: Transport of an invasive bivalve to the
Antarctic. Mar. Ecol. Prog. Ser. 339, 307–310 (2007).
66. E. Schwindt et al., Marine fouling invasions in ports of Patagonia (Argentina) with
implications for legislation and monitoring programs. Mar. Environ. Res. 99, 60–68
(2014).
67. K. A. Hughes et al., Invasive non-native species likely to threaten biodiversity and ecosystems in the Antarctic Peninsula region. Glob. Change Biol. 26, 2702–2716 (2020).
68. L. Telesca et al., Blue mussel shell shape plasticity and natural environments: A
quantitative approach. Sci. Rep. 8, 2865 (2018).
69. O. Holland, J. Shaw, J. S. Stark, K. A. Wilson, Hull fouling marine invasive species
pose a very low, but plausible, risk of introduction to East Antarctica in climate
change scenarios. Divers. Distrib. 27, 973–988 (2021).
70. J. R. Swanson, D. Liggett, G. Roldan, Conceptualizing and enhancing the argument
for port state control in the Antarctic gateway states. Polar J. 5, 361–385 (2015).
71. ATCM, Practical Guidelines for Ballast Water Exchange in the Antarctic Treaty Area.
Annex to Resolution 3 (Antarctic Treaty Consultative Meeting, 2006).
72. IMO, Guidelines for the control and management of ship’s biofouling to minimize
the transfer of invasive aquatic species. Annex 26 MEPC 62/24, 25 (2011).
73. C. J. Zabin et al., How will vessels be inspected to meet emerging biofouling regulations for the prevention of marine invasions? Manag. Biol. Invasions 9, 195–208 (2018).
re-Roussel, D. G. Bock, M. E. Cristescu, F. Guichard, C. W. McKindsey,
74. A. Lacoursie
Effect of shipping trafﬁc on biofouling invasion success at population and community levels. Biol. Invasions 18, 3681–3695 (2016).
75. N. A. Bender, K. Crosbie, H. J. Lynch, Patterns of tourism in the Antarctic Peninsula
region: A 20-year analysis. Antarct. Sci. 28, 194–203 (2016).
76. H. J. Lynch, K. Crosbie, W. F. Fagan, R. Naveen, Spatial patterns of tour ship trafﬁc in
the Antarctic Peninsula region. Antarct. Sci. 22, 123–130 (2010).
77. COMNAP, COMNAP Antarctic Facilities (2018) (November 12, 2018). https://github.
com/PolarGeospatialCenter/comnap-antarctic-facilities. Accessed 12 November
2018.
78. C. J. Hogg et al., Protect the Antarctic Peninsula – Before it’s too late. Nature 586,
496–499 (2020).
79. H. Barnhart, Distribution patterns of decapod crustaceans in polar areas: A result of
magnesium regulation? Polar Biol. 24, 719–723 (2001).
80. H. J. Grifﬁths, R. J. Whittle, S. J. Roberts, M. Belchier, K. Linse, Antarctic crabs: Invasion or endurance? PLoS One 8, e66981 (2013).
€ rtner, F. J. Sartoris, Ion regulatory capacity and the
81. A. C. Wittmann, C. Held, H. O. Po
biogeography of Crustacea at high southern latitudes. Polar Biol. 33, 919–928 (2010).

