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Abstract

The threat from novel marine species introductions is a global issue. When Non-native marine species are introduced to novel
environments and become invasive, they can affect biodiversity, industry, ecosystem function, and both human and wildlife
health. Isolated areas with sensitive or highly specialised endemic species can be particularly impacted. The global increase
in the scope of tourism activities together with a rapidly changing climate, now put these remote ecosystems under threat. In
this context, we analyse invasion pathways into South Georgia & the South Sandwich Islands (SGSSI) for marine non-native
species via vessel biofouling. The SGSSI archipelago has high biodiversity and endemism, and has historically been highly
isolated from the South American mainland. The islands sit just below the Polar Front temperature boundary, affording some
protection against introductions. However, the region is now warming and SGSSI increasingly acts as a gateway port for
vessel traffic into the wider Antarctic, amplifying invasion likelihood. We use remote AIS vessel-tracking data over a two-year
period to map vessel movement and behaviour around South Georgia, and across the ‘Scotia Sea’, ‘Magellanic’, and northern
‘Continental High Antarctic’ ecoregions. We find multiple vessel types from locations across the globe frequently now enter
shallow inshore waters and stop for prolonged periods (weeks/months) at anchor. Vessels are active throughout the year and
stop at multiple port hubs, frequently crossing international waters and ecoregions. Management recommendations to reduce
marine invasion likelihood within SGSSI include initiating benthic and hull monitoring at the identified activity/dispersion hubs
of King Edward Point, Bay of Isles, Gold Harbour, St Andrews Bay and Stromness Bay. More broadly, regional collaboration
and coordination is necessary at neighbouring international ports. Here vessels need increased pre- and post-arrival biosecurity

assessment following set protocols, and improved monitoring of hulls for biofouling to pre-emptively mitigate this threat.
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ABSTRACT

The threat from novel marine species introductions is a global issue. When Non-native marine species
are introduced to novel environments and become invasive, they can affect biodiversity, industry,
ecosystem function, and both human and wildlife health. Isolated areas with sensitive or highly
specialised endemic species can be particularly impacted. The global increase in the scope of tourism
activities together with a rapidly changing climate, now put these remote ecosystems under threat. In
this context, we analyse invasion pathways into South Georgia & the South Sandwich Islands (SGSSI)
for marine non-native species via vessel biofouling. The SGSSI archipelago has high biodiversity and
endemism, and has historically been highly isolated from the South American mainland. The islands
sit just below the Polar Front temperature boundary, affording some protection against introductions.
However, the region is now warming and SGSSI increasingly acts as a gateway port for vessel traffic
into the wider Antarctic, amplifying invasion likelihood.

We use remote AIS vessel-tracking data over a two-year period to map vessel movement and
behaviour around South Georgia, and across the ‘Scotia Sea’, ‘Magellanic’, and northern ‘Continental
High Antarctic’ ecoregions. We find multiple vessel types from locations across the globe frequently
now enter shallow inshore waters and stop for prolonged periods (weeks/months) at anchor. Vessels
are active throughout the year and stop at multiple port hubs, frequently crossing international waters
and ecoregions. Management recommendations to reduce marine invasion likelihood within SGSSI
include initiating benthic and hull monitoring at the identified activity/dispersion hubs of King Edward
Point, Bay of Isles, Gold Harbour, St Andrews Bay and Stromness Bay. More broadly, regional
collaboration and coordination is necessary at neighbouring international ports. Here vessels need
increased pre- and post-arrival biosecurity assessment following set protocols, and improved

monitoring of hulls for biofouling to pre-emptively mitigate this threat.
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INTRODUCTION

Marine invasive species can threaten biodiversity, industry, and both human and wildlife health (Bax
et al., 2003). Invasive species can also cause significant damage to ecosystems. Biological invasions
can typically cause habitat disturbance, competition, predation, induced toxicity, and genetic
introgressive hybridization. In extreme cases, loss of ecosystem function, extinctions, or structural
change of whole landscapes can occur (Jeschke et al., 2014; Ricciardi and Cohen, 2007; Simberloff et
al., 2011). The process leading to these impacts on the existing environment begin with the
introduction and establishment of species in an area beyond their native ranges (Blackburn et al.,
2011; Jeschke et al., 2014). Once a species has established, control and remediation measures can be
very difficult and costly to both ecosystems and infrastructure (Marbuah et al., 2014). The threat from
marine invasive species is a global issue, where < 16% of marine ecoregions have no reported invasions
(Molnar et al., 2008), and new global primary detections of ‘aquatic non-indigenous species’ have
occurred at a rate of roughly one new detection every 8.4 days for 50 years (Bailey et al., 2020).
Moreover, there is often no data available to establish baselines and monitor for coastal introductions,
particularly in remote locations (Varnham, 2006), meaning real introduction numbers may be higher

still.

Species that arrive in new locations by anthropogenic means are considered non-native, regardless of
their level of impact (Lockwood et al., 2013), yet each new introduction has the potential to become
invasive. Precautionary management includes pathway-focused practices that prevent or minimise
the introduction of any non-native species. Non-native species can be introduced to new marine
environments through a range of pathways, with major dispersal vectors including ballast water
release, biofouling of hulls and internal seawater systems, and equipment contamination (Bax et al.,
2003; Molnar et al., 2008; Bailey et al., 2020; Davidson et al., 2021). The Antarctic and sub-Antarctic
regions are some of the most remote and inaccessible locations on Earth, and were once thought to

be essentially impenetrable to marine non-native species due to the remoteness and extreme
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environments, but this region’s climate and accessibility is now rapidly changing (Chown et al., 2012;
Clarke et al., 2005; Hughes et al., 2020; McCarthy et al., 2022, 2019). The risk from future introductions
and successful establishments is considered greatest for northerly areas that are warmer and closer

to a mainland, such as the archipelago of South Georgia (Chown et al., 2012; Hughes et al., 2020).

The threat of non-native species introduction and dispersal through ballast water exchange (Lewis et
al., 2003; McCarthy et al., 2019; Duliere et al 2022) is globally regulated (though not strictly
implemented) through the IMO Ballast Water Management Convention (IMO, 2004), and
recommendations specifically for the polar regions are outlined in the Antarctic Ballast Water
Guidelines (IMO, 2007). These guidelines require exchange or release of ballast waters offshore (north
of either the Polar Frontal Zone or 60°S, and at least 200 nautical miles from the nearest land). Regular
maintenance is also required, alongside log-keeping, and internal mitigation treatment. However, the
other major introduction pathways, biofouling on hulls and within internal seawater systems, are still
largely unmitigated aside from broad guidance such as the IMO Biofouling Guidelines (IMO, 2011).
This represents a significant unmanaged potential threat to marine biodiversity in this region (Bailey,

2015; Bax et al., 2001).

The Scotia Sea ecoregion (Spalding et al., 2007) is made up of South Georgia & the South Sandwich
Islands (SGSSI), the Antarctic Peninsula, South Orkney, and the South Shetland Islands. This ecoregion
has few historical recordings of non-native species within their territorial areas, and these are almost
entirely terrestrial non-native species (Frenot et al., 2005). However, there have now been multiple
observations of non-native marine algae and invertebrates within the nearby Antarctic peninsula
region (Cardenas et al., 2020; McCarthy et al., 2019), and the first record of an established marine
non-native within South Georgia waters was recently recorded (Mrwowicki and Brodie, 2023). A
number of studies indicate that low-level passive dispersal of marine non-native species occurs
(Brasier et al., 2021; Avila et al. 2020), with increasingly frequent transport of species to the

archipelago through rafting on kelp or plastic (Convey and Peck 2019; Fraser et al., 2018; Griffiths and
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Waller, 2016). However, the majority of current introductions to this region are likely facilitated
through active transport between locations via vessels through biofouling or through poorly
maintained, emergency, or illegal vessel ballast release (McCarthy et al., 2022). Despite this, little is
currently known about the exact routes, frequency, and composition of vessel traffic into this

ecoregion, or which vessels” movement behaviours are more likely to introduce non-native species.

SGSSI’s location just south of the Polar Frontal Zone and north of the Antarctic Circumpolar Current
Front (ACCF), means it acts as both a Northern and Southern range limit for many species (Griffiths et
al., 2009; Hogg et al., 2011). This biogeographic isolation and the increasing number of international
vessels frequently crossing the natural barrier of the fronts, makes this area at growing risk of invasion
(Hughes et al., 2020; Kennicutt et al.,, 2019; McCarthy et al.,, 2019). A recent global analysis by
McCarthy et al. (2022) of ship traffic travelling into the neighbouring Antarctic further found the Scotia
region to have the greatest and most diverse volume of traffic passing through their port hubs, making

SGSSI a key ‘gateway port’ location.

Here we analyse potential for marine non-native species to be introduced via ships to the currently
unimpacted SGSSI through analysis of AIS (Automatic Identification System) vessel tracking. We
conduct a regional-scale network analysis and spatial assessment of vessel movement across the
South American sub-Antarctic (across an area of ~8.5 million km?) to assess these potential marine
introduction routes. To inform invasion mitigation and planning for this remote archipelago, we
highlight major factors associated with vessel movement and behaviour that increase the potential
for introductions. Finally, we set out potential biosecurity controls for inshore vessel management,
and list priority sites for monitoring. These management actions aim to help protect the unique
biodiversity of SGSSI’s marine and coastal ecosystems. Pre-emptive management here and in
neighbouring major ports to reduce invasion likelihood will be essential for safeguarding the wider

Antarctic and sub-Antarctic ‘wilderness’.
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MATERIALS AND METHODS

Our study focuses on vessel traffic in and out of the UK Overseas Territory (UKOT) of SGSSI. To capture
the connecting stops before and after arrival in SGSSI, we used vessel traffic data in an Area of Interest
(AOI) that included SGSSI's ecoregion of the 'Scotia Sea', and the surrounding ecoregions of
'Magellanic' and the northern ‘Continental High Antarctic’. South Georgia and the neighbouring South
Sandwich Islands are relatively isolated geographically, and a large (1.24 million km?) IUCN category
VI Marine Protected Area (MPA) has also protected SGSSI administratively since 2012 (UNEP-WCMC,
2021). There is no permanent population on South Georgia or the smaller islands, and there is an
average annual presence of ~40 people. Small settlements are located in Grytviken and King Edward

Point (on South Georgia), and on neighbouring Bird Island.

Our work focuses on the analysis of vessel movement patterns using Automatic Identification System
(AIS) tracking data. AIS data were assessed over a 2-year period (running 1%t July 2017 to 30*" June
2019), from austral winter to austral winter, at an hourly resolution. Hourly resolution was chosen to
limit the number of position reports, while maintaining critical movement and behavioural
information. The data therefore details the path that was travelled by each vessel when underway
(speed > 0.2 knots) and any stop locations (< 0.2 knots or moving < 400 m over 1 hour), following

standard ‘transit simplification’ data cleaning recommendations from MMO (2013).

A two-year period was chosen to ensure any anomalies associated with any particular year were
accounted for. Results are therefore mean averages over the two years. Data were analysed for all
vessels with AIS transmissions, within a defined Area of Interest (AOl), ranging from 68.5° S to 45° S
latitude, and 77° W to 15° W longitude (Figure 1). International Maritime Organization (IMO)
regulations requires AlS to be fitted onboard: 1) all ships of 300 gross tonnage and upwards engaged
on international voyages; 2) cargo ships of 500 gross tonnage and upwards not engaged on

international voyages; and 3) all passenger ships irrespective of size (IMO, 2021).
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Figure 1. Map detailing study area of interest for analysis of vessel movement in and out of South
Georgia and the South Sandwich Islands’ waters. Key features: Study focal area i.e. Automated
Identification System (AIS) data extent for period July 2017-2019), winter sea-ice extent (2020), and
major regional oceanographic current fronts.

Data attributes used in the analysis included vessel Maritime Mobile Service Identity (MMSI) number,
IMO number, and vessel name. Movement details included: Time stamp (UTC date and time); Latitude
& Longitude (WGS84, DGPS, Loran-C); Course (degrees); Status (e.g. moored, underway); Speed in
knots; and (vessel-specified) major port of origin. Vessel dimension data included: ‘Length overall’

(Loa) in m; ‘Breadth overall’ (Boa) in m; Volume / ‘Gross Tonnage’ (V); Dead Weight Tonnage (DWT);
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Draft (T) in m, and Vessel type (Bulk, Cargo, Fishing, Offshore, Passenger, Pilot, Pleasure, Tanker, and

Tender). Data was supplied by ‘BigOceanData’ (https://www.bigoceandata.com).

Data cleaning and node definition

Data were initially cleaned and filtered to remove any points associated with vessels (classed by
unique MMSI codes) which never enter within the SGSSI Maritime Zone (200 nm limit). ‘Nodes’ (spatial
clustering of vessel activity signifying ports or temporary anchorages) were created following
Letschert et al., (2021), whereby we use the ‘Geosphere’ package (Haversine function) in R (version
4.1.1 / RStudio v1.4.1717) to calculate the sequential AIS point-to-point distances for each vessel
within the AOI, from the raw hourly AIS signal data over time. Using these individual-vessel
sequentially occurring point-to-point distances, the data was then filtered to only include stationary
vessels (i.e. anchored / moored / at port etc. which are therefore likely to present higher propagule
release in that location). Stationary vessels were defined as those moving < 400 m over 1 hour
(equivalent to a speed of ~0.2 knots, as per MMO, (2013) guidance), and with an AIS ‘Speed’
classification of < 1 knot. The combination of these two variables ensured that the analysis only
included vessels at anchor or stationary holding position, and accounted for any potential signal errors

in either one of the location or speed attributes.

We created network nodes for all clusters of stationary vessels within 12 nm of land. All buffers were
created using a World Azimuthal Equidistant projection. We created network nodes using a 5 km
buffer, based on clustering of stationary vessels, and linked these locations to closest major ports,
known anchorage, or geographic features. Buffers were spatially joined to vessel stop points to link
location to event. Unique vessel ‘events’ (extended stationary periods in time for a vessel > 1 hour)
were calculated based on cumulative time stopped at a location for each vessel (over a unique
continuous period of time). We limited the analysis to prolonged stationary periods rather than all

passing traffic as longer periods at port are known to increase the opportunities for organisms to both
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attach to hull surfaces and for them to spread into the new environment (Sylvester et al., 2011). In
addition to nodes created inside the AOI, if vessel-specified ‘port of origin’ data was different to the
known origin node identified through AIS point analysis (i.e. outside the AOI), we used this data to
identify broader global port links. This amalgamation of data types gives a clearer picture of pathways
into the region. It is however important to note there may have been intermediate stops in between
the stated origin port and the time the vessel enters our AOI. All locations in the study were also

assigned to a recognised country or territory in order to group regional activity.

Network analysis & route (edge) definition

Networks were created using the ‘igraph’ package in R (Csardi and Nepusz, 2006) to visualise vessel
route linkages (edges) between all vessel anchorages (nodes) and compute the frequency of journeys
to and between them by vessels. Network node size was based on the total number of visits during
the study period. Edge connection routes and ‘weight’ were calculated based on the frequency of
unique vessel trips along each port-to-port route. The factors included here (Table 1), such as number
of ports / regions visited, and period of time in transit (i.e. without hull cleaning) are known key factors
increasing colonization pressure i.e. invasion potential from accumulated new species (McCarthy et
al., 2019; Davidson et al., 2016; Sylvester et al., 2011). It is important to note however that hull
condition (i.e. frequency of cleaning and therefore level of biofouling) is not known for any vessel in
this analysis, based on this dataset. While factors including hull condition, biofouling species
composition, and environment characteristics of start and end port etc are also important
considerations affecting colonization pressure we had to limit this analysis to factors based on vessel
design and movement behaviour. Length of time travelling without prolonged periods at rest in port

is therefore used as an indicative proxy of this unknown biofouling extent element.
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Table 1. Study factors known to increase the likelihood of non-native species introduction, spread,
settlement and establishment. Factors split between location (i.e. applied to certain ports /
anchorages) and vessels (i.e. applied to all vessels, split by type). Values calculated for annual periods
and applied solely to the study ‘area of interest’. Refer McCarthy et al., 2019 & Davidson et al., 2016
for more details on types and mechanisms of known high-risk factors.

Locations Higher values infer:

Total number of visits /" Likelihood of initial introductions

Overall WSA within port M hull substrate area for biofouling & transport

Period of time stoppped at anchor M likelihood of settlement, establishment and dispersal
Number of identified links to port /M likelihood of introduction and dispersal

Number of identified links from port ™ likelihood of dispersal

Number of vessel types using port M likelihood of introduction

Vessels Higher values infer:

Total vessel number present /" Likelihood of initial introductions

Total WSA (mz) ™ hull substrate for biofouling & transport

M likelihood of biofouling & dispersal.

Maximum number of extended 'journeys Llikelihood of hull cleaning

Maximum number of stops during extended 'journey 1 likelihood of introduction and dispersal

M likelihood of biofouling, dispersal, & survival over more months

Total months of activity Jlikelihood of hull cleaning

Average stop time at port (hours) - within study area 1 likelihood of settlement, establishment and dispersal
Total number of 'countries of origin' M likelihood of novel introduction and dispersal

Maximum number of trans-national trips /" likelihood of novel introduction and dispersal

Wetted Surface Area analysis

Wetted Surface Area (WSA) is a key metric which represents the potential of a boat’s hull to transport
marine species which settle over time (Moser et al., 2016). Wetted Surface Area (WSA) was calculated
for each unique vessel (unique MMSI) following the method by Moser et al. (2016), using the Denny-
Mumford WSA regression formula, and grouping vessels using the nine standard classes (Bulk, Cargo,
Fishing, Offshore, Passenger, Pilot, Pleasure (Yachts), Tanker, and Tender). The ‘Pleasure’ vessel
category incorporates both yachts and small motorised crafts (ranging from 14-69 m in overall length

in our study). As Moser et al. (2016) did not include small yachts / pleasure crafts, WSA calculations
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for pleasure vessels < 26 m Loa followed Bakker & van Vlaardingen, (2017) also using the Denny-
Mumford formula (WSA =1.7 - LOA - T + V / T). Larger pleasure vessels used values from the ‘fishing
vessel’ category from Moser et al. (2016). ‘Service’ vessels were split into ‘Pilot’ or ‘Tender’ vessel
types. ‘Offshore’ vessels were entirely composed of research vessels and followed the ‘Other’ category

from Moser et al. (2016).

WSA calculations used the equation WSA = a DWT ?, with ‘a’ = regression coefficient, ‘b’ = regression
exponent, and ‘DWT’ = Dead Weight Tonnage (Moser et al., 2016). If DWT values were unavailable for
‘Fishing vessels’, ‘Tugs and supply’, and ‘Passenger ships’, vessel ‘Breadth Overall’ (Boa) was used (with
corresponding regression values). For ‘Other ships’, vessel ‘Length Overall’ (Loa) was used (with
corresponding regression values). All individual tenders were classed as having 9.9 m? WSA, based on

Bakker & van Vlaardingen, (2017) values for vessels 4-6 m in length.

Relative threat from different vessel types

This analysis assumes equal levels of hull maintenance and condition for all vessels, as monitoring and
assessment is not currently underway. The work in this sense is based on a scenario for this region in
which all vessel hulls have some (uniform) degree of biofouling, and therefore each vessel has the
potential to spread non-native species propagules based on the size of that vessel and its behaviour
alone. All vessels are assumed to comply with ballast water exchange regulation (outside of South
Georgia waters), and this potential release of propagules from ballast water is therefore not a focus
of the assessment. Further, by including WSA, this aspect of analysis explicitly differentiates biofouling
on different vessel classes only in relation to hull fouling. While larger vessels typically have more
extensive internal seawater systems, the wetted area within such systems has not explicitly been

calculated or included in this study.
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RESULTS

Vessel Analysis

A total of 143 unique vessels entered the SGSSI maritime zone over the study period. Of these vessels,
123 (86%) stopped within 12 nm of land (noting that the total falls to 78 vessels when excluding vessel
tenders). An average total of 100 separate vessels were present within any one year. Passenger and
fishing vessels, (and associated small tenders), were the most common vessel types entering within
SGSSI Maritime Zone, with more passenger vessels than bulk, tanker, pilot, and cargo vessels
combined (Figure 2). Similarly, cumulative wetted surface area was largest for the passenger vessels.
These vessels were followed by the mid-sized vessels used for ‘fishing’ and ‘offshore’ research surveys.
Despite their low frequency of occurrence, cargo and tanker vessels had a relatively high WSA due to

their considerable size.

Vessels typically made a small number of extended journeys (i.e. consecutive multi-stop journeys with
no prolonged intervening stop period) during each year within the AOI. Each of these journeys was
followed by long periods (> 1 month) stopped at port. Tankers had the highest average number of
extended journeys within a year (mean = 3.3, n = 6, range = 2-6), and cargo vessels the lowest (mean
=1.8,n =9, range = 1-3), further data summaries shown in Appendix 1. Extended periods of inactivity
were dominated by fishing and pleasure vessels (Figure 2), with some individuals of these vessel types
inactive for > 4 months. Offshore survey vessels and cargo freighters likewise stayed stationary for
multiple weeks. Mean stationary time at port ranged from 71.4 hours (n = 354, range = 1-3675 hours)
for fishing boats, to 1.36 hours (n = 215, range = 1-4 hours) for tenders. Total port stops during
extended journeys were highest for the passenger vessels (Figure 2), which had a mean average of
57.5 stops (n = 102, range = 1-198), and lowest for the bulk carrier with a mean average of 1 stop (n

=2).

Vessels were present throughout the year. However, vessels start arriving inshore in abundance from
October (Figure 2), corresponding to the tourist season and changes in animal activity (e.g. the arrival
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of penguins), reduced ice cover, and increased daylight. November was the peak period with a mean
average of 126 unique visits over the two years, and mean visits each month afterwards ranged from
90 to 56 per month until April. Low activity season ranges from April to September and was at a

minimum in May/June with 2-3 unique visits per month.
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Figure 2. Figure shows violin plots of (A) the total stop time, and (B) number of separate locations
stopped in during a continuous extended trip (before a rest of period of >1 month) for all vessel types.
Overlaid (grey/red) points show data for 2017-2018 or 2018-2019, blue boxes detail mean + SE. C & D
show bar plots of the total number of vessels active around SGSSI and their total Wetted Surface Area
(WSA) for all vessel types. (E) shows frequency of all vessel activity over the course of the year. All
panels averaged across 2 years 2017-2019, for all vessels within the area of interest, centred around
the Scotia Sea ecoregion. Error bars detail mean + SE.
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Breaking this activity down into vessel type, passenger vessels were most abundant (followed by
pleasure yachts), and generally occurred October to March during the warmer Summer / Autumn
months. Fishing vessels, while less numerous, occurred throughout the year (except summer).
Similarly, research vessels occurred in all months except Spring. Tankers and cargo vessels were highly

seasonal, occurring only in Spring during the analysis period (Figure 3).
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Figure 3. Figure details mean abundance of all vessel types present within SGSSI throughout the year.
Data averaged for all vessels across 2 years (2017-2019). Error bars detail mean + SE

Locations

Vessels ranged in their origin from across 29 countries / territories, with South Georgia counted

separately from the South Sandwich Islands (Figure 4). The majority of journeys into South Georgia
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293  started in the Falkland Islands and the Antarctic Peninsula. For the majority of vessels, the first
294  observation in our data (i.e. their initial known port or anchorage in their unique journey according to
295  AIS transmission or records) was in South Georgia itself. It is important to note here however that all
296  these vessels (aside from the pilot vessels) do typically leave South Georgia waters and return to the
297 region at least once annually. All vessels do therefore pose a threat of introducing new species to the
298 region and dispersing them locally or regionally. Other vessels (ranging from individual vessels to > 60
299 from a single country), came from a range of locations across Europe, Africa, the Pacific, Asia, central
300 and South America, and the Arctic, primarily from South America. Most vessels entering directly into
301  South Georgia (i.e. based on location of the last port of call before South Georgia) were from the
302 Falkland Islands. This was followed by boats moving around from location to location within South

303  Georgia, as well as vessels from within the local Scotia Arc region, Patagonia and the Antarctic.
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Figure 4. Countries of origin and number of vessels entering the South Georgia and South Sandwich
Islands during the period 2017-2019. Within all panels, larger node (orange circles) size and edge
(grey/orange lines) thickness indicates higher vessel frequency, based on known movements,
averaged over 2 years. Analysis includes a total of 28 countries of origin (inclusive of the shared
Antarctic Peninsula region). Top panel centre node (highlighted with a yellow ring) is King Edward
Point, South Georgia. Bottom panels show idealised direct routes from port to port for each vessel
within the analysis.

An additional network analysis was used to identify the top ten locations for vessel activity within

SGSSI over the study period (Figure 5). King Edward Point (KEP) / King Edward Cove was busiest and
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had the greatest links, followed by Bay of Isles, Gold Harbour, St Andrews Bay, and Stromness Bay.
The site with the greatest number of links to it was, as expected, KEP with 40 linked mooring sites /
ports, followed by Gold Harbour with 23. KEP has a large number of separate visits throughout the
year, by all ship types, and with these vessels averaging 10 hours stationary (up to a maximum of 159
hrs within the study period). It therefore has a high WSA of hulls from diverse origins in the water over

a relatively prolonged period.

The site with most outward links was again KEP with 20 linked sites, followed by Bay of Isles with 14.
The sites with the greatest number of initial entry / first port-of-call stops into South Georgia from
other countries across the region were primarily KEP, Gold Harbour, St Andrews Bay, Cooper Bay, Bay

of Isles, and Stromness Bay.
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Figure 5. Figure shows: (A) Network analysis of local vessel routes, route frequency (edges) in grey and
abundance of vessels (nodes) in orange at each local anchoring location within South Georgia (central
orange node with yellow ring indicates King Edward Point). Data averaged across 2 years from 2017-
2019; (B) Number of immediately connected port locations in and out of the 10 busiest South Georgia
locations, and vessel activity at each of these 10 locations. within South Georgia.
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Vessel behaviour and specification factors

Passenger vessels were highlighted as having the highest overall threat level of the vessel types
entering South Georgia (Table 2, Appendix 1). This was due to having the largest average number (26,
Cl =25.9-26.1) of vessels annually entering SSGGI waters, all with relatively high WSA, resulting in the
largest cumulative WSA annually (51259 m?2, Cl = 50997-51522) by a large margin. Passenger vessels
also had the highest average number of stops in different locations during their voyages (57.5, Cl =
44.8-70.2), were typically active 7 months of the year and crossed international waters an average of
35 (ClI = 32.1-37.9) times between 12 different countries or territories. Passenger vessels were
followed by fishing vessels, offshore survey vessels, and yachts. These were all again characterised by
large vessel numbers of intermediate size, crossing between multiple countries or territories on
extended journeys throughout most of the year. Tankers, pilot, and cargo vessels were of medium
threat (Tankers and cargo vessels being very large, crossing multiple countries, and stopping for
extended periods). Bulk carriers were low threat due to their low occurrence within SGSSI waters.
Tenders were also a medium threat, but these are strongly linked to a variety of ‘mother ship’ vessel
types. King Edward Point was the port around South Georgia with the highest likelihood of
introductions across all factors. Ports with a medium likelihood of introductions were Bay of isles, Gold
Harbour, St Andrews Bay and Stromness Bay (each with broadly equal likelihood across the six factors

evaluated).
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Table 2. Heat range map (red = highest, white = lowest) of annual mean vessel movement, and design characteristics associated with introduction of non-
native species within South Georgia. Analysis is split by vessel type. All values are based on AlS data assessed over the period 2017-2019.

Bulk Cargo Fishing Offshore Passenger Pilot Pleasure (Yachts) Tanker Tender
Annual values by vessel type Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
(4.1- (19.3- (9.8 (25.9- (10.2- (2.4- (24.8-
Vi | H -1 o b 1 2 2-2 K
essel number 05 (0-1) 45 4.9) 19:5 19.7) 0 10.2) 26.1) (2-2) 105 10.8) 3 3.6) 25.2)
Cumulative WSA (m’ 3429 (o 15678 (123921 gp0gy (20767 515y (20908 (50997- a7 (28-65)! 2126 (2085-4 1c17a 19968 248 (248-
umulative WSA (m?) 6858) 15964) 27401) 21397) 51522) 2208) 20379) 248)
1
. (1.3- ! (0.8- (1.8-
Number of extended 'journeys' 2 (0-4) 1.8 2.2) 23 (2-2.7) 1.9 (1.6—2.2): 2 (1.9-2) 25 4.2) 23 (2-2.7) (1.6-5) 2 2.1)
. ! . .
Number of stops during extended (6.2- (44.8- (10.9- (3.9-
journey’ 1 (1-1) 13.6 209) 114 (6-16.8) 29.4 (16.8-42) 70.2) 2.8 (1-4.6) 20.6 302) 8.6 13.3) 25 (2-3)
Stop time at port (hours) - within ag (1.5- et (31.8- (45- o (15.5- i n (3.9- BE (3.3- w5 (12.7- 246 (17.3- o (1.3-
study area ) 11.5) : 58.5) 97.7) ' 23.2) i 4.2) i 27.2) : 26.8) . 32) - 1.5)
1
Total number of 'countries of origin' 1 (1-1) 7 (6-8) 12 (9-15) 12 (10-14) i 11 (4-18) 5 (5-5) 11 (8-14) 8 (7-9) (10-18)
1
. i (2.1- (32.1- (-0.8- (5.6- (0.2-
Number of trans-national trips 0 (0-0) 5.7 (0.3-11) 3.2 4.2) 10.5 (6-15) 37.9) 0.8 23) 7.9 10.2) 2.7 5.1) 1.5 (0.9-2)
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Species of concern

There are currently 12 identified likely invasive species of concern for South Georgia, and 11 for the
neighbouring Falkland Islands, based on a Horizon Scanning’ workshop conducted in 2018 with
regional experts (Roy et al. 2019), incorporated within Table 3. The marine species identified are
primarily composed of fully marine invertebrate filter-feeders / omnivores, along with two types of
algae and one saltmarsh grass (Spartina spp. excluded from this study as not spread via hull
biofouling). Species’ native ranges (original point of origin) are from across both the North and South
Atlantic, Mediterranean, West Pacific, and sub-Antarctic regions (Roy et al. 2019; Hughes et al. 2020).
All species are primarily epibenthic when adult, and are typically annual breeders with an extended
larval phase, and high fecundity, originating from high Boreal/Austral or temperate marine
environments. Many also demonstrate a tolerance to surviving a broad range of temperature and
salinity levels (although less is known of their sustained reproductive capacity across these conditions).
It is important to note that none of these species have yet been recorded in SGSSI and so there is a
large amount of uncertainty regarding their real-world survival and reproduction potential, and
pivotally, whether other species, not considered here, will arrive first (e.g. Mrwowicki and Brodie,

2023).
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Table 3. Invasive Non-Native Species with high likelihood of arrival, establishment and impacts within the Falkland Islands and South Georgia & South Sandwich
Islands. Temperatures and salinity levels based on recorded or projected species survival, rather than upper and lower reproductive / developmental
thresholds (as data is limited). ™ Details including most likely potential pathways of arrival and the list is ranked by potential to arrive, establish, and pose a

threat through biodiversity and/or economic impacts, based on (Roy et al 2019). Primary routes of transport also shown. * Mytilus chilensis based on close
relative Mytilus edulis due to limited species-specific knowledge. Traits amalgamated from Degen & Faulwetter (2019), https://invasions.si.edu/nemesis,
https://www.marlin.ac.uk/, and https://www.sealifebase.se/.

modestus

Priority threat + | Depth range Substrate  Non-larval B Maximum  Temp Salinity . )
. ) . Life Span . . Larval pelagic Potenital
Species (ranked) Common name (m) / Max Feeding method (Soft /Hard mobility planktonic  range range Reproduction
) . (years) N development Routes
SGSSI FI known depth / Biological) type phase (days) (°C) (PSU)
il Up to 24 -1.8t
Mytilus chilensis* Chilean mussel O O <20 Filter / suspension S/H/B sessile / p ° 180 ° 10to3s Sexual (ext) Planktotrophic Hull
Crawler  (typically <3) 29
il Upto 24 1.8t
Mytilus edulis Blue mussel O O <20 Filter / suspension S/H/B sessile / p ° 180 °  10to3s Sexual (ext) Planktotrophic Hull
Crawler  (typically <3) 29
Sexual (ext) / .
L o . . " X Gametophytic
Undaria pinnatifida  Asian kelp O 5to 25 Photosynthetic H/B Sessile 1 14 0to27 20to37  sporogenesis / lankton Hull
vegetative P
Active suspension
Botryllus schlosseri ~ Colonial ascidian O O <200 feeer H/B Sessile <1 2 -1t0o30 14to44 Sexual (ext) Lecithotrophic Hull
E h Predat Crawl Hull
Carcinus maenas uropean shore O O <60 redator / S/H/B rawler / 3to5 90 -1to35 1.4to54 Sexual (int) Planktotrophic ull/
crab Scavenger Walker Ballast
Mytilus Mediterranean sessile
" L I O O <20 Filter / suspension S/H/B ile / <2 40 3to25 10to38 Sexual (ext) Planktotrophic Hull
galloprovincialis mussel Crawler
European sea Asexul / Sexual
Ascidiella aspersa squirFt) O O <20 Filter / suspension H/B Sessile <2 <2 3t026 12to40 (e/xt) Lecithotrophic Hull
Amphibalanus . . . N . .
amphitrite Striped barnacle O <20 Filter / suspension H/B Sessile 1to5 17 1.5t040 10to52 Sex brooding Planktotrophic Hull
Sexual (int) /
Balanus glandula Barnacle O <20 Filter / suspension H Sessile 7 to 10 28 -2to35 14to 70+ broadcast Planktotrophic Hull
spawner
Sexual (ext) /
Codil il G fi - G tophyti
oaium fm‘?’ € reen sea fingers O O <20 Photosynthetic H/B Sessile 1 - -2to30 12to42  sporogenesis / ametopnytic Hull
subsp. Fragile algae . plankton
vegetative
Ciona intestinalis Yellow sea squirt O <1000 Filter / suspension H/B Sessile 2to5 7 0to27 12to40 Sexual (ext) Lecithotrophic Hull
Halicarcinus Crawler / Other /
Decapod O <270 Deposit feeder S/H/B <2 80 2to17 5 to 60 Sex brooding Planktotrophic  Ballast /
planatus Walker
Hull
o . . N Asexual / Sex . .
Bugula neritina Ruby bryozoan O <320 Filter / suspension H/B Sessile <2 <1 4t030 18to40 brooding Lecithotrophic Hull
Austromininus
“ fnind Darwin's barnacle O <20 Filter / suspension H/B Sessile <2 40 4t021 14to47 Sexual (int) Planktotrophic  Hull / Other
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DISCUSSION

Hull biofouling is a major issue for both the maritime industry and environmental managers, as it
increases ship drag and corrosion while also acting as a direct vector for dispersal of non-native marine
species (Davidson et al., 2016). Dispersal of non-native species via this vector is known to be relatively
high as organisms can last long periods attached to hulls and often have time to develop in warmer
waters before the journey South (Hughes and Ashton, 2017; Lewis et al., 2003). While modern anti-
fouling coatings can reduce the likelihood of attachment considerably, a number of species are still
potentially able to persist, particularly in protected niche areas such as shafts and sea chests, on any
uncoated surfaces, and on vessels that are not regularly maintained (Davidson et al., 2016; Frey et al.,
2014; Lee & Chown, 2007). A range of other factors can influence survivorship of attached
communities, including vessel movement behaviour and environmental conditions, as well as hull
surface scour from turbulence of fast-moving vessels (Coutts et al., 2010; Lewis et al., 2003) and scour
from ice (Hughes and Ashton, 2017; Lee & Chown, 2009; Lewis et al., 2003). Historically these factors
such as sea temperature and ice cover have likely shielded SGSSI. However, there have been
recordings of species surviving despite such scour, primarily where they are positioned on hard-to-
reach niche areas that are protected from such effects, or if ice cover and/or thickness has receded,
as it has around the Antarctic and sub-Antarctic region (Chown et al., 2012; Coutts et al., 2010; Hughes

and Ashton, 2017; Stammerjohn et al., 2012).

Our analysis highlighted passenger vessels, fishing vessels, offshore survey vessels, and pleasure
yachts as highest priority threats for the potential introduction of marine non-native species, relative
to other vessel types in this analysis (Table 2). These vessels are all relatively numerous, of a mid to
large size (high WSA), were active throughout most of the year, and all stop at multiple ports whilst
frequently crossing international waters. Vessels also typically originate from a range of international
ports, predominantly within the Scotia Sea and Magellanic ecoregions (namely within areas holding

species acclimatised to similar environmental conditions).
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Length of time sitting stationary in port before extended voyages is a key factor governing biofouling
accumulation and establishment. The scour, cavitation, and turbulence from frequent fast movement
will reduce the likelihood of both initial hull settlement and survival once settled (Coutts et al. 2010).
Vessels which have prolonged stationary periods followed by multiple occasional journeys to a
number of locations, such as yachts and fishing vessels are therefore more likely to introduce

biofouling species (McCarthy et al., 2019; Williams et al., 2013).

In this context, the likelihood of introductions from hull biofouling is broadly equal across commercial
and recreational vessels (Williams et al., 2013). However, some individual vessels will have greater
funds available to conduct maintenance on a periodic schedule, or will be incentivised through
improved aesthetic appearance for customers and efficiency of travel (Davidson et al., 2016). The
trade-off between the streamlining benefits to the hull through regular maintenance and the cost of
such maintenance to owners, will likely be the primary decision governing current levels of biofouling
on each vessel in the absence of specific regulation. Furthermore, niche areas (i.e. inaccessible parts
of a vessel's underwater surface more susceptible to biofouling, such as sea chests, propellers etc.) on
all vessels tend to accumulate and protect species, and are often missed in basic cleaning (Davidson
et al. 2016). Internal seawater systems (here considered distinct from, though connected to, sea
chests) can also house high densities of marine non-native species but can be difficult and expensive
to monitor and clean and are therefore often neglected (Davidson et. al. 2021). This makes them

another under-researched potential route for spread of species.

The majority of vessels in this analysis came to South Georgia via intermediate stops in nearby regional
locations such as South America. The likelihood of introductions from areas such as Europe or Asia is
therefore considered lower. This is also due to extended travel time and varying environmental
conditions from these farther away locations. However, they cannot be discounted entirely as some
indirect routes may play an important role in spreading marine non-native species (Saebi et al., 2020).

Furthermore, some vessels identified in the Area of Interest showed their last ports of call at locations
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across the globe. These vessels visited SGSSI frequently or annually and typically stayed anchored for

long periods at ports and inshore areas so may still be important vectors.

Within South Georgia itself, the location with the highest likelihood of introductions was King Edward
Point (KEP). KEP is the territory’s administrative centre, and port at which vessels are required to call
to complete Customs clearance for SGSSI waters). However, stationary vessels were clustered in seven
distinct locations around the wider Cumberland Bay area adjoining KEP, primarily at Grytviken, east of
King Edward Point, and north of the Greene Peninsula. KEP was also identified as an important
dispersion hub to other ports for any potential non-native species as all vessels visiting South Georgia,
or fishing within its waters must call at KEP at some point in their visit. Mandatory customs visit
compliance here is currently considered to be 100%. However, vessels transiting through SGSSI waters
don’t need to report to KEP, but must stay outside the territory’s 12 nm limit, and therefore present

lower threat.

The busy anchorages of the Bay of Isles, Gold Harbour, St Andrews Bay and Stromness Bay, which have
a number of route connections to other ports, will be important locations to monitor over time to
assess whether introductions have occurred, and to alert management authorities to stop further
spread. Importantly, the initial inshore anchorage within South Georgia made by new vessels is not
always at the mandatory stop of KEP, particularly for Pleasure yachts and passenger cruise ships. Other
locations around the island are also being frequently used as initial entry stops prior to arrival at KEP.
Initial introduction to any of these identified priority locations is likely to lead to rapid spread to other

locations due to their being hubs of vessel movement around the island.

Existing regional knowledge and legislation

The initial non-native species management prioritisation work completed by Roy et al. (2019) adapted

in
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Table 3, highlighted the likeliest novel (terrestrial and marine) species arrivals into SGSSI using the
existing limited knowledge for the territory. These species are considered through expert opinion to
be most likely to arrive, establish and impact the territory. Following the work, the Government of
SGSSI implemented a new ‘Biosecurity Audit’ system over the 2018/19 season to check biosecurity
procedures of visiting vessels, aiming to help facilitate effective biosecurity checks before arrival to
SGSSI. Subsequently the Non-Native Species Secretariat also identified remaining gaps here and in the
wider UKOTs (Key and Moore, 2019), and made recommendations for strengthening the biosecurity
systems of each territory (Government of South Georgia & the South Sandwich Islands, 2019; Key,
2018). However, while terrestrial invasive species mitigation and ballast exchange protocols are in
place, there is no similar current mitigation for reducing the risk of marine introductions from the hulls

or internal seawater systems of visiting vessels. This should therefore be a management priority.

As discussed, the likelihood of introduction (propagule pressure) and dispersal potential of the
prioritised species likeliest to arrive, and other non-native species associated with vessel biofouling,
are governed by a range of factors such as condition and frequency of maintenance of the vessel, and
direction of travel (Lewis et al., 2003; Sylvester et al., 2011). In response to the risks posed by vessel
biofouling, the International Maritime Organisation (IMO) have created broad internationally-relevant
guidelines for the control and management of ship biofouling to minimise invasive species
introductions and spread (International Maritime Organisation, 2011). These guidelines are further
supported at the regional level by the IMO Polar code (International Maritime Organisation, 2017).
However, this guidance does not currently require mandatory cleaning before entry to the Antarctic
region (including SGSSI). The guidelines currently only recommend creation of a biofouling
management plan, keeping a record book, and installation and maintenance of anti-fouling systems.
Along with regular in-water inspection, cleaning, and maintenance of ship hulls and submerged
surfaces / systems (International Maritime Organisation, 2011). There are also separate guidelines for
smaller recreational vessels < 24 m in length (International Maritime Organisation, 2012). This leaves

broad scope for improvement of these regulations.
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Management recommendations & future research

This analysis looks purely at the movement, behaviour and hull specifications of vessels normally
entering SGSSI waters. Threat assessments from this data are therefore based on a scenario where
hull condition and maintenance are considered poor enough to facilitate the introduction of non-
native species. It is however likely that some individual or general vessel types are typically in better
or worse condition than others. This factor will therefore strongly weigh the threat towards those
vessels which have poor maintenance, even if their behaviour is considered relatively less likely to
introduce non-native species. Similarly, coastal locations which receive more of these poorly
maintained vessels will be under greater threat than those receiving vessels with regular cleaning or
re-antifouling schedules. Assessment of actual levels of compliance, maintenance and condition for

each vessel type known to enter the region is therefore essential.

Relatively little is known about the full diversity of existing native species found around the SGSSI
archipelago and their natural extent (Barnes et al., 2006; Brewin and Brickle, 2010; Convey and Peck,
2019; Glon et al., 2020; Hogg et al., 2011). This baseline data is essential to highlight new non-native
species and predict their effect on the native systems. A key next step will therefore be to better
characterise the native baseline fauna and flora, allowing detection and monitoring of emergent non-
native species. This baseline knowledge regarding species and typical vessel conditions is key to
creating an effective comprehensive risk assessment, and to progressing efficient and successful
management. Williams et al. (2013) shows that reducing the risk from biofouling and ballast release
requires managing both large and small crafts, and from both commercial and recreational settings as
they broadly carry the same typical biofouling accumulation loads and percent of non-native species.
Assuming that smaller vessels are negligible risk, or that commercially managed boats are better
maintained would allow these unquantified pathways to remain hazardous (Williams et al., 2013;
Zabin et al., 2014). Instead, the majority of known established non-native species are associated with

multiple vectors (Williams et al., 2013), therefore the key to reducing future rates of non-native
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species introductions is to assess all vectors and risks simultaneously, creating a prioritisation
framework based on these multiple factors (Castro et al., 2021; Davidson et al., 2017; Williams et al.,

2013).

Prioritisation of management and conservation actions (Giakoumi et al., 2019; Hiscock et al., 2013),
as well as focussed attention on routes and sites most likely to be facilitating or receiving non-native
species introductions (McGeoch et al., 2016), will be an essential management step due to the limited
resources available and increasing activity across the region. This process will likely require decision-
analysis to play-off multiple options, costs, practicality etc. until more data is known for vessel
conditions and species presence (Esmail & Geneletti, 2018; Booy et al., 2017). For instance, vessels
travelling from local — intermediate distances tend to have the highest likelihood of introduction
success (Seebens et al., 2013), and vessels from similar environments are more likely to carry
organisms that survive transit and establish once arrived (Holland et al., 2021; Keller et al., 2011).
Within this analysis’ context, ‘local’ areas (i.e. ~2-4000 km distance), would include Argentina, Chile,
Uruguay, Brazil, South Africa. ‘Intermediate’ areas (i.e. ~¥8-10000 km distance), which are most likely
to be source locations for non-native species, would be temperate African, Mediterranean and
Caribbean regions. The identified high-threat vessels in our analysis such as passenger vessels,
travelling from these local similar locations such as Patagonian South America and the Falkland Islands,
are a management and monitoring priority. International and cross-territory collaboration will

therefore be a key component of making such management decisions effective.

Little is currently known on any potential non-native’s species-specific physiological tolerances to
environmental changes (or ability to reproduce) either during transit to, or within the environmental
extremes found within SGSSI and the sub-Antarctic, e.g. (Convey and Peck, 2019; Davenport and
Macalister, 1996; Holland et al., 2021; Peck et al., 2014, 2004). These data will be a key next step in

order to identify riskiest ports of origin, based on species known or predicted to come from certain
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locations. And also to ascertain which species are able to survive both the journey and new

environment, and the consequences of their introduction to SGSSI biodiversity.

A recent study by Holland et al. (2021) suggests that likelihood of hull fouling species surviving in the
environmentally-similar shallow benthic habitats near Australia's East Antarctica locations, are
currently very low, but plausible. Four species (Asterias amurensis, Geukensia demissa, Hypnea
musciformis, and Undaria pinnatifida) of the 33 analysed, were identified as potential current threats,
and five species (adding Charybdis japonica) were identified as threats under future modelled climate
change (Holland et al. 2021). Holland et al. (2021) further noted that other invasive species, such as
Carcinus maenas (also identified as likely threats to SGSSI), have the ability to adapt to cold conditions
well below those experienced in its native range, and therefore future modelling predictions such as
theirs are likely to underestimate threat from highly plastic species. More broadly, improved
knowledge of species’ life-history characteristics (e.g. reproductive thermal tolerance, life span,
dispersal potential), is critical to our ability to better manage, predict, and mitigate their threat

(Costello et al. 2015).

Looking to the future within a rapidly changing environment, we also need to be able to project future
environmental conditions in the territories over the short to mid-term, to assess which new species
are likely to become threats from vessel introductions. This future research would need to include the
fundamental niches and potential distribution of both: 1) known regional species extending their
range to SGSSI; and 2) non-native species (i.e. within the Scotia Arc, Antarctica, South America, and

South Africa), in order to determine likelihood of natural introductions as conditions change.

Biosecurity monitoring

Beyond predictions, the ability to rapidly detect and identify any new arrivals is essential for

appropriate threat mitigation. Key monitoring locations identified in this vessel movement analysis
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can help to flag such new species arriving, which have not currently been identified as risks. In practice,
this may initially take the form of species settlement plates at these sites to identify non-native
species. Similarly, characterising which vessels are arriving from global connected ports with similar
environmental envelopes to SGSSI will highlight likely origins of future introduction and management
priorities (Keller et al., 2011). Establishing monitoring protocols in these nearby higher-traffic ports
such as Port Stanley (Falkland Islands) and Ushuaia (Argentina) will act as a buffer to future threats.
Inspection of under-researched ‘niche areas’, internal seawater systems, ballast water, and logbook
history to identify typical levels of maintenance for this region is also important. This will allow
managers to assess general compliance, effectiveness of procedures, and level of overall introduction

likelihood from each vessel type, as well as check for any new species.

Overall, monitoring at the identified connected ports with highest level of threat would likely come in
the form of focussed vessel inspection based on identified threat characteristics, assessment of
biofouling & ballast water management documentation, and diver-based / Remotely Operated Vehicle
(ROV) surveys of hulls and niche areas (Zabin et al., 2018). Such monitoring and pre-emptive actions
have been used to good effect in countries such as New Zealand and Hawaii etc. where risks from
marine introductions are broadly similar (Zabin et al., 2018; Georgiades et al., 2020). However, it
should be noted that in SGSSI itself, this kind of monitoring outside of KEP would be complex and

logistically difficult to achieve.

Study limitations

The factors used in this analysis were chosen based on existing knowledge of vessel activity behaviour
and ship design that is considered to increase the likelihood of introducing non-native marine species
to an environment. However, a range of additional factors exist, such as the environmental conditions
at the origin and destination ports and individual species’ physiological tolerances etc. These

additional factors were outside this analysis but will of course affect the overall likelihood of non-
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native species initial arrival and establishment now and as environmental conditions change (Davidson

et al., 2017; Hughes et al., 2020).

Smaller-sized yachts (pleasure vessels) active within our study region are not required to transmit AlS,
and are therefore missed from the overall assessment. The threat associated with yachts (pleasure
vessels) will therefore likely be higher. Similarly, AIS signals can be deliberately switched on and off,
or put into ‘receive mode’, e.g. by patrol vessels, tenders, port pilot vessels, or illegal operators, or can
be unintentionally lost through adverse conditions interfering with the GPS etc. These intermittent or
lost signals, while rare, can cause analysis gaps or confusing analysis outputs. Some smaller yachts do
not use AIS at all, causing gaps in our knowledge of their full movement and behaviour, which can only
be supplemented by (more simplified) port records. Vessel AlS attributes also have the potential to
change through time (i.e. vessel name and vessel type designations), or be incorrectly entered into

the AlS database, meaning that these data must be treated with caution, and a degree of scepticism.

Finally, the vessels in this analysis are assumed to comply with international ballast water exchange

regulations, however there is scope for emergency release, or non-compliance from some vessels.

Summary and recommendations

Initial management actions to mitigate the threat of non-native species could include introducing
marine biosecurity measures as conditions of entry on fishing licences and visit permits for vessels
entering SGSSI. Options applied would depend on feasibility locally, however measures might include
a pre-arrival inspection at a gateway port, or a requirement for the first port-of-call on entering the
SGSSI Maritime Zone to be KEP, if vessels are stopping inshore. This would allow vessel hull, internal
seawater systems, and ballast-system state to be assessed. This would further limit any potential
spread to one location (KEP), and would allow quarantine if needed (Hewitt and Campbell, 2007).

Additional standards could be introduced to lower the likelihood of established biofouling
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communities arriving (Davidson et al., 2016). This might require hull cleaning to have been conducted
within a set time-period, or random inspections on high-threat vessels before entry to inshore waters.
This will be for the government of SGSSI to decide on details, however they may wish to follow similar
voluntary or mandatory best-practice guidelines from other nearby or similar countries such as Chile,
New Zealand and Australia (see GEF-UNDP-IMO, 2022 for a summary of guidelines). Australia for
instance has relatively strict rules requiring vessels to have been cleaned of all biofouling within 30
days of arriving (DAWE, 2022). This also includes an active biofouling management plan and record
book, and regular antifouling renewal schedule. Hull cleaning could more broadly be specified to a set
international standard, protocol, or certification (when developed), and evidenced in logbooks as per

current IMO ballast rules.

Mandatory customs check questions could be relatively easily expanded to include the records of each
boat’s history regarding last cleaning, antifouling application, recent activities and detailed trip
locations within SGSSI (rather than just the current previous and next port of call requirement). This
would further allow pre-border risk assessment to be conducted. Similarly, while the likelihood of
introducing non-native species is relatively low for tenders, new rules may request tender hulls to

have been cleaned when stowed before initially entering SGSSI inshore waters.

Optimally, these requirements would eventually meet an internationally accepted biosecurity
compliance standard, regardless of flag state. These standards may potentially follow existing practice
in similar archipelagos such as New Zealand, Hawaii or the Galapagos, adapting where necessary to
mitigate local threats (see Georgiades et al., 2020 & GEF-UNDP-IMO, 2022 for further details on
national, international, and regional biofouling regulation and management practices). Standards
would need to be comprehensive to cover the risks associated with South Georgia and beyond (i.e. a
regional collaborative management approach), and be feasible for enforcement before entering
inshore waters. One potential option for government enforcement would then be to state mandatory

compliance and enhanced procedures such as regular hull cleaning within regional agreements such
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as the IMO / Polar code biofouling guidelines (IMO, 2017), before entry to SGSSI waters. This would
allow pre-emptive risk reduction and improve data for future management or additional tougher

interventions.

Longer-term, monitoring and assessment efforts of vessels and benthos in key locations (with a
priority for long-term monitoring at KEP), would begin to allow detection of any existing occurrence
of identified high-risk species and establish benthic baselines. If funding is available there would also
be regular site-prioritised monitoring of identified berths and seabed anchorages in the ports with the
next highest likelihood of receiving non-native species. Periodic assessment of the state of the hull
from randomly chosen vessels could be beneficial, prioritising high-threat vessels. In addition to hull
checks, the current ‘port visit reports’ could require greater detail on all stops taken rather than only

the previous and final destinations currently required.

All such management will require cross-territory and regional collaboration to ensure that particularly
high-threat vessels are frequently monitored and assessed for biofouling extent before they enter into
the region (McCarthy et al., 2022; McDonald et al., 2020). If vessels were therefore required to submit
biofouling management plans to authorities in SGSSI as well as key regional ports, e.g. Ushuaia and
Port Stanley, high-threat vessels could be identified well in advance of their arrival in SGSSI. Further,
stronger biosecurity across nations in South America and the South Atlantic would encourage greater
adoption of and compliance regarding biosecurity. In all cases, pre-emptive measures, which are
prioritised based on risk and initiated before arrival, are the key to limiting the likelihood of spread
and establishment of non-native species in this highly sensitive environment (Dawson et al., 2022;
Booy et al., 2017; Hogg et al., 2011). These islands’ high biodiversity, endemicity, and position as a key
transport gateway into the Antarctic wilderness region make it a management priority (McCarthy et

al., 2019).
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APPENDICES

Appendix 1. Summary of vessel movement and specification characteristics for vessel mean and total values assessed using AlS tracking data over 2 years,

July 2017-2019. All data for vessels moving within the inshore waters of South Georgia and the South Sandwich Islands, for the 10 busiest SGSSI ports /

anchorages.

Mean annual values by location Bay of Isles Gold Harbour St Andrews Bay Stromness Bay  Fortuna Bay Cooper Bay Godthul Ocean Harbour Jason Harbour

Total number of vessel visits 55 48 46 43 37 23 21 15 15
Overall WSA within port (m?) 82905 71570 67555 62758 53910 32081 26302 14431 20819
Mean stop period at anchor (hours) 4 4 4 4 3 3 4 4 3
Number of identified links to port 22 23 19 18 18 11 12 9 11
Number of identified links from port 14 11 13 13 10 7 9 8 10
Number of vessel types using port 4 4 4 3 4 3 4
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