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A B S T R A C T   

Marine pollution is becoming ubiquitous in the environment. Observations of pollution on beaches, in the coastal 
ocean, and in organisms in the Antarctic are becoming distressingly common. Increasing human activity, 
growing tourism, and an expanding krill fishing industry along the West Antarctic Peninsula all represent po-
tential sources of plastic pollution and other debris (collectively referred to as debris) to the region. However, the 
sources of these pollutants from point (pollutants released from discrete sources) versus non-point (pollutants 
from a large area rather than a specific source) sources are poorly understood. We used buoyant simulated 
particles released in a high-resolution physical ocean model to quantify pollutant loads throughout the region. 
We considered non-point sources of debris from the Antarctic Circumpolar Current, Bellingshausen Sea, Weddell 
Sea, and point source pollution from human activities including tourism, research, and fishing. We also deter-
mined possible origins for observed debris based on data from the Southern Ocean Observing System and Palmer 
Long-Term Ecological Research program. Our results indicate that point source pollution released in the coastal 
Antarctic is more likely to serve as a source for observed debris than non-point sources, and that the dominant 
source of pollution is region-specific. Penguin colonies in the South Shetland and Elephant Islands had the 
greatest debris load from point sources whereas loads from non-point sources were greatest around the south-
ernmost colonies. Penguin colonies at Cornwallis Island and Fort Point were exposed to the highest theoretical 
debris loads. While these results do not include physical processes such as windage and Stokes Drift that are 
known to impact debris distributions and transport in the coastal ocean, these results provide critical insights to 
building an effective stratified sampling and monitoring effort to better understand debris distributions, con-
centrations, and origins throughout the West Antarctic Peninsula.   

1. Introduction 

Marine pollution has been observed throughout the ocean (Barnes 
et al., 2010, 2009; Chiba et al., 2018; Coyle et al., 2020; Jambeck et al., 
2015; Thompson et al., 2004; Van Cauwenberghe et al., 2013) and 
comes in many forms, including glass, metal, wood, and paper (Iñiguez 
et al., 2016). Plastic is the most abundant type of marine debris by far 
due to its long degradation time (Barnes et al., 2009) and can therefore 
persist and accumulate in the environment for decades (Katsanevakis, 
2008). 

Wildlife can be impacted by debris in a variety of ways. Half of 

seabird and marine mammal species and 100% of sea turtle species have 
been affected by ingesting debris, mostly plastic items (Kühn et al., 
2015). In seabirds, ingestion risk has been linked to foraging behavior 
and diet (Roman et al., 2019a) and increases the likelihood of mortality 
(Roman et al., 2019b). Entanglement in items such as fishing gear and 
lines is commonly observed in seabirds (Costa et al., 2020; Kuepfer and 
Stanworth, 2023; Ryan, 2018) and is a well-known cause of mortality in 
whales (Baulch and Perry, 2014). While most documented impacts of 
debris on marine life come from plastic pollution, it is important to note 
that non-plastic debris, such as metal, glass, and wood macro and 
micropollutants can also impact wildlife (Rochman et al., 2016). 

☆ This paper has been recommended for acceptance by Maria Cristina Fossi. 
* Corresponding author. Institute for Advanced Computational Sciences, Stony Brook University, 100 Nicols Road, Stony Brook, NY, 11794, USA. 

E-mail address: Katherine.L.Hudson@stonybrook.edu (K.L. Gallagher).  

Contents lists available at ScienceDirect 

Environmental Pollution 
journal homepage: www.elsevier.com/locate/envpol 

https://doi.org/10.1016/j.envpol.2024.123714 
Received 4 December 2023; Received in revised form 13 February 2024; Accepted 3 March 2024   

mailto:Katherine.L.Hudson@stonybrook.edu
www.sciencedirect.com/science/journal/02697491
https://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2024.123714
https://doi.org/10.1016/j.envpol.2024.123714


Environmental Pollution 347 (2024) 123714

2

Debris are observed worldwide and observations are increasing in 
remote locations, such as Antarctica (Barnes et al., 2010; Ivar do Sul 
et al., 2011; Lacerda et al., 2019; Rota et al., 2022; Waller et al., 2017). 
Potential sources of debris, however, are poorly understood because 
most data come from opportunistic observations of beached debris and 
systematic surveys of debris both on coastlines and in the ocean envi-
ronment are rare (Convey et al., 2002; Otley and Ingham, 2003; Waller 
et al., 2017; Waluda et al., 2020). Entanglements have been observed in 
Antarctic wildlife, including in pinnipeds (Bonner and McCann, 1982; 
Croxall et al., 1990; Waluda and Staniland, 2013), whales (Pallin et al., 
2023), and penguins (Kuepfer and Stanworth, 2023; Otley and Ingham, 
2003; Trathan et al., 2015). Therefore, a better understanding of debris 
sources and movements are a critical first step to understanding the 
impacts of debris on the Antarctic ecosystem. 

Passive Lagrangian particle simulations across the Southern Ocean 
have previously illustrated that the Antarctic Circumpolar Current 
(ACC) serves as an important source and transport mechanism for debris 
observed in the WAP (Lacerda et al., 2019). The Bellingshausen and 
Weddell Seas may also serve as potential debris sources for the WAP 
(Lacerda et al., 2019). These regions may serve as critical sources of 
diffuse, or non-point, pollution, concentrating debris released elsewhere 
and transporting them to the WAP through the Antarctic Slope Current, 
the southern boundary of the ACC, and the Antarctic Coastal Current 
(CC) (Dawson et al., 2023). In addition, human activity from tourism, a 
growing krill fishing industry, and research bases could serve as major 
point sources for marine pollution (Convey et al., 2002; Gallagher et al., 
2024; Otley and Ingham, 2003). These activities provide many oppor-
tunities for debris to go overboard through accidental release or loss of 
equipment (Ivar do Sul et al., 2011). To mitigate pollution in the Ant-
arctic, we must identify potential sources and pathways for released 
debris on fine spatial scales. 

Here, we use a high-resolution physical ocean model and debris 
observations to determine possible sources and sinks for buoyant debris 
along the WAP during the austral summer. We examined four sources for 
debris: 1) non-point source pollution from the ACC, coastal Belling-
shausen Sea, and Weddell Sea; and point source pollution from human 
activities, including, 2) tourism, 3) krill fishing, and 4) research bases. 
We used simulated buoyant particles to represent debris and determined 
theoretical origins for observed debris. We hypothesize that debris 
observed along the coast of the Peninsula will originate from point 
sources on the continental shelf. This would suggest that pollution 
originates from human activity on the WAP and is then advected 
throughout the coastal region, as opposed to being sourced from activity 
outside the region accumulated elsewhere. 

To quantify the threats this pollution poses to the local ecosystem, we 
quantified theoretical debris loads near penguin colonies. We hypothe-
size that theoretical debris loads around colonies from point source 
pollution will be higher than loads from non-point source pollution. 
Data supporting these hypotheses would suggest that rather than being 
influenced primarily by debris released in other ocean systems, human 
activities along the Peninsula pose the greatest pollution threat to the 
local ecosystems. 

2. Methods 

2.1. Regional Ocean Modeling System 

We used the Regional Ocean Modeling System (ROMS) physical 
ocean model for our analysis. The extent of the model is illustrated in 
Fig. 1. This iteration of ROMS for the WAP is described in Graham et al. 
(2016) and Hudson et al. (2021), and has been used to quantify the role 
of wind in water mass transport (Dinniman et al., 2012), describe krill 
movement and retention (Gallagher et al., 2023; Hudson et al., 2022), 
and predict how pinniped habitats will change under future climate 
conditions (Hückstädt et al., 2020). Briefly, the model has a 1.5 km 
horizontal resolution and 24 terrain-following vertical layers. At this 

resolution, the model can resolve mesoscale eddies on the continental 
shelf (Graham et al., 2016). ROMS is externally forced by atmospheric 
forcing from the Antarctic Mesoscale Prediction System (AMPS; Powers 
et al., 2012) and tidal forcing from CATS2008 (Padman et al., 2002). 
Dynamic sea ice and interactions between floating ice shelves and the 
underlying waters are included (Budgell, 2005; Holland and Jenkins, 
1999). The boundaries of the model are open following Dinniman and 
Klinck (2004) and Dinniman et al. (2012) and temperature and salinity 
on these boundaries are controlled by monthly mean climatologies 
(Graham et al., 2016). 

We simulated four austral summers (November–March): 2008–2009, 
2009–2010, 2018–2019, and 2019–2020. Henceforth, we refer to each 
austral summer as a season, using the first year of the season to denote 
each year’s simulation. We applied a nodal correction to tidal forcing 
files to account for different years. The spatial resolution of the AMPS 
forcing used here was 15–20 km in the 2008 and 2009 seasons and 8 km 
for the 2018 and 2019 seasons because AMPS resolution improved over 
time. The model was initialized from initial temperature and salinity 
conditions and zero velocity and run for a seven year spin up period 
covering March 2006 through December 2012 (Graham et al., 2016). 
The final conditions from this simulation were used to initialize the 2008 
and 2018 season runs. These runs were extended to the following 
October to generate the initialization files for the following season. 

2.2. Modeling debris 

2.2.1. Simulated debris 
We modeled buoyant debris, henceforth referred to as simulated 

debris, using passive Lagrangian floats that are updated at every model 
time step (50 s) within the ROMS code. We programmed floats to stay in 
the surface layer, which varied in thickness due to the terrain-following 
layers. We did not include vertical advective or parameterized turbulent 

Fig. 1. Map of model domain including penguin colonies from the Mapping 
Application for Penguin Populations and Projected Dynamics (Che-Castaldo 
et al., 2023), and particle release regions for non-point, tourism, fishing, and 
research sources. Particle release densities for tourism sites are included in 
Table 1. Fishing and research locations used the 100% and 50% release den-
sities, respectively. Major islands and regions of the model domain are high-
lighted and include: Alexander Island (AI), Adelaide Island (AdI), Anvers Island 
(AvI), South Shetlands Islands (SSI), and Elephant Island (EI). 
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motions. Simulated debris that were advected under an ice shelf were 
excluded from analysis. We chose to simulate buoyant debris in this 
study, which for the most part are macrodebris, like water bottles and 
buoys, since the depth distribution of pollutants in the Antarctic (and 
elsewhere) is poorly understood. 

2.2.2. Debris release patterns 
Simulated debris were released in four patterns (Fig. 1). In the first 

pattern, simulated debris were released at 40 km resolution (Fig. 1) and 
are meant to represent debris that were released from other sectors of 
the Southern Ocean and transported to the WAP via the ACC, Belling-
shausen Sea, or Weddell Seas (Fig. 1). We refer to these as non-point 
source debris. 

The second release pattern represented point source pollution from 
tourism in the region. We used visitation data for sites by activity for the 
2021/2022 field season, which is believed to represent pre-COVID19 
pandemic visitation numbers (“Visitor Statistics Downloads,” 2023). 
We considered 208 visited sites within the model domain. Simulated 
debris were released within 50 km of identified sites at four different 
densities (Table 1), based on the number of visitors, following methods 
by Yu et al. (2018). When the 50 km buffer zones around tourist sites 
overlapped, we released more simulated debris (Fig. 1). 

The third and fourth release schemes represented pollution from krill 
fishing and research bases, respectively. Krill fishing locations from Aker 
Biomarine, one of the largest krill fishing fleets, between 2004 and 2017 
were used. Research station and camp location data from the Council of 
Managers of National Antarctic Programs (COMNAP; COMNAP Ant-
arctic Facilities data version 3.4.0) were used to represent research 
bases. We released simulated debris within 50 km of krill fishing loca-
tions and research bases (Fig. 1). Simulated debris were released around 
fishing locations at the same density as the highest tourism percentile 
(100%; Table 1). We chose to release simulated debris around fishing 
areas at the same density as in tourism regions due to the high likelihood 
of objects, such as buoys or nets, being accidently released due to the 
amount of time they spend in the water. We released particles at the 50 
% tourism percentile around research bases (Table 1). We chose a 
smaller particle release density around research bases due to the 
increased number of pollution mitigation strategies employed at these 
locations. 

2.2.3. Debris release protocols 
Simulated debris were released every 2 days from November 1 to the 

end of February, for a total of 60 releases over 120 days. A total of 1030 
non-point source particles were released per event for a total of 61,800 
non-point source simulated debris released. A total of 2,025, 1,434, and 
561 particles were released per event within tourist, fishing, and 
research regions, respectively, for a total of 121,500, 86,040, and 33,660 
particles released within each area. This high frequency seeding was 
used to represent potentially high inputs from non-point sources and the 
near constant cruise ship, fishing vessel, and research presence along the 
Peninsula during the austral summer. While the most fishing (based on 

number of trawls) occurs in the austral autumn and winter (Meyer et al., 
2020), we simulated the austral summer to examine the potential effects 
of marine pollution in this region when both human and biological ac-
tivity are highest. Simulations were run through March such that 
simulated debris were tracked for at least 30 days. 

2.2.4. Model limitations 
This iteration of ROMS does not include all physical processes that 

are known to influence the distributions of buoyant debris. These 
include Stokes drift and windage, or direct wind transport. Stokes drift is 
the movement of a buoyant particle in the direction of wave propagation 
(Stokes, 1847) and windage is the impact of wind on buoyant particles 
that have an area protruding out of the water. These processes have been 
shown to influence the distributions of buoyant debris on multiple 
spatial scales (Lacerda et al., 2019; van Sebille et al., 2020) While Stokes 
drift has been integrated into previous modeling studies (Lacerda et al., 
2019), this iteration of ROMS does not include a wave model. A wave 
model for this area would need to include interactions with sea ice 
which have been modeled (Li et al., 2021). These processes, however, 
have not been modeled with mesoscale eddying over the continental 
shelf which is included in our simulations, currently poorly predict ice 
concentrations in the austral summer (Li et al., 2021), at least as 
currently implemented in ROMS. This is still an area of active research 
and more work is necessary before we can link an accurate wave model 
to ROMS to model the effect of Stokes drift. 

The Lagrangian drifter code within ROMS does not include direct 
wind drag for items sticking above the sea surface, therefore, we could 
not account for windage. Several previously published simulations of 
buoyant debris did not add any additional wind stress terms to the 
motion of their particles beyond the wind stress added to the surface 
ocean (Eriksen et al., 2014; Lebreton et al., 2012), assuming that debris 
are mostly submerged below the surface. We used this assumption to 
help account for the lack of windage in our simulations. Since we did not 
account for windage and Stokes drift, we chose to extend the search 
radius for our calculated metrics (see Section 2.5) beyond the 1.5 km 
horizontal scale of the model. By doing so, we attempt to account for 
some of the stochasticity that these processes produce that is not rep-
resented here. 

2.3. Observed debris 

We used the Southern Ocean Observing System (SOOS) database 
SOOSMap (http://www.soosmap.aq/) to identify debris observations 
within the ROMS domain. Most of these observations come from 
opportunistic observations of marine debris along Antarctic coastlines. 
The Palmer Long-Term Ecological Research (LTER) provided the loca-
tions and descriptions of marine debris collected opportunistically 
during routine seabird surveys. Debris observed in this region are 
described in Gallagher et al. (2024). While SOOSMap included debris 
concentrations, a variety of units were used, and the LTER team only 
noted the location, general size, and type of debris observed. Therefore, 
to accommodate the heterogeneity of the available data, we only used 
the location information for all observations, regardless of debris size. 

2.4. Penguin colonies 

To determine which penguin colonies could be exposed to high 
theoretical debris loads, we identified penguin colonies within one 
model grid cell of the modeled coastline. We used colony locations from 
the Mapping Application for Penguin Population and Projected Dy-
namics (MAPPPD; Che-Castaldo et al., 2023). We considered 288 unique 
colonies, which consisted of 77 Adélie, 207 chinstrap, 61 gentoo, and 7 
emperor penguin colonies. Some colonies contained multiple species. 

Table 1 
Breakdown of visitation numbers, corresponding horizontal distance between 
release points, and the number of simulated debris released in buffer areas. The 
number of visitors were separated into four groups in 25% increments. The 
number of simulated debris released in each buffer region presented here as-
sumes no overlap with other visitation percentiles and none of the points are on 
land.  

Visitation 
Percentile 

Number of 
Visitors in 2022/ 
23 Season 

Horizontal Distance 
between Release 
Points (km) 

Number of Simulated 
Debris Released in 
Buffer Region 

100% >1213 8 132 
75% 383–1212 10 84 
50% 113–382 12 59 
25% <112 14 42  
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2.5. Calculated metrics and analyses 

2.5.1. Metrics 
We calculated two metrics: 1) simulated debris load and 2) number 

of debris pathways. Simulated debris loads were calculated as the 
number of simulated debris that entered a region during the simulation. 
This metric was calculated across the model domain on a 100 km2 (10 ×
10 km) grid and adjacent to penguin colonies, where we used a 6 km (4 
grid cell) radius around penguin colony locations. We counted a simu-
lated debris if it entered these regions at any point in their lifetime, 
which ranged from 30 days to 5 months. 

We used simulated debris pathways as proxies for potential pathways 
of observed debris. A simulated debris track was considered a potential 
pathway if the simulated debris came within 6 km of an observed debris 
item during its lifetime, using the R function point.in.polygon from the sp 
package (Bivand et al., 2013). Pathways were used to determine the 
debris’ potential origin. Origins were used to construct 95 % kernel 
densities to illustrate their spatial distributions. Kernels were produced 
using the kernelUD and getverticeshr functions in the adehabitatHR 
package in R (Calenge and Fortmann-Roe, 2023). 

It is important to note that the true distributions of debris from each 
of the sources considered here is unknown. This is partially because the 
distributions of marine debris along the Peninsula is poorly studied, and 
partially because it is difficult to discern the origins of observed marine 
debris in the environment. Therefore, these metrics should be consid-
ered potential debris loads or potential origins. While imperfect, these 
are important first steps to understanding the debris loads and origins of 
marine debris in this remote environment. 

2.5.2. Statistical analyses 
To account for the different number of simulated debris released 

from non-point and point sources, all metrics were normalized by sub-
tracting the log-transformed mean from the value and dividing this 
difference by the standard deviation of the debris source (non-point, 
tourism, fishing, or research). Data were independently normalized for 
each source (non-point source metrics normalized to the non-point mean 
& standard deviation) and are presented such that +1 is equal to 1 

standard deviation above the average. We used Kruskal-Wallis tests to 
compare metrics within and across groups, and Dunn post-hoc tests with 
Bonferroni corrections as appropriate using the dunn.test package in R 
(Dinno, 2017). The package multcompView was used to produce the 
letters that visualize statistically different pairwise comparisons (Graves 
et al., 2023). 

3. Results 

3.1. Debris on the Peninsula 

3.1.1. Debris load 
Simulated debris from non-point sources were advected throughout 

the WAP (Fig. 2a). Simulated debris from tourism areas were advected 
throughout the WAP but those that were released in coastal regions 
remained confined to the continental shelf (Fig. 2b). The highest con-
centrations of simulated debris from tourism areas were found in and 
around the South Shetland and Elephant Islands (Fig. 2b). Simulated 
debris released around fishing and research areas were concentrated on 
the continental shelf (Fig. 2c–d) and those released within fishing re-
gions were advected as far south as Adelaide and Alexander Islands and 
as far north as the Weddell Sea (Fig. 2c). Simulated debris released 
around research stations were advected farther south, reaching past 
Alexander Island, and farther into the Weddell Sea to the north and east 
(Fig. 2d). 

3.1.2. Origins of observed debris 
Debris observations within SOOSMap were found primarily in 

coastal regions, and a total of 40 debris observations in SOOSMap were 
within the model domain (Fig. 3). There were 56 additional debris lo-
cations recorded within the Palmer LTER region. We found potential 
origins for 84 out of 96 observed debris. 

Debris found in the North WAP originated from around the tip of the 
Peninsula (Fig. 3a). The number of potential debris origins from tourism 
sources was greater than the number of potential origins from non-point 
sources in the North WAP (Fig. S1). However, the number of potential 
origins from research and fishing did not differ from non-point sources 

Fig. 2. Mean normalized debris load observed within a 100 km2 (10 × 10 km) grid for simulated debris released from (a) non-point, (b) tourism, (c) fishing, and (d) 
research sources. 
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of pollution (Fig. S1) despite having different spatial extents (Fig. 3a). 
In the South Shetland Islands, simulated debris from fishing areas 

provided more potential origins for debris in comparison to non-point 
sources, but all other comparisons were insignificant (Fig. 3b, Fig. S1). 
There were no differences in the number of potential origins from the 
sources considered for debris observed in the Central WAP (Fig. S1). The 
spatial extent of origins across point sources was similar (Fig. 3c). For 
non-point sources, potential origins were concentrated off the nearby 
continental shelf (Fig. 3c). Debris off the continental shelf had the most 
origins from non-point sources (Fig. 3d) and this was significantly 
greater than both tourism and research sources (Fig. S1). 

The number of potential origins for all point sources was significantly 
greater in the Central WAP than the number of origins found for debris 
observed offshore (Fig. S1). The number of origins found for non-point 
simulated debris was significantly higher for observed offshore debris 
than the number of origins found for debris observed in the North WAP 
from non-point sources (Fig. S1). 

3.2. Debris near penguin colonies 

Theoretical debris loads near penguin colonies only differed within 
regions in the North WAP and in Ellsworth/Palmer Land (Fig. 4). In the 
North WAP, debris loads from fishing were significantly higher than 
those from research (Fig. 4). No other comparisons differed (Fig. 4). In 
Ellsworth/Palmer Land, debris loads from fishing were significantly 

lower than those from non-point or tourism sources (Fig. 4). Debris loads 
from research stations did not differ (Fig. 4). 

Within debris types, however, there were significant differences. 
Predicted debris loads from point sources (tourism, fishing, and 
research) were greatest in the South Shetland and Elephant Islands, 
followed by the North WAP, Central WAP, and were the smallest in 
Ellsworth/Palmer Land (Fig. 4). Predicted debris loads from non-point 
sources were the greatest in Ellsworth/Palmer Land, which differed 
significantly from both the North WAP and Island regions (Fig. 4). 

These patterns were echoed in the colonies exposed to the highest 
theoretical debris loads. Cornwallis Island and Fort Point, located on 
Elephant Island and the South Shetland Islands, respectively, had the 
highest debris loads from all point sources (Fig. 5, Table S1). While 
colonies in Ellsworth/Palmer Land, such as Peter I Island, Sims Island, 
and Jason Peninsula, had the lowest theoretical debris loads from point 
sources, other colonies in this region (e.g., Pfrogner Point, Bryan Coast, 
and Smyley) had the highest debris loads from non-point sources (Fig. 5, 
Table S1). The mean number of simulated debris at all 288 penguin 
colonies considered here across all 4 sources is included in Supple-
mentary Data and a description of this file is included in Supplementary 
Text 1. 

4. Discussion 

Marine pollution is found throughout the world and Antarctica is no 

Fig. 3. Maps of observed debris (black points) in the (a) North WAP, (b) South Shetland Islands, (c) Central WAP, and (d) off the continental shelf. Colored shapes 
illustrate the 95% kernel density estimates of potential origins for observed debris from the four source types considered. More opaque shapes indicate that the 
median number of normalized potential origins was greater for that debris source within the region, while more transparent shapes indicate a lower median number 
of origins. 
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longer the exception. Therefore, understanding the origins and potential 
sources of these debris is critical to protect this region and its in-
habitants. Our results demonstrate that pollution from human activities, 
such as fishing and tourism (Almela and González Herrero, 2020; 
Waluda et al., 2020), pose a potential threat throughout the WAP. 

4.1. Debris origins and pathways on the WAP 

We hypothesized that point source pollution from human activities 
would provide the most debris to the WAP continental shelf. Our results 
illustrated that debris from point sources provided more potential ori-
gins than non-point sources for the observed debris in some regions of 
the Peninsula, supporting this hypothesis. While tourism and fishing 
provided significantly more potential pathways for observed debris in 
comparison to non-point sources in the North Peninsula and Islands 

regions, respectively, these were the only comparisons within these re-
gions that differed. Therefore, it is difficult to discern how the number of 
potential origins differed across point sources. This is a common prob-
lem in debris monitoring since many debris items have ambiguous ori-
gins (water bottles, lines) and it can be difficult to discern exact sources. 

Overall, modeled debris from human activity remained on the con-
tinental shelf and provided high relative debris loads to the coastal WAP. 
While some simulated debris from non-point sources were advected onto 
the continental shelf via the ACC, as suggested by a previous study 
(Lacerda et al., 2019), the southern boundary of the ACC served as a 
barrier that prevented most debris from moving onto and accumulating 
on the continental shelf. However, in addition to wind-induced currents, 
the canyons and troughs that are known to advect water onto the con-
tinental shelf from the ACC served as transport mechanisms for buoyant 
debris to move onto the continental shelf, especially in the central WAP 
(Moffat and Meredith, 2018). The CC from the Weddell Sea (Moffat and 
Meredith, 2018) provided a small number of debris from non-point 
sources to the northern portions of the WAP. 

Unfortunately, these persistent current features also serve as the 
primary barriers to prevent point source pollutants from exiting the 
region. From the South Shetland and Elephant Islands to the central 
WAP, the southern boundary of the ACC strongly limited debris from 
moving off the continental shelf in our simulation. Similarly, the CC and 
associated current structures kept debris around the tip of the Peninsula 
and prevented advection into the Weddell Sea. While previous studies 
have illustrated that export off the continental shelf in the north 
Peninsula is possible (Brearley et al., 2019; Castelao et al., 2021; Dawson 
et al., 2023), our results suggest that observed debris found off the 
continental shelf most likely originated from the ACC, with non-point 
sources providing significantly more potential pathways than simu-
lated debris from research areas. Few potential pathways from the 
continental shelf to points offshore were found. These pathways, both on 
and off the continental shelf, follow previously defined current path-
ways on the WAP (Moffat and Meredith, 2018). 

4.2. Potential impacts on penguins 

We hypothesized that more theoretical debris from point sources 

Fig. 4. Distributions of normalized debris loads around penguin colonies along the West Antarctic Peninsula across different regions. Black letters indicate significant 
differences as indicated by a Kruskal-Wallis test and Dunn test with Bonferroni correction within regions. Non-significant differences are indicated with N.S. Colored 
letters indicate significant differences indicated by the same tests within debris sources across regions. 

Fig. 5. Mean normalized number of theoretical debris that were advected near 
penguin colonies from non-point, tourism, fishing, and research sources ordered 
from fewest number of debris to greatest number of debris. Named colonies 
represent the 3 colonies that were identified as the colonies at the greatest and 
least risk for high debris loads for each debris source. Colony abbreviations are 
defined in Table S1. 
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would be present around penguin colonies than from non-point sources. 
This hypothesis was not supported by our results. Relative debris loads 
from point sources in our simulation did not differ significantly in 
comparison to non-point sources around penguin colonies throughout 
the Peninsula. 

Debris loads across regions of the Peninsula from different sources, 
however, did statistically differ, partially supporting our hypothesis. 
Loads from non-point sources near penguin colonies were greatest in the 
Ellsworth/Palmer Land regions, whereas loads from all other point 
sources (tourism, fishing, and research) were highest near colonies in 
the South Shetland and Elephant Islands. Currents south of this region 
generally move toward the South Shetland Islands via the Gerlache 
Strait and northward currents around Low Island, while currents from 
points to the east move water towards and around these islands (Gal-
lagher et al., 2023; Moffat and Meredith, 2018; Wang et al., 2022). 
Therefore, debris pollution could easily be concentrated within this re-
gion from points south and east. Previous unpublished observations 
have also frequently observed marine debris around colonies in this 
region (M. Wethington, personal communication), supporting these 
results. 

The buoyant debris modeled here are more likely to be items like 
bottles and buoys (Gallagher et al., 2024), which are too large for pen-
guins to ingest until they are broken down to smaller sizes but pose 
immediate concerns for the entanglement of adults and chicks in the 
nest. Gentoo chicks have been observed entangled in marine debris in 
the Falkland Islands and South Georgia (Kuepfer and Stanworth, 2023), 
which has led to mortality (Otley and Ingham, 2003), and some of these 
entanglements have been directly linked to fishing (Otley and Ingham, 
2003; Trathan et al., 2015). We (HJL) regularly observe plastic debris in 
penguin nests, including one observation of a chinstrap penguin incu-
bating a 20 oz. plastic soda bottle in the South Shetland Islands. The 
macroscopic debris modeled thus serves as a source for less-readily 
observable microplastics and pose direct hazards for penguins; our re-
sults suggest that penguins in the South Shetland and Elephant Islands, 
where fishing activities and the predicted debris loads are greatest, may 
be at high risk for such impacts. 

4.3. Future directions 

4.3.1. Study improvements 
This study is a critical first step to quantifying the threats of marine 

debris to the Antarctic ecosystem on broad spatial scales. However, 
these first attempts at modeling buoyant debris along the WAP are 
imperfect. We did not model Stokes Drift or windage, two processes that 
have been shown to impact the distribution of buoyant debris on mul-
tiple spatial scales (Lacerda et al., 2019; van Sebille et al., 2020). 
Therefore, critical next steps to improve on this study would include 1) 
incorporating a wave model into this iteration of ROMS, and 2) 
modeling debris pathways as a function of wind speed and direction, as 
done by previous studies such as Maximenko et al. (2018) to quantify the 
contribution of wind and wind drag in marine debris accumulation 
along coasts. 

In addition, more information on the distribution of marine debris 
along the WAP will help improve future simulations. Systematic surveys 
for debris on beaches and in the coastal ocean are rare in this region 
(Convey et al., 2002; Waluda et al., 2020). Data from systematic surveys 
that report absences would allow for more realistic particle release 
schemes and would improve the validity of our results. 

4.3.2. Future monitoring efforts 
The distribution of marine debris throughout the WAP and the sur-

rounding coastal ocean is poorly understood. To address this critical 
gap, systematic beach surveys should be conducted at penguin colonies 
with high and low predicted debris loads to confirm our results and 
opportunistically elsewhere on the WAP. We have identified two high 
threat colonies (Cornwallis Island and Fort Point) and several low threat 

colonies (e.g., Bryan Coast, Sims Island, Jason Peninsula) that would be 
good candidates for these surveys. 

Conducting surveys at tourist and non-tourist destinations could help 
determine if visited sites have more debris accumulation. At each 
location, surveys should be conducted on the leeward and windward 
side of the coastal region, as winds often influence debris accumulation 
(MAC, personal observation). Surveys should be conducted at least 
annually, and for frequently visited sites, multiple surveys across the 
austral summer would be informative. Extra care should be taken to 
properly document and identify features (e.g., writing) and describe 
items reported using standardized categories to help identify debris (e.g. 
NOAA Marine Debris Monitoring and Assessment Project Categorization 
Guide: https://marinedebris.noaa.gov/resources/mdmap-protocol-d 
ocuments-and-field-datasheets). 

Long term monitoring and identifying sources of marine pollution 
are priorities of groups in Antarctica and beyond, such as the Scientific 
Committee for Antarctic Research, the United Nations Decade of Ocean 
Science, and working groups within the Scientific Commission on 
Oceanic Research. Therefore, establishing monitoring programs, and 
using the data to inform debris pollution mitigation projects and activ-
ities, such as improved modeling efforts, should be of high priority for 
the scientific community to protect Antarctica’s coastlines and 
ecosystems. 

5. Conclusions 

Here, we present an initial effort to quantify potential marine debris 
loads along the WAP using a physical ocean model. While we are not 
able to account for all processes that may impact the transport of marine 
debris, we illustrate that debris on the continental shelf from known 
human activities (tourism, research, and fishing) is more likely to 
remain along the coast, instead of being exported to other regions of the 
Southern Ocean. Debris observed along the coast likely came from these 
point sources, rather than diffuse pollution concentrated by the ACC. We 
determined that penguin colonies in the South Shetland and Elephant 
Islands may experience the greatest debris loads, due to currents 
concentrating buoyant debris in this region. We use these results to 
propose a debris sampling protocol that would help not only confirm 
these results and further understand which activities are sources of 
debris in the WAP, but would provide the necessary data to improve 
future studies of marine debris transport in the Antarctic. 
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Costa, R.A., Sá, S., Pereira, A.T., Ângelo, A.R., Vaqueiro, J., Ferreira, M., Eira, C., 2020. 
Prevalence of entanglements of seabirds in marine debris in the central Portuguese 
coast. Mar. Pollut. Bull. 161, 111746 https://doi.org/10.1016/j. 
marpolbul.2020.111746. 

Coyle, R., Hardiman, G., Driscoll, K.O., 2020. Microplastics in the marine environment: a 
review of their sources, distribution processes, uptake and exchange in ecosystems. 
Case Stud. Chem. Environ. Eng. 2, 100010 https://doi.org/10.1016/j. 
cscee.2020.100010. 

Croxall, J.P., Rodwell, S., Boyd, I.L., 1990. Entanglement in man-made debris of 
Antarctic Fur seals at Bird Island, South Georgia. Mar. Mamm. Sci. 6, 221–233. 
https://doi.org/10.1111/j.1748-7692.1990.tb00246.x. 

Dawson, H.R.S., Morrison, A.K., England, M.H., Tamsitt, V., 2023. Pathways and 
timescales of connectivity around the Antarctic continental shelf. J. Geophys. Res. 
Oceans 128, e2022JC018962. https://doi.org/10.1029/2022JC018962. 

Dinniman, M.S., Klinck, J.M., 2004. A model study of circulation and cross-shelf 
exchange on the west Antarctic Peninsula continental shelf. Deep Sea Res. Part II 
Top. Stud. Oceanogr. 51, 2003–2022. https://doi.org/10.1016/j.dsr2.2004.07.030. 

Dinniman, M.S., Klinck, J.M., Hofmann, E.E., 2012. Sensitivity of circumpolar deep 
water transport and ice shelf basal melt along the West Antarctic Peninsula to 

changes in the winds. J. Clim. 25, 4799–4816. https://doi.org/10.1175/JCLI-D-11- 
00307.1. 

Dinno, A., 2017. dunn.test: Dunn’s Test of Multiple Comparisons Using Rank Sums. 
Eriksen, M., Lebreton, L.C.M., Carson, H.S., Thiel, M., Moore, C.J., Borerro, J.C., 

Galgani, F., Ryan, P.G., Reisser, J., 2014. Plastic pollution in the world’s oceans: 
more than 5 trillion plastic pieces weighing over 250,000 tons afloat at sea. PLoS 
One 9, e111913. https://doi.org/10.1371/journal.pone.0111913. 

Gallagher, K.L., Dinniman, M.S., Lynch, H.J., 2023. Quantifying Antarctic krill 
connectivity across the West Antarctic Peninsula and its role in large-scale Pygoscelis 
penguin population dynamics. Sci. Rep. 13, 12072 https://doi.org/10.1038/s41598- 
023-39105-6. 

Gallagher, K.L., Selig, G.M., Cimino, M.A., 2024. Descriptions and patterns in 
opportunistic marine debris collected near Palmer Station, Antarctica. Mar. Pollut. 
Bull. 199, 115952 https://doi.org/10.1016/j.marpolbul.2023.115952. 

Graham, J.A., Dinniman, M.S., Klinck, J.M., 2016. Impact of model resolution for on- 
shelf heat transport along the West Antarctic Peninsula. J. Geophys. Res. Oceans 
121, 7880–7897. https://doi.org/10.1002/2016JC011875. 

Graves, S., Peipho, H., Selzer, L., Doraj-Raj, S., 2023. multcompView: Visualizations of 
Paired Comparisons. 

Holland, D.M., Jenkins, A., 1999. Modeling thermodynamic ice–ocean interactions at the 
base of an ice shelf. J. Phys. Oceanogr. 29, 15. 
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