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• Risk of land-derived plastic to North 
Atlantic megafauna and habitats was 
assessed. 

• Five high-risk zones (HRZs) were 
assigned through a Spatial Risk 
Assessment. 

• Risk was driven by domestic sources in 
some HRZs and external sources in 
others. 

• Litter from Caribbean islands is likely to 
be a significant source of plastic to 
HRZs. 

• Identifying HRZs and sources of plastic 
could enable more efficient 
interventions.  
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A B S T R A C T   

The pervasive use of plastic in modern society has led to plastic litter becoming ubiquitous within the ocean. 
Land-based sources of plastic litter are thought to account for the majority of plastic pollution in the marine 
environment, with plastic bags, bottles, wrappers, food containers and cutlery among the most common items 
found. In the marine environment, plastic is a transboundary pollutant, with the potential to cause damage far 
beyond the political borders from where it originated, making the management of this global pollutant partic-
ularly complex. In this study, the risks of land-derived plastic litter (LDPL) to major groups of marine megafauna 
– seabirds, cetaceans, pinnipeds, elasmobranchs, turtles, sirenians, tuna and billfish – and a selection of pro-
ductive and biodiverse biogenic habitats – coral reefs, mangroves, seagrass, saltmarsh and kelp beds – were 
analysed using a Spatial Risk Assessment approach. The approach combines metrics for vulnerability (mecha-
nism of harm for megafauna group or habitat), hazard (plastic abundance) and exposure (distribution of group or 
habitat). Several potential high-risk zones (HRZs) across the North Atlantic were highlighted, including the 
Azores, the UK, the French and US Atlantic coasts, and the US Gulf of Mexico. Whilst much of the modelled LDPL 
driving risk in the UK originated from domestic sources, in other HRZs, such as the Azores archipelago and the US 
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Gulf of Mexico, plastic originated almost exclusively from external (non-domestic) sources. LDPL from Caribbean 
islands - some of the largest generators of marine plastic pollution in the dataset of river plastic emissions used in 
the study - was noted as a significant input to HRZs across both sides of the Atlantic. These findings highlight the 
potential of Spatial Risk Assessment analyses to determine the location of HRZs and understand where plastic 
debris monitoring and management should be prioritised, enabling more efficient deployment of interventions 
and mitigation measures.   

1. Introduction 

Plastic is a ubiquitous and semi-permanent pollutant in the world’s 
oceans (Eriksen et al., 2023), with an estimated 19 to 23 Mt. of plastic 
waste entering the world’s aquatic ecosystems in 2016 (Borrelle et al., 
2020). This figure is predicted to triple by 2030 (Borrelle et al., 2020), 
with Eriksen et al. (2023) observing a rapid increase in ocean plastics 
between 2005 and 2022. Land-based sources of plastic litter are thought 
to account for approximately 80 % of marine plastic pollution, although 
this value varies with location and has a level of uncertainty as the 
source of plastic litter items cannot always be identified (Mehlhart and 
Blepp, 2012). A large portion of land-derived plastic litter (LDPL) con-
sists of single-use consumer items such as carrier bags, plastic bottles, 
wrappers, food containers and cutlery (Morales-Caselles et al., 2021; 
UNEP, 2009), which are released into rivers or coastal zones, and 
transported through a combination of ocean currents, wind, and wave- 
induced Stokes drift (Chassignet et al., 2021; Van Sebille et al., 2020). 

Plastic pollution is a transboundary issue, with plastics travelling 
between countries and regions via a complex network of ocean currents 
(Chassignet et al., 2021). This is particularly evident in the Arctic, where 
large concentrations of buoyant plastics are transported from the North 
Atlantic to the Barents Sea (Cózar et al., 2017); and the Seychelles, 
where models suggest that large amounts of terrestrial plastic debris 
arrives from Indonesia, over 4000 km away (Vogt-Vincent et al., 2023). 
Through modelling plastic dispersal, Hatzonikolakis et al. (2022) sur-
mise that many national Marine Protected Areas (MPAs) in the Medi-
terranean Sea are highly contaminated with plastic originating from 
outside the host country’s borders, whilst Macias et al. (2022) estimate 
that 30 % of all beach litter in Mediterranean countries originates from 
outside that country’s borders. 

Plastic pollution is harmful to marine biota through a variety of 
mechanisms including entanglement and ingestion (Kühn et al., 2015; 
Nelms et al., 2023; Tekman et al., 2019; UNEP, 2021). Ingestion can 
alter energetic balances, impact behaviour, or block or damage the in-
testinal tract, resulting in severe sub-lethal effects or even death (Kühn 
et al., 2015). Whilst abandoned, lost or otherwise discarded fishing gear 
(ALDFG) is the most common contributor to the entanglement of marine 
megafauna, LDPL has also been shown to pose a risk (Nelms et al., 
2023). Over 4000 marine and coastal species are known to be affected 
by marine plastic debris (Tekman et al., 2019), with some taxa more 
sensitive to plastic pollution than others, and therefore at greater risk 
(Beaumont et al., 2019; Foley et al., 2018). 

Coastal regions often have some of the highest plastic burdens 
(Harris et al., 2021), meaning that many shallow water or intertidal 
biogenic habitats, which have the potential to trap marine plastics, are at 
risk of entanglement or smothering (Fong et al., 2023; Lamb et al., 2018; 
Noman et al., 2024). These biogenic coastal habitats are highly valuable 
natural capital assets (Costanza et al., 2014), providing some of the most 
important ecosystem services available to humans, yet are degrading at 
an alarming rate (Barbier et al., 2011). LDPL poses an increasing threat 
to these habitats (Harris et al., 2021). 

Addressing plastic pollution is considered an urgent issue (UNEP, 
2019), yet current national policies only address a fraction of plastic 
pollution that enters the environment (March et al., 2022). In 2022, a 
UN Environment Assembly (UNEA) resolution to end plastic pollution 
was adopted by member states, with a mandate to draft a legally binding 
agreement by the end of 2024. This UNEA resolution aims to include a 

globally regulated approach to tackle plastic pollution along the entire 
length of international value chains, using a combination of national and 
global policies in which international cooperation will be key. It is likely 
to include components that address product design, consumption and 
waste management, curbing production of virgin plastic, and financial 
support for treaty implementation (Bergmann et al., 2022; March et al., 
2022). As evidence grows, this resolution will adapt to ensure that in-
terventions are placed to have the greatest impact on plastic abatement 
(March et al., 2022). However, even under a best case ‘system change’ 
scenario, Lau et al. (2020) estimated that significant quantities of plastic 
will still leak into the environment. Understanding where plastic is 
causing the most harm, and what countries that plastic originates from 
may help determine where potential intervention and mitigation mea-
sures may be directed. 

Numerical modelling of plastic transport in the ocean, coupled with 
ecological data detailing species’ distributions and vulnerability to 
plastic pollution can help assess plastic risk, yet studies of this type are 
still limited. Several studies have assessed the risk of marine plastics 
through mapping species’ distributions or habitats against predicted 
plastic concentrations (Guerrini et al., 2019; Schuyler et al., 2016; 
Wilcox et al., 2013; Wilcox et al., 2015), with some taking it a step 
further by assessing species’ sensitivity. Høiberg et al. (2022) mapped 
the prevalence of plastic entanglement for multiple marine megafauna 
species against the spatial distribution of floating plastic debris to 
develop a species sensitivity distribution, whilst Compa et al. (2019) 
used species life history traits to assess the sensitivity of multiple taxa in 
the Mediterranean, and coupled this with their home ranges and plastic 
exposure. Fabri-Ruiz et al. (2023) used the plastic: zooplankton ratio as a 
method of assessing risk to pelagic fish and marine megafauna in the 
Mediterranean. 

In this study, we focus on one key fraction of plastic pollution in the 
North Atlantic; LDPL that enters the ocean via rivers. A particle tracking 
model was used to simulate the movement of plastic after it entered the 
ocean. We then mapped the recorded distribution of each of the major 
groups of marine megafauna - seabirds, cetaceans, pinnipeds, elasmo-
branchs, turtles, sirenians, tuna and billfish - and some of the most 
productive and biodiverse shallow-water (<30 m) biogenic habitats - 
coral reefs, mangroves, seagrass, saltmarsh and kelp beds- and used a 
Spatial Risk Assessment framework (Fig. 1) to assess potential high-risk 
zones (HRZs) in the North Atlantic. In this study we aimed to answer 
three key questions. 1) How sensitive are North Atlantic marine mega-
fauna and key biogenic habitats to LDPL? 2) Where are the HRZs where 
LDPL is likely to have the highest impact on these groups/ habitats? 3) 
Which countries does the LDPL originate from in these identified HRZs? 

The North Atlantic was chosen as a study site as our understanding of 
species’ distributions (Moudrý and Devillers, 2020) and freshwater 
transport (Meijer et al., 2021) is more comprehensive than for other 
parts of the globe. We recognize that areas such as SE Asia are sub-
stantially higher emitters of plastic into the worlds’ oceans (Meijer et al., 
2021), however the current work has been developed as a ‘proof of 
concept’ study, which can be further refined and validated to incorpo-
rate other oceans. 
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2. Methods 

2.1. Plastic vulnerability scores 

Two workshops were held in February and March 2023 to discuss 
how to score the vulnerability of North Atlantic marine megafauna 
groups and biogenic habitats to LDPL. Vulnerability was defined as the 
susceptibility to interact with plastic in a way that has the potential to 
cause harm. The participants (n = 10) were scientific researchers (PhD 
level and above) with expertise in marine plastic pollution and/or ma-
rine sensitivity/ vulnerability assessments from UK universities and 
research institutions. Developing species and habitat vulnerability as-
sessments that consider the diverse number of impacts evidenced to 
create systematic and comparable assessments for different levels of 
exposure was considered unfeasible. If we consider the full spectrum of 
size ranges of plastic (microplastics -macroplastics), a wide range of 
pathways that plastic can impact on species have been recognised (e.g. 
ingestion, trophic transfer, intergenerational ingestion, abrasion, 
shading, adhesion). The number of possible mechanisms of harm is 
therefore very large with variability and bias in the underlying evidence. 
Assessing a wide range of potential mechanisms of harm against 
different levels of plastic pollution is challenging due to lack of evidence 
to identify sensitivity thresholds and realistic hazard benchmarks. 
Instead, it was agreed that we would focus on macroplastic (>5 mm) 
LDPL and a metric would be developed to examine the evidence avail-
able for a reduced number of different mechanisms of harm that could be 
applied across a range of species and habitats, to provide a robust 
vulnerability assessment. 

Marine megafauna groups can be negatively impacted by LDPL 
through two major mechanisms: ingestion and entanglement. Biogenic 
habitats can be negatively impacted by LDPL through two major 
mechanisms: entanglement and smothering. Here we define ingestion as 
the consumption of large (> 5 mm) LDPL, entanglement as constriction 
or restriction of parts or all of an organism that may lead to injury, 
abrasion, or subsequent infection by LDPL, and smothering as LDPL 
covering a species/ habitat so that it has reduced access to phototrophic 
or heterotrophic nutrition. 

Assessing the vulnerability of species and habitats to LDPL is prob-
lematic due to the largely observational nature of the data. Whilst 
ingestion or entanglement rates can be extracted for some species such 
as the common bottlenose dolphin (Tursiops truncatus) (Høiberg et al., 
2022) or the sperm whale (Physeter macrocephalus) (Lusher et al., 2018), 
species with low population numbers will be more rarely encountered 
and result in observation bias. For some species there is often only ev-
idence of a mechanism of harm from only single or few observations of 
ingestion or entanglement, e.g. the whale shark (Rhincodon typus) 
(Abreo et al., 2019) or the black marlin (Makaira indica) (Fujieda et al., 
2008). Therefore, the workshop participants decided that the quantity of 

peer-reviewed literature for megafauna groups as a whole and broad 
habitat types could be used as a proxy for the level of occurrence of a 
particular mechanism of harm (ingestion, entanglement, smothering), as 
the mechanisms were general, being based on traits expressed by the 
species group or habitat. Whilst the absence of evidence does not 
exclude occurrence, an increasing number of peer-reviewed publications 
would clearly establish that mechanism of harm as occurring for a 
particular megafauna group or biogenic habitat. 

The abundance of peer-reviewed evidence was divided into four 
categories (0–3) with 0 = no evidence available, 1 = low (grey literature 
or evidence from ≤2 peer-reviewed papers), 2 = medium (evidence from 
3 to 9 peer-reviewed papers), and 3 = high (evidence from ≥10 peer- 
reviewed papers). Evidence from 10+ peer-reviewed papers for a 
megafauna group/ biogenic habitat was considered substantial evidence 
of occurrence, although it must be noted that for some groups the 
quantity of evidence was considerably higher than this. This was com-
plimented with a literature review of each mechanism for each mega-
fauna group and biogenic habitat. 

For the marine megafauna groups, peer-reviewed literature was 
searched for using a semi-systematic review approach in Google Scholar 
and Web of Science. Using Boolean terms, the term ‘plastic’ was 
searched with the mechanism of impact (ingest*/entangle*/smother*) 
AND common name (e.g cetacean/ dolphin/whale/porpoise) for each 
marine megafauna group. Only evidence of LDPL impacting an organism 
via the aforementioned mechanisms were recorded. Where evidence for 
a mechanism of harm was lacking, searches were repeated on Google to 
look for news reports/ photographic evidence of entanglement, inges-
tion or smothering. For habitats, evidence of LDPL causing entangle-
ment or smothering (as defined above) were determined through 
literature review, as these mechanisms are often not mentioned directly 
in each study. Once it was established that LDPL led to a given mecha-
nism of harm on a particular habitat, peer-reviewed papers documenting 
land-sourced plastic pollution on the habitat were searched for in Google 
Scholar and in Web of Science and counted as evidence of this mecha-
nism. Literature was searched for across all ocean basins, as vulnera-
bility scores were group/ habitat specific rather than region specific. For 
each group/ habitat, the abundance of evidence (0–3) for each mecha-
nism of harm was summed to give a vulnerability score. Mechanisms of 
harm were summed to give a total out of six, as each mechanism has 
been shown to have the potential to cause mortality (e.g. Abreo et al., 
2019; Daniel et al., 2023; Lamb et al., 2018; van Bijsterveldt et al., 
2021), suggesting that mortality risk will increase with frequency of 
occurrence of either mechanism. Literature searches took place on April 
6th 2023 and again on November 15th 2023. 

2.2. Mapping biogenic habitats and marine megafauna 

Records of the distribution of shallow water biogenic habitats were 

Fig. 1. Risk assessment framework to assess the spatial risk of land-derived plastic litter to marine megafauna and biogenic habitats, and the identification and of 
High-Risk Zones. 
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taken from the UNEP-WCMC ocean viewer, which hosts a variety of 
datasets from scientific and conservation organizations (https://data. 
unep-wcmc.org/). Data for the distribution of marine megafauna were 
taken from the Ocean Biogeographic Information System (OBIS) data-
base (https://obis.org/). It is acknowledged that spatial and taxa bias 
occurs making it likely that the OBIS distribution data used in this study 
may be skewed towards certain geographic locations, where there is a 
significant number of records of marine megafauna sightings (Moudrý 
and Devillers, 2020). Low-middle income nations in the Gulf of Mexico 
and the Caribbean may be less well represented, and therefore their 
vulnerability and risk underestimated. However, OBIS is the most 
comprehensive database of marine species distribution available (De 
Pooter et al., 2017), hence it’s application here as the best available 
source. 

2.3. Modelling river plastic emissions 

Modelled surface ocean plastic mass concentrations from Beaumont 
et al. (2024) are used. For inputs, the model used data on river plastic 
emissions for a set of countries bordering the North Atlantic Ocean, 
specifically Belgium (BE), Canada (CA), Denmark (DK), Dominican Re-
public (DO), France (FR), Germany (DE), Haiti (HT), Ireland (IE), 
Mexico (MX), Morocco (MA), Netherlands (NL), Portugal (PT), Spain 
(ES), Sweden (SE), United Kingdom (UK), and United States (US) (see 
Table S1, supplemental information for river emission values). The 
model was limited to these countries as 1) the North Atlantic and sur-
rounding coastal waters play a dominant role in facilitating the trans-
boundary movement of plastic from their rivers, and 2) consistent, 
recent macroplastic river data is available (Meijer et al., 2021). Coun-
tries such as Norway and other small island states/ overseas territories in 
the Antilles were excluded due to the lack of consistent river data 
(Beaumont et al., 2024). 

Plastic transport pathways were simulated using the particle tracking 
model PyLag (Uncles et al., 2020). Simulated plastic particles were 
moved by a combination of surface ocean currents and direct wind 
forcing, with the latter incorporated using a wind factor of 0.02 in a 
downwind direction. This factor was found to provide a good fit to data 
for plastic bottles released off the SW Coast of the UK during the G7 
summit (unpublished data) and is within the range of calibrated wind 
drift factors for bottles released in a study in Italy (Merlino et al., 2023). 
The model used daily surface ocean current data covering the period 
2000–2014, which were taken from the 1/12◦ CMEMS Global Ocean 
Physics Analysis GLORYS12V1 dataset (Jean-Michel et al., 2021); and 
hourly surface winds covering the same period from the approximately 
¼◦ ERA5 dataset (Hersbach et al., 2020). 

Simulated plastic particles were released from river mouths at 
monthly intervals, starting at 12:00 h on 1st January 2000. The last 
release was performed at 12:00 h on 1st December 2014. The model was 
halted at 12:00 h on 1st January 2015. The model was configured to 
asymptote towards a steady state inventory corresponding to approxi-
mately half the annual influx of plastic from all countries included in the 
study by allowing particle weights – corresponding to the amount of 
plastic each particle represents – to decay exponentially in time. Decay 
coefficients were pulled from a uniform distribution, with fast rates of 
decay designed to account for plastics that tend to be rapidly lost from 
the ocean surface, while slower rates of decay account for plastics that 
remain at the ocean’s surface for years to decades. The model was 
parameterized to produce a total inventory and spatial distribution of 
plastic that is consistent with past studies. See Beaumont et al. (2024) for 
a more complete discussion of this. In the model, beaching was not 
modelled explicitly; particles that crossed an ocean-land boundary 
during the simulation were reflected back into the domain. 

2.4. Risk assessment 

A risk assessment framework was developed based on the IPCC SREX 

risk analysis framework (IPCC, 2012), with risk defined as the likelihood 
of LDPL interacting with megafauna groups or habitats assessed in this 
study (hazard and exposure), leading to adverse ecological effects 
through the three main mechanisms of impact (vulnerability). We sug-
gest that by developing this risk assessment framework, it is possible to 
identify potential high-risk zones (HRZs) where LDPL may be causing 
the most harm, and identify the countries of origin, so that targeted 
interventions can be made to reduce that risk (Fig. 1). 

Hazard scores were mapped for each grid cell (1/12◦) using the 
simulated plastic concentrations in the North Atlantic. Scores from 0 to 5 
were assigned according to increasing order of magnitude of the plastic 
concentration in each grid cell, i.e., a score of 0 for 0–1 g km− 2, 1 for 
1–10 g km− 2, 2 for 11–100 g km− 2, 3 for 101–1000 g km− 2, 4 for 
1001–10,000 g km− 2, and 5 for >10,000 g km− 2. Plastic was scored in 
increasing orders of magnitude due to the log-logistic cumulative dis-
tribution of species’ sensitivity found by Høiberg et al. (2022). 

To assess exposure, distributions of marine megafauna groups and 
biogenic habitats were mapped as present (1) or absent (0), dependent 
on whether there were records available for presence in that grid cell (1/ 
12◦). Previous studies have shown that vulnerability is greatest where 
high species diversity and high plastic density overlap (Compa et al., 
2019), therefore vulnerability scores for each group/ habitat present in 
each grid cell (1/12◦) were added to give a total plastic vulnerability 
score, as it was assumed that with multiple groups/ habitats present, 
vulnerability would be cumulative. 

Cumulative vulnerability scores were ranked (0–5) with grid cells 
with a value of zero added to the 0 category and the non-zero data split 
using the 50th, 75th, 90th and 99th percentiles to identify the cut off 
points for each category. Bounds for cumulative vulnerability scores 
were therefore 0, 1 for 1–4, 2 for 5–8, 3 for 9–13, 4 for 14–20 and 5 for 
21+. Once the hazard, vulnerability and exposure were defined, risk of 
LDPL for each grid cell was computed as follows: 

Risk = √(Vr×Hp)

where Vr = ranked vulnerability score and Hp = plastic hazard score. 
We classified an HRZ as an area within a particular ocean EEZ with a 

risk score of 4 or above that covered an area >10,000km2. A risk score of 
4 or above was designated as high risk, as either vulnerability or hazard 
scores of 4 or above would be needed to generate risk scores of that 
value. 

3. Results 

3.1. Hazard of LDPL across the North Atlantic 

By modelling the mass concentrations (g km− 2) of buoyant land- 
sourced plastic litter after 15 years of riverine input, we identified a 
number of key areas with medium to high plastic hazard scores (> 100 g 
km− 2; Fig. 2) including the US shelf and North Atlantic sub-tropical 
gyre, parts of the North East Atlantic, NW African shelf out to the 
Cape Verde Islands, the Gulf of Mexico and the Caribbean Sea. 

Most of these are consistent with other ocean plastic models (Che-
nillat et al., 2021; Eriksen et al., 2014), although this model showed high 
concentrations of plastic along the NW African shelf out to the Cape 
Verde Islands, which differs from Chenillat et al. (2021) and Eriksen 
et al. (2014). In our model, this plastic mostly emanates from rivers 
associated with Morocco and, to a lesser extent, the disputed territory of 
Western Sahara. This difference is likely due to the different river 
emission datasets used; Chenillat et al. (2021) used river emissions data 
from Lebreton et al. (2017) which associates Morocco with a total flux of 
plastic from rivers to the ocean of <500 t per annum, whereas this study 
utilised the more updated river emissions dataset from Meijer et al. 
(2021) which calculated emissions for Morocco (including a small 
contribution from Western Sahara) as closer to 2000 t per annum. 

Abundance of floating plastic litter in the German North Sea has been 
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shown to be higher (Gutow et al., 2018) than measurements in other 
parts of the North Sea (Tekman et al., 2022), which is consistent with 
our model. And similarly, surface waters in the SE Bay of Biscay have 
been shown to contain extremely high concentrations of plastic, with a 
mean of 998 g km− 2, and up to 50,012 g km− 2 (Basurko et al., 2022). 

The accumulation of plastic in the North Atlantic sub-tropical gyre is 
consistent with observational studies (Cózar et al., 2017; Reisser et al., 
2015; Wilcox et al., 2020) and modelling studies (Chenillat et al., 2021; 
Eriksen et al., 2014). High concentrations of plastic accumulation in the 
eastern Gulf of Mexico and around the Caribbean Islands of Haiti and the 
Dominican Republic are consistent with other models (Chenillat et al., 
2021; Eriksen et al., 2014). There is a lack of data on floating macro litter 
in the Caribbean and the Gulf of Mexico, although high abundances of 
plastic can be found beached (Diez et al., 2019) or trapped in coastal 
habitats (Green and Webber, 1996). 

3.2. LDPL vulnerability 

Plastic vulnerability scores (Table 1) were derived from peer- 
reviewed evidence collected for each mechanism of harm (Table S2, 

supplemental information). This was complimented by a literature re-
view of key literature on each mechanism of harm for each marine 
megafauna group and biogenic habitat. 

3.2.1. Seabirds 
Seabirds have been used as biomonitors of plastic pollution due to 

their high susceptibility to plastic ingestion (van Franeker et al., 2011). 
In a study of seabirds in the NE Atlantic, 74 % of the 34 investigated 
species were recorded as having ingested plastic (O’Hanlon et al., 2017), 
whilst 60 % of all seabird species in the Bay of Biscay had ingested 
plastic (Franco et al., 2019). Seabirds have also been shown to feed 
plastic to their chicks, known as intergenerational transfer (Acampora 
et al., 2017; Young et al., 2009). 

Ingested plastic can cause obstruction and physical damage to the 
gastrointestinal tract (Carey, 2011), leading to starvation (Pierce et al., 
2004), organ damage (Rivers-Auty et al., 2023), and extensive scar tis-
sue formation and plastic-induced fibrotic disease (Charlton-Howard 
et al., 2023). Ingestion is more common in surface-feeding birds due to 
floating particles of plastic being confused with prey items (Provencher 
et al., 2014), although diving birds are also susceptible (Tavares et al., 
2017). Some seabird species actively select plastic while foraging and 
may consume a wide variety of plastic objects including fragments of 
larger products, bottle caps, plastic bags and wrappers, and sponges 
(Sileo et al., 1990), although hard, round plastic was most likely to be 
consumed (Hidalgo-Ruz et al., 2021). Seabirds from the order Pro-
cellariiformes appear particularly susceptible, with plastic ingestion 
found to be ubiquitous in shearwaters and fulmars for the NE Atlantic 
(O’Hanlon et al., 2017). 

Seabird entanglement is primarily caused by ALDFG, although it can 
also be caused by other plastic debris (Costa et al., 2020). This can occur 
at sea, or through the incorporation of plastics in nests, where both 
chicks and adults can become entangled (Votier et al., 2011). Items that 
cause entanglement can include balloon and kite strings, bags, packing 
straps, six-pack straps, plastic lace and face masks (Fossi et al., 2018; 
Karris et al., 2023; Lucas, 1992; Massetti et al., 2021; Ryan, 2018; Wehle 
and Coleman, 1983). 

Seabirds were given a vulnerability score of five, as evidence of 
ingestion of land-sourced plastic litter was high (3), whilst evidence of 
entanglement was medium (2). 

3.2.2. Cetaceans 
Incidences of plastic ingestion in cetaceans is determined by analysis 

of the gastrointestinal tract of stranded animals (Lusher et al., 2015; 
Senko et al., 2020), although attributing cause of death can be 

Fig. 2. Modelled mass concentration (g km− 2) of buoyant LDPL in the North Atlantic, with plastic hazard scored on a 0–5 basis based on LDPL mass increasing by an 
order of magnitude for each point. 0 for 0–1 g km− 2, 1 for 1–10 g km− 2, 2 for 11–100 g km− 2, 3 for 101–1000 g km− 2, 4 for 1001–10,000 g km− 2, and 5 for >10,000 
g km− 2. 

Table 1 
Plastic vulnerability scores for marine megafauna groups and biogenic habitats, 
based on the abundance of peer-reviewed evidence available each mechanism of 
harm (ingestion, entanglement or smothering). 0 = no evidence available, 1 =
low (grey literature or evidence from ≤2 peer-reviewed papers), 2 = medium 
(evidence from 3 to 9 peer-reviewed papers), and 3 = high (evidence from ≥10 
peer-reviewed papers). N/A = not applicable.   

Ingestion Entanglement Smothering Total 

Marine megafauna 
Seabirds 3  2 N/A  5 
Cetaceans 3  2 N/A  5 
Pinnipeds 2  2 N/A  4 
Sirenians 2  1 N/A  3 
Turtles 3  2 N/A  5 
Elasmobranchs 3  2 N/A  5 
Tuna and Billfish 3  1 N/A  4 
Mean score 2.7  1.7 N/A  4.4   

Biogenic habitats 
Seagrass N/A  0 2  2 
Kelp N/A  0 0  0 
Salt Marsh N/A  0 2  2 
Mangrove N/A  3 3  6 
Coral reef N/A  3 3  6 
Mean score N/A  1.2 2  3.2  
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challenging (Roman et al., 2021). Historical postmortems on 410 ceta-
ceans stranded in the Irish Sea between 1990 and 2015 showed 13 
contained LDPL with the most common item being plastic bags (Lusher 
et al., 2018). Plastic ingestion appears more common in recent analyses. 
Alexiadou et al. (2019 analysed the stomach contents of 34 cetaceans 
stranded in Greece, showing that nine had large plastic litter items in 
their stomach with gastric blockage confirmed to cause lethal effects in 
three (Alexiadou et al., 2019). In the south west Atlantic, over 8 % of 
cetaceans examined contained marine debris, with single-use plastics 
being the most common items (Padula et al., 2023). Sperm whales 
(Physeter macrocephalus) were the most at risk, with over 60 % con-
taining plastic, and one individual containing 135 items, primarily 
plastic bags (Padula et al., 2023). The high risk of plastic ingestion by 
sperm whales has been found in other studies, with the most common 
LDPL items including plastic packaging, plastic bags, agricultural foil, 
and plastic bottles (de Stephanis et al., 2013; Hansen et al., 2016; 
Jacobsen et al., 2010; Unger et al., 2016; Walker and Coe, 1989). Baird 
and Hooker (2000) documented how ingestion of a black plastic sheet 
led to blockage of the oesophagus of a harbour porpoise (Phocoena 
phocoena) in Nova Scotia, leading to starvation and death. A Cuvier’s 
beaked whale (Ziphius cavirostris), which initially exhibited unusually 
friendly behaviour before becoming stranded in the Mediterranean was 
found to contain four plastic bags/ food packaging items, which caused 
gastric blockage and are likely to have caused mortality (Gomerči et al., 
2006). News articles can highlight how extreme some cases of plastic 
ingestion can be. A sperm whale washed ashore in Indonesia containing 
6 kg of plastic including 115 plastic cups, 25 plastic bags, 4 plastic 
bottles, two flip-flops, a nylon sack and >1000 other pieces of plastic in 
its stomach (Marris, 2018), whilst another was unable to survive in 
Thailand after ingesting 80 plastic bags (Wills, 2018). 

Most entanglement of cetaceans occurs in ALDFG (Simmonds, 2012; 
Solomando et al., 2022), although there have been incidences of 
entanglement in land-based litter including a plastic bag (Kelly, 2022), 
frisbees (Milman, 2020), synthetic clothing (Wells et al., 2008) and 
bailing twine (Balmer et al., 2019). 

Cetaceans were given a vulnerability score of five, as evidence of 
ingestion of land-sourced plastic litter was high (3), whilst evidence of 
entanglement was medium (2). 

3.2.3. Pinnipeds 
Incidence of plastic ingestion in pinnipeds appears to be generally 

lower than for seabirds and cetaceans, although Bravo Rebolledo et al. 
(2013) found 12 % of seals in the Netherlands had plastic in their 
stomachs, with sheets and large threads being the most common items. 
In other studies plastic ingestion appears less prevalent, and Bourdages 
et al. (2020) found no evidence of plastic ingestion in seals harvested in 
the Canadian Arctic. On Macquarie Island, plastic particles were found 
in the scats of fur seals, although most of these would be classified as 
microplastics and are not considered in this study (Eriksson and Burton, 
2003), whilst Ryan et al. (2016) found no plastic particles in the scat of 
fur seals on Southern Ocean Island. Denuncio et al. (2017) examined the 
gastrointestinal tract of 133 South American fur seals and found that 
young seals were most likely to ingest plastic. In total, three had ingested 
plastic bags, whilst another five had ingested fishing line. Pinzone et al. 
(2021) examined the gastrointestinal tract of 10 Arctic seals and eight 
hooded seals, with two plastic wrappings found in the GI tract of one 
hooded seal. 

Pinnipeds, particularly juveniles, are highly susceptible to entan-
glement due to their inquisitive nature (Butterworth, 2016; Lucas, 
1992), with sea lions appearing to be more so than seals (Kühn et al., 
2015). Whilst reported pinniped entanglement is generally associated 
with ADLFG, there are a substantial number of accounts of pinnipeds 
becoming entangled in other circular plastics, including packing straps, 
plastic bags, burst balloons, rubber bands, frisbees, clothing, o-rings, 
windsocks and plastic rings from buckets (Butterworth, 2016; Hender-
son, 2001; Lucas, 1992; Page et al., 2004; Raum-Suryan and Suryan, 

2022; Salazar-Casals et al., 2022; Waluda and Staniland, 2013). Entan-
glements can be caused by ALDFG or LDPL. For example, plastic bag 
entanglement accounted for 7 % of entanglement of fur seals off Kan-
garoo Island, Australia (Page et al., 2004), whilst 12 % of seal entan-
glement cases off the Dutch coast were in plastic other than fishing gear 
or fishing/ boating related debris such as frisbees, clothing, potato nets, 
rubber bands and tarpaulin (Salazar-Casals et al., 2022). 

Pinnipeds were given a vulnerability score of four, as evidence of 
ingestion of land-sourced plastic litter was medium (2), and evidence of 
entanglement was medium (2). 

3.2.4. Sirenians 
Plastic ingestion has been documented in three out of the four species 

of Sirenia (Poeta et al., 2017), with plastic packaging being the most 
common type of LDPL (Beck and Barros, 1991). Of the 6893 manatees 
that died along the Florida coastline between 1993 and 2012, almost 10 
% were documented as having ingested marine debris, with 37 cases of 
ingestion identified as the probable cause of death (Reinert et al., 2017). 
Ingestion was found to cause impaction, obstruction or perforation of 
the gastrointestinal tract (Reinert et al., 2017). Off the coast of Brazil, 
four of the 40 rehabilitated and released manatees were found to have 
later ingested plastic debris, being the cause of death in two of them 
(Attademo et al., 2015). Ingestion has also been observed in the 
Amazonian manatee (Trichechus inunguis) (Guterres-Pazin et al., 2012), 
and ingestion of a plastic bag has been known to cause death (Silva and 
Marmontel, 2009). 

Florida manatees (Trichechus manatus) were most commonly entan-
gled in ropes or nets, although they can also become entangled in other 
plastic debris such as packing straps (Reinert et al., 2017), basketball 
nets (Beck and Barros, 1991), and bicycle tyres (Moyer, 2020). 

Sirenians were given a vulnerability score of three, as evidence of 
ingestion of land-sourced plastic litter was medium (2), and evidence of 
entanglement was low (1). 

3.2.5. Turtles 
Plastic ingestion in turtles has been documented in many studies, 

with all species now documented to ingest plastic (Kühn et al., 2015; 
Nelms et al., 2015). Much of that comprises single-use plastics, such as 
fragments of packaging and plastic bags/ wrappers (Choi et al., 2021; 
Petry et al., 2021; Santos et al., 2015). In the Gulf of Mexico, 65 % of the 
189 green turtles (Chelonia mydas) necropsied in 2019 contained plastic 
in their gastrointestinal tracts (Choi et al., 2021), whilst 91 % of the 55 
turtles necropsied in the Pacific had ingested plastic (Clukey et al., 
2017). In the Azores, six of the seven green turtles necropsied had 
ingested plastic (Rodríguez et al., 2022). Wilcox et al. (2018) found a 50 
% probability of turtle mortality once a turtle had collected 14 pieces of 
plastic in its gut. 

Due to their complicated lifecycles, feeding modes and migratory 
behaviour, turtles are vulnerable to plastic ingestion and entanglement 
at multiple stages in their life (Duncan et al., 2017; Eastman et al., 
2020). Oceanic convergence zones such as the subtropical gyres are 
important feeding zones for turtles, who may spend several years of their 
life in the open ocean, travelling between breeding and foraging areas 
(Hays and Scott, 2013). In the North Atlantic, the plastic debris may be 
entangled with the Sargassum-dominated macroalgal mats, which pro-
vide an important habitat for oceanic-stage neonatal turtles (Eastman 
et al., 2020). Petry et al. (2021) found that 88 % of juvenile green turtles 
had ingested plastics, with an average of 38 pieces per individual, whilst 
Eastman et al. (2020) found that 92 % of post-hatchling loggerhead 
turtles stranded in the Gulf of Florida had ingested plastic, with an 
average of 49 pieces per individual. In South Africa 24 of 40 stranded 
post-hatchling loggerhead turtles (Caretta caretta) had ingested plastic, 
with this being the cause of death for 11 of these, and contributing to the 
death of another five (Ryan et al., 2016). Ingestion appears to be biased 
towards certain shapes and colours of plastic, suggesting the plastic may 
be mistaken for food (Duncan et al., 2019). 
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Most entanglement of turtles occurs in ALDFG (Duncan et al., 2017; 
Rodríguez et al., 2022), although entanglement in plastic bags and other 
land-sourced items such as woven bags/ rope, weather balloons, ‘6 pack’ 
drink rings, and kite string has been documented (Barreiros and Raykov, 
2014; Casale et al., 2016; Chatto et al., 1995; Daniel et al., 2023; Duncan 
et al., 2017; Orós et al., 2016). 

Turtles were given a vulnerability score of five, as evidence of 
ingestion of land-sourced plastic litter was high (3), and evidence of 
entanglement was medium (2). 

3.2.6. Elasmobranchs 
Macroplastic ingestion has been observed in elasmobranchs with a 

wide range of ecological traits from small, demersal species including 
rays, dogfish and catsharks (López-López et al., 2018; Morgan et al., 2021; 
Sbrana et al., 2022; Smith, 2018), to pelagic top predators, such as the 
longfin mako (Isurus paucus) (Gong et al., 2023), the porbeagle (Lamna 
nasus) (Joyce et al., 2002), the tiger shark (Galeocerdo cuvier) (Cliff et al., 
2002), the bigeye thresher shark (Alopias superciliosus) (Benjamin et al., 
2014), and the blue shark (Prionace glauca) (Bernardini et al., 2018; 
Fernández and Anastasopoulou, 2019), to indiscriminate filter feeders 
such as whale sharks (Rhincodon typus) (Abreo et al., 2019; Sampaio 
et al., 2018). Sharks appear to ingest a wide range of single-use items 
including packaging material and other sheet-like items, bottle caps, and 
plastic straws (Bernardini et al., 2018; Fossi et al., 2017; Gong et al., 
2023). 

There is growing evidence that land-based sources, such as circular 
plastic debris including plastic packaging straps, elastic bands, plastic 
bags, plastic rings, and even a car tyre can also cause elasmobranch 
entanglement (Afonso and Fidelis, 2023; Bird, 1978; Colmenero et al., 
2017; Lombardi and Morton, 1993; Lucas, 1992; Parton et al., 2019; 
Sazima et al., 2002; Thiel et al., 2018). 

Elasmobranchs were given a vulnerability score of five, as evidence 
of ingestion of land-sourced plastic litter was high (3), whilst evidence of 
entanglement was medium (2). 

3.2.7. Tuna and billfish 
Macroplastic ingestion has been documented in many tuna species 

including yellowfin (Thunnus albacares) (Chagnon et al., 2018; Fujieda 
et al., 2014; Manooch and Mason, 1983; Sajikumar et al., 2013), bluefin 
(Thunnus thynnus) (Romeo et al., 2015; Varela et al., 2022; Yick and 
Travers, 2022), blackfin (Thunnus atlanticus) (Manooch and Mason, 
1983), the little tunny (Euthynnus alletteratus) (Manooch et al., 1985), 
skipjack (Katsuwonus pelamis) (Hyrenbach et al., 2021; Neto et al., 
2020), bigeye (Thunnus obesus) (Fujieda et al., 2014), and albacore 
(Thunnus alalunga) (Hyrenbach et al., 2021; Romeo et al., 2015) tunas. 
Both swordfish (Xiphias gladius) (Romeo et al., 2015) and the black 
marlin (Makaira indica) (Fujieda et al., 2008) have been also been 
documented to ingest macroplastic litter. In the Mediterranean, Romeo 
et al. (2015) found that 32.4 % of bluefin tuna (Thunnus thynnus) and 
12.5 % of swordfish (Xiphias gladius) caught in the Mediterranean con-
tained macroplastic fragments in their stomachs (Romeo et al., 2015). 
Plastic objects were generally fragments or sheets (Hyrenbach et al., 
2021), such as pieces of plastic bag (Sajikumar et al., 2013), sweet and 
food wrappers (Varela et al., 2022) and fragments of food containers 
(Yick and Travers, 2022). 

Evidence of LDPL causing entanglement in tuna or billfish is rare, but 
an albacore was observed entangled in a plastic packaging band (Lucas, 
1992). 

Tunas and billfish were given a vulnerability score of four, as evi-
dence of ingestion of land-sourced plastic litter was high (3), whilst 
evidence of entanglement was low (1). 

3.2.8. Seagrass 
Studies have shown that seagrass beds contain less plastic litter than 

mangroves and saltmarshes (Fong et al., 2023; Ouyang et al., 2022), 
although they do act as a trap for land-sourced plastic litter (Navarrete- 

Fernández et al., 2022). Macroplastic litter in seagrass beds has been 
documented in several studies across the globe (Abreo et al., 2018; 
Cozzolino et al., 2020; Fong et al., 2023; Gaboy et al., 2022; Navarrete- 
Fernández et al., 2022; Sanchez-Vidal et al., 2021), with plastic bags, 
wrappers and sheets common components of the litter, and abundance 
higher on the landward side (Gaboy et al., 2022; Navarrete-Fernández 
et al., 2022). 

These items can smother seagrass beds by reducing the light avail-
able (Kaladharan et al., 2014). Shading by plastic has been shown to 
lead to reduced growth rate and shoot density in seagrass, with little 
recovery observed in the year after the removal of the plastic (Fitzpa-
trick and Kirkman, 1995). In a mesocosm experiment, macroplastic 
fragments added to sediments altered seagrass architecture and pre-
vented vertical growth of rhizomes possibly reducing cover of seagrass 
in the longer term (Menicagli et al., 2021). Plastic can also reduce the 
decomposition rates of seagrass, which may reduce the functioning of 
the ecosystem (Litchfield et al., 2020). There is no evidence in the 
literature of plastic pollution causing entanglement, most likely due to 
the flexible nature of the shoots. 

Seagrass was given vulnerability score of two, as there was medium 
(2) evidence that land-sourced plastic litter caused smothering. There 
was no evidence of entanglement. 

3.2.9. Kelp 
Whilst there is evidence that covering kelp with plastic can reduce 

the decomposition rate, which may reduce the functioning of kelp eco-
systems (Litchfield et al., 2020), there was no evidence in the literature 
of plastic pollution causing entanglement or smothering, therefore kelp 
was given a vulnerability score of zero. 

3.2.10. Saltmarsh 
Saltmarshes are highly efficient at trapping debris (Yao et al., 2019), 

and have a higher abundance of plastic litter than seagrass beds and 
unvegetated habitats (Cozzolino et al., 2020). Plastic items can smother 
saltmarsh plants, reducing the light levels needed for growth (Mazarrasa 
et al., 2019; Viehman et al., 2011). Plastic bags placed in a saltmarsh 
have been shown to create anoxic conditions in the sediment, leading to 
reduced infaunal invertebrates, primary productivity, and flux of inor-
ganic nutrients (Green et al., 2015). Macroplastic litter in saltmarsh has 
been documented in several studies across the globe (Cozzolino et al., 
2020; Mazarrasa et al., 2019; Pinheiro et al., 2021; Podolsky, 1989; 
Tibbetts, 2015; Viehman et al., 2011; Yao et al., 2019). 

Saltmarsh was given vulnerability score of two, as there was medium 
(2) evidence that land-sourced plastic litter caused smothering. There 
was no evidence of entanglement. 

3.2.11. Mangrove 
Mangroves occur in some of the most polluted coastlines in the 

world, with 54 % of mangroves situated <20 km from a river that dis-
charges >1 t yr− 1 of plastic (Harris et al., 2021). Mangroves contain 
more plastic litter than adjacent habitats such as seagrass beds, tidal flats 
and beaches (Martin et al., 2020; Ouyang et al., 2022), with plastic 
increasing with tree density (Hastuti et al., 2014; Martin et al., 2020). 
The structural complexity of their branches and aerial root system 
(pneumatophores) makes them highly susceptible to plastic entangle-
ment and smothering (Walther and Bergmann, 2022), and plastics can 
be retained in mangroves for years (Ivar do Sul et al., 2014). 

Large quantities of plastic litter have been found covering pneu-
matophores (specialised aerial root systems) and branches in mangrove 
systems (Cordeiro and Costa, 2010; Debrot et al., 2013; Fadare et al., 
2022; Kesavan et al., 2021; Martin et al., 2019; Okuku et al., 2023; Paler 
et al., 2022; Sivasothi, 2002; Suyadi and Manullang, 2020), and is 
frequently found buried in mangrove sediments (Costa et al., 2011; van 
Bijsterveldt et al., 2021), where it causes the sediment to become anoxic 
(van Bijsterveldt et al., 2021). Single use plastics such as plastic bags and 
food wrappers are generally the most abundant type of plastic (De et al., 
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2022; Sivasothi, 2002). 
Plastic covering roots or branches may lead to a physical impediment 

of gas exchange (Okuku et al., 2023), or prevent photosynthesis of the 
leaves (Kesavan et al., 2021), smothering the tree. Entanglement can 
cause physical damage to the pneumatophores and branches (De et al., 
2022). Whilst mangroves are relatively resilient to partial smothering by 
plastic, large scale accumulation across the roots can lead to deteriora-
tion and tree death (van Bijsterveldt et al., 2021). Plastic abundance has 
been shown to negatively correlate with all aspects of mangrove health; 
seedling density, tree density, mean tree height and mean tree diameter 
(Suyadi and Manullang, 2020). 

Mangroves were given vulnerability score of six, as there was high 
(3) evidence that land-sourced plastic litter caused both smothering and 
entanglement. 

3.2.12. Coral reefs 
Corals are unable to ingest large plastic litter, although microplastic 

ingestion is widespread (Allen et al., 2017; Hall et al., 2015; Reichert 
et al., 2018). Land-sourced plastic litter causing entanglement and 
smothering has been evidenced in many research papers (Abu-Hilal and 
Al-Najjar, 2009; Arindra Putra et al., 2021; De et al., 2022; Figueroa- 
Pico et al., 2016; Mueller et al., 2022; Mulochau et al., 2020; Richards 
and Beger, 2011; Santodomingo et al., 2021) as well as showing the 
negative impacts in laboratory studies (Mueller and Schupp, 2020). In 
the Gulf of Aqaba, the most common plastic items on the reef were single 
use items such as bags (61 %), bottles (24 %) and containers (13 %) 
(Abu-Hilal and Al-Najjar, 2009). 

Tropical corals obtain their food through a combination of autot-
rophy and heterotrophy. They feed on bacteria and zooplankton and 
also contain symbiotic photosynthetic algae (zooxanthellae) which 
require sunlight to produce energy and supplement their nutrition 
(Houlbrèque and Ferrier-Pagès, 2009). If coral polyps are covered by 
plastic such as nappies, plastic bags etc., they will not be able to feed 
effectively by either mode and will bleach (Mueller and Schupp, 2020), 
and will eventually die from lack of nutrition (Richards and Beger, 
2011). 

Entanglement in ALDFG is thought to cause the most detrimental 
effects on coral reefs (de Carvalho-Souza et al., 2018), although Lamb 
et al. (2018) found that there was a 20-fold increase in the likelihood of 
coral disease (from four to 89 %) when mismanaged household waste 
became entangled in the reef and coral polyps were in contact with 
plastic. Corals with high levels of structural complexity (tabular and 
branching) are eight times more likely to impacted by plastics than those 
with lower complexity (Lamb et al., 2018). There is a significant rela-
tionship between habitat complexity and species richness due to 
increased niche diversity established (Gratwicke and Speight, 2005), 
and impacts on structurally complex corals will have a disproportionate 
effect on the organisms associated with the reef. 

Coral reefs were given vulnerability score of six, as there was high (3) 
evidence that land-sourced plastic litter caused both smothering and 
entanglement. 

3.3. Vulnerability scores 

Evidence of ingestion of LDPL by marine megafauna was greater 
(mean score 2.7) than evidence of entanglement (mean score 1.7). 
Similarly, in marine biogenic habitats, evidence of smothering (mean 
score 2) was greater than evidence of entanglement (mean score 1.2), 
with entanglement only occurring in habitats with rigid strictures such 
as coral reefs and mangroves. Based on the current results of the cu-
mulative vulnerability scores of the 12 marine megafauna taxa and 
biogenic habitats for each N Atlantic grid cell (1/12◦), vulnerability to 
land-sourced buoyant plastic was generally higher along the continental 
shelf than the open ocean (Fig. 3). Continental shelves are generally 
much more biologically productive than open ocean (Yool and Fasham, 
2001), providing rich feeding grounds for marine megafauna, although 

many species are widely dispersed throughout the ocean (Estes et al., 
2016). The highest vulnerability scores were generally found adjacent to 
the coast, where multiple marine megafauna and biogenic habitats 
occurred in a single grid cell, but this was not always the case. The 
upwelling region of the US Atlantic shelf break was also shown to be an 
area of high vulnerability, due to the many groups of marine megafauna 
observed there. 

Sheet-like plastics such as plastic bags and food wrappers were the 
most commonly ingested type of LDPL for most marine megafauna 
(Roman et al., 2021), except seabirds which were generally more at risk 
of ingesting hard plastic fragments (Hidalgo-Ruz et al., 2021). Most 
studies highlighted that entanglement was primarily caused by ALDFG, 
although there was some evidence of entanglement by LDPL for all 
marine megafauna groups, particularly in circular or rope-like plastic 
items such as packing straps, bailing twine and frisbees, with pinnipeds 
particularly at risk. 

Biogenic habitats increased vulnerability along the coastline 
throughout the North Atlantic, with peer-reviewed evidence suggesting 
that coral reefs and mangroves may be the most at-risk habitats. 
Entanglement and smothering by plastic appear to be a significant threat 
for these habitats, with entanglement causing both breakage and disease 
in corals, and breakage in mangrove branches and roots. Smothering of 
corals and mangrove branches, roots or saplings by land-sourced plastic 
led to frequent mortality in corals, and a reduction in tree density in 
mangroves. In contrast, no evidence of plastic harm could be found for 
kelp beds at this current time, and they were assessed as the least 
sensitive. 

3.4. Plastic risk map, and identification of high-risk zones (HRZs) 

LDPL risk scores were ranked from 0 to 5, and HRZs classified as an 
area within a particular ocean EEZ with a risk score of 4 or above that 
covered an area >10,000 km− 2. Five HRZs were identified: 1) Atlantic 
USA EEZ, 2) US Gulf of Mexico, 3) UK EEZ, 4) French Atlantic EEZ, and 
5) Portuguese Azores EEZ (Fig. 4). The Atlantic USA EEZ had an area of 
risk of four or above covering 383,380 km− 2, whilst the US Gulf of 
Mexico covered 98,441 km− 2, the UK EEZ covered 70,664 km− 2, the 
Portuguese Azores EEZ covered 62,903 km− 2, and the French Atlantic 
EEZ covered 38,587 km− 2. 

Most of the areas highlighted as vulnerable to plastic pollution 
(Atlantic USA, the Azores, the UK and the French Atlantic) were calcu-
lated as HRZs (Fig. 5), although the Canadian North Atlantic became low 
risk, even though it had a high vulnerability score due to the presence of 
low volumes of plastic. In contrast, the USA section of the Gulf of Mexico 
had a higher hazard score than vulnerability score, due to the high 
concentrations of plastic in that area (Fig. 5). Greatest risk (5) was 
largely restricted to grid cells adjacent to coastlines, where biogenic 

Fig. 3. Vulnerability scores for each grid cell, based on cumulative LDPL 
vulnerability scores for marine megafauna and key coastal biogenic habitats in 
the North Atlantic. Bounds for cumulative vulnerability scores were split using 
the 50th, 75th, 90th and 99th percentiles; 0, 1 for 1–4, 2 for 5–8, 3 for 9–13, 4 
for 14–20 and 5 for 21 + . 
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habitats overlapped with marine megafauna distributions. 
Separation of risk to biogenic habitats and marine megafauna show 

that the HRZs were largely dictated by risk to marine megafauna 
(Fig. S1, supplementary information), with areas of high risk for 
biogenic habitats (score ≥ 4) limited to tropical zones where mangroves 
and coral reefs were present. Individual risk maps for each megafauna 
group and biogenic habitat show that seabirds, cetaceans, turtles and 
elasmobranchs had the greatest risk scores, whilst seabirds, cetaceans, 
elasmobranchs and tuna and billfish risk had the greatest spatial extent 
(Fig. S2, supplementary information). Of the marine megafauna, sire-
nians had the least impact on spatial risk, due to their extremely low 
distribution. 

3.5. Countries of origin 

Through analysis of the modelled data, the countries of origin for 
simulated plastic debris were determined for each identified high-risk 
zone. In the model, 75 % of buoyant LDPL in the UK HRZ was 
assessed as domestic waste, whilst in comparison, >99 % came from 
external sources in the Azores; with 59 % coming from the Caribbean 
Islands (the Dominican Republic and Haiti) and 35 % from the US. In the 
French Atlantic, this was less pronounced, with most modelled buoyant 
LDPL coming from local sources in France and Spain (53 %), but a sig-
nificant portion (37 %) came from the Caribbean Islands and the US. In 
the US Gulf of Mexico, most modelled buoyant LDPL (72 %) were from 
the Caribbean Islands and 8 % from Mexico, whilst in the Atlantic US, 
almost half of buoyant LDPL was domestic (49 %) and the other half 

Fig. 4. Spatial risk assessment for land-derived plastic litter and risk to marine megafauna and key coastal biogenic habitats in the North Atlantic, including 
identification of five high risk zones: 1) the Atlantic USA EEZ, 2, the US Gulf of Mexico, 3) the UK EEZ, 4) the French Atlantic EEZ, and 5) the Portuguese Azores EEZ. 

Fig. 5. Modelled mass concentrations and origins of land-derived plastic litter for each HRZ, by proportion from each country. UK = UK EEZ, Azores = Portuguese 
Azores EEZ, French Atlantic = French Atlantic EEZ, US GoM = US Gulf of Mexico, US Atlantic = US Atlantic EEZ. 
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from the Caribbean Islands (49 %), with very small contributions from 
elsewhere. 

Modelled LDPL mass concentrations in HRZs were generally highest 
for those closest to Haiti and the Dominican Republic, with those further 
away modelled to contain less, although the UK contained more than the 
Azores or French Atlantic, due to the significant domestic input into the 
EEZ. 

4. Discussion 

Marine megafauna and biogenic habitats are threatened by many 
anthropogenic stressors including overexploitation, interactions with 
fishing gear, vessel traffic, coastal development, pollution, hypoxia, 
invasive species, and climate change (Avila et al., 2018; Lewison and 
Crowder, 2007). Under the IUCN estimated probability of species’ 
extinction, 12 % of North Atlantic marine megafauna are expected to go 
extinct within the next 100 years (Pimiento et al., 2020), whilst the 
coverage of many biogenic habitats is decreasing (Eddy et al., 2021; 
Gedan et al., 2009; Waycott et al., 2009), and others are exhibiting signs 
of fragmentation and degradation (Bryan-Brown et al., 2020). 

Plastic pollution may originate from one country, but the environ-
mental harm occur within another country’s jurisdictions. This study 
aimed to develop a methodology for assessing plastic risk to marine 
biodiversity at a large spatial scale (North Atlantic Ocean), by identifi-
cation of HRZs and assessment of the origin of the plastic that is causing 
that risk. This initial risk assessment designated five HRZs (Fig. 5). 
Modelled data suggests that for two of those HRZs, the UK and the US 
Atlantic, prevention of land-sourced plastic leakage into the environ-
ment domestically will significantly lower the risk of ecological harm. 
For other HRZs including the Azores, the French Atlantic and the US Gulf 
of Mexico, international actions are needed. 

Mismanaged waste is often correlated with developing economies, 
which lack the funding for initiatives to reduce their mismanaged waste 
(Bundhoo, 2018). Of the countries in this study where simulated plastic 
was released for modelling plastic transport, the Caribbean nations of 
Haiti and the Dominican Republic have the highest proportion of mis-
managed waste, with over 90 % of waste estimated to be mismanaged 
(Brooks et al., 2020). A portion of this plastic can then be transported 
across the ocean to the Azores archipelago, or the French Atlantic, where 
sensitive marine megafauna and biogenic habitats will be negatively 
impacted. This mismanaged plastic waste is also likely to cause signifi-
cant harm to local biota within the Caribbean and Gulf of Mexico. Whilst 
species’ density records are particularly rich for areas such as the NE 
Atlantic, the Azores and the N Atlantic costal shelf of the USA, species’ 
distribution records are less dense for other parts of our study area 
including the Gulf of Mexico and the Caribbean (Moudrý and Devillers, 
2020), which may lead to an underestimation of ecological risk for these 
areas. 

Designation of HRZs does not mean that lower risk areas are risk free. 
For example, Kelly et al. (2023) demonstrated ingestion of LDPL in 
northern bottlenose whales off the coast of Nova Scotia, an area iden-
tified as having a risk score of less than four. However, given the wide 
extent of the plastic pollution the identification of HRZs is useful to 
provide a focus for initial intervention to enable the identification of the 
most efficient mitigation actions. 

The vulnerability to LDPL will vary widely within a group of taxa, 
with some species and populations particularly sensitive to plastic and 
others less so, depending on their traits and conservation status. Traits 
can be biological (e.g., feeding type, size, longevity) or ecological (e.g., 
habitat preferences, motility) and the extent to which they are under 
threat from other anthropogenic activities. Risk will also depend on the 
type and abundance of plastic that animals are exposed to at each life 
history stage/habitat, and their current extinction risk (IUCN red list). 
As such it is recognised that within the megafauna and habitat groups 
identified here there will be variability in the degree of impact, and it is 
recommended that now a framework has been devised that a next step 

for this Spatial Risk Assessment approach would be to provide more 
detail on these species specific impacts. 

For the purpose of this study, gathering the available evidence on 
each mechanism of harm, whilst rudimentary, was deemed sufficient to 
give a relative score of between 0 and 6 for most marine megafauna and 
biogenic habitats which are well studied/ have a widescale distribution. 
It must be noted that the vulnerability score for sirenians (which have a 
small distribution and for which research is limited: Wirsing et al., 2022) 
may be underestimated, although this is unlikely to have a significant 
impact on the designation of HRZs, due to their limited impact on the 
plastic risk map (see Fig. S2 for individual risk maps, supplemental 
information). 

It is critical to note that attempts to model the distribution of plastic 
in the ocean face multiple challenges, many of which are yet to be 
resolved. While many of the processes likely to impact the movement 
and fate of plastic in the ocean have been identified and discussed (Van 
Sebille et al., 2020), the diversity of plastic litter types and the frequent 
absence of robust data for both parameterising models and validating 
their outputs mean simulation outputs remain indicative. Still, models 
have been shown to reproduce several observed patterns, including the 
accumulation of plastic in sub-tropical gyres (Cózar et al., 2014; Eriksen 
et al., 2014; van Sebille et al., 2015); and remain our current best tool for 
connecting sources of plastic pollution to potential hotspots and areas 
most at risk from associated negative impacts. We acknowledge that our 
estimates of plastic distribution contain uncertainties, and future work 
should be focussed on reducing biases in models, guided by targeted 
observations which include identification of plastic origins. 

Høiberg et al. (2022) similarly assessed that marine mammal 
entanglement risk was greater in coastal areas/ continental shelves, 
although they also found that these species were at high risk of entan-
glement in the North Atlantic gyre. This is likely because the gyres often 
contain derelict fishing gear such as synthetic ropes and nets (Morales- 
Caselles et al., 2021), which pose a high risk of entanglement to marine 
megafauna (Høiberg et al., 2022). As our study focussed on LDPL, these 
marine-based items were not taken into consideration in this study. 
Whilst buoyant LDPL poses a significant risk to marine megafauna and 
biogenic habitats, the risk of entanglement is greater for ALDFG, and this 
marine plastic source must not be underestimated. Future development 
of this framework is recommended to take in account these wider forms 
of plastic pollution. 

Rising levels of plastic pollution have prompted the resolution of the 
UN Marine Environment Assembly (UNEA) to draft a legally binding 
global plastics treaty by 2024, which will include financial mechanisms 
to tackle plastic pollution including domestic and international funding 
and extended producer responsibility (UNEP, 2023). A key aspect of 
these discussions will be where the weight of the interventions will lie, 
and the potential distribution of costs and benefits between countries. 
There are limited resources available to tackle this global pollutant and 
so their efficient distribution will be critical. The proposed Risk 
Assessment Framework and designation of HRZ has potential to inform 
the development and application of a Plastics Treaty by clarifying both 
the areas most requiring of intervention, and the primary sources of the 
impacts in these areas. This research provides a first attempt at under-
standing and identifying HRZs for multiple taxa to a particular plastic 
type, and examining the country of origin. 
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